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Abstract: Water scarcity has become a major impediment to economic development, and a scientifi-
cally sound water allocation plan is essential to alleviate water scarcity. An opportunity constraint
approach is introduced to optimise the uncertainty of the minimum regional development level
under five hydrological scenarios, and an interval-fuzzy two-stage chance-constraint model (IFTSC)
is constructed to improve the reliability of the model results. The correlation of each stochastic
parameter in the IFTSC model with the water allocation results and the economic benefits of the
Tingjiang River basin is analysed by the Pearson correlation coefficient method. Simulation results
from the IFTSC model show a downward trend in overall water scarcity and an upward trend in
overall economic benefits in the Tingjiang River basin. Taking the dry water scenario as an example,
the water shortage in the industrial sector decreases by 9.7%, and the overall economic benefits of
the Tingjiang River basin increase by 41.58 × 108 CNY. The results of the correlation analysis based
on Pearson’s correlation coefficient show that water allocation is strongly positively correlated with
variables such as water price and regional minimum development requirements, and economic
efficiency is strongly positively correlated with unit scale output value and losses caused by water
shortage. This paper provides constructive suggestions and guiding directions for the rational allo-
cation of water resources in the Tingjiang River basin through a detailed analysis of the results and
identification of the main stochastic parameters in the water allocation process.

Keywords: Tingjiang River basin; water allocation; Pearson correlation coefficient; interval-fuzzy
two-stage stochastic programming; chance-constrained programming method

1. Introduction

Water, the source of life, plays a vital role in preserving social equity and ecosystem
stability [1,2]. The global water demand is estimated to increase by one percent each
year, keeping one out of every two people at risk of water scarcity by 2050 [3,4]. Even
though China is the most populated developing country, its water resources per capita are
significantly less than the global average [5]. Water scarcity restricts human development
and harms the environment severely [6]. The growing water scarcity in China has high-
lighted the need for improved water allocation [7]. Scientific allocation of water resources
provides effective utilization and promotes the development of environmental work in the
basin [8,9]. Water resource allocation and ecological governance in Chinese river basins
are problematic due to geographical conditions, economic level, leading industries, and
other factors, resulting in frequent abuse of water resources [10–12]. The Tingjiang River
basin is a large watershed covering the Fujian and Guangdong provinces. The water dis-
tribution in the Fujian and Guangdong provinces has a significant impact on the survival
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and development of people. Based on the study conducted in the 14 administrative units
in the Tingjiang River basin by Hao et al., the suitable water resource allocation scheme
model was determined using the interval-fuzzy two-stage stochastic programming method
(IFTS) to improve the water resource allocation status and water resource utilization ef-
ficiency of the basin and maximize the economic benefits. Water resources have become
an important factor hindering the economic development of the Tingjiang River basin,
which is currently under-utilized and has an uneven spatial and temporal distribution of
water resources leading to water shortages in some areas [13]. However, the interval-fuzzy
two-stage uncertainty optimization method alone cannot ensure that the uncertainty of
each stochastic parameter in the model is optimized. For example, the IFTS model does
not take into account the uncertainty of the minimum regional development requirements,
which is not conducive to meeting regional development needs. At the same time the IFTS
model cannot effectively analyse the correlation between the stochastic parameters in water
allocation and the magnitude of the impact of each stochastic parameter on water alloca-
tion. Therefore, this paper further reduces the uncertainty of the model by introducing the
chance-constraint method to optimise the uncertainty of the minimum regional develop-
ment requirements, and analyse the correlation of the stochastic parameters in the model by
Pearson’s correlation coefficient method. This method can effectively ensure the reliability
of the selection of the parameters in the model and suggest more specific improvement
measures for the water resources allocation scheme of the Tingjiang River basin.

The uncertainty and variability of influencing factors such as water resource quantity,
pollutant discharge, treatment level, and regional minimum development needs may lead
to more complicated and challenging scheme designs in water resource allocation [14]. The
three common methods for dealing with multiple random variables in the research process
are interval programming, random programming, and fuzzy programming [15,16]. The
interval programming method may be used to solve a system with uncertain bounded
parameters, and the introduction of intervals reduces the uncertainty of parameters [17,18].
The programming model for performing the dynamic management of farm water under
indeterminate conditions, based on the interval chance-constraint, has incorporated the un-
certainty of interval and probability information for the dynamic analysis of water resources
during the planning period. An incorporation that was achieved by Zhang et al. [19]. When
the constraints are unknown parameters, the stochastic programming method, which com-
bines two-stage programming and opportunity-constrained programming, investigates
the maximum expected value of returns. Meng et al. developed an optimum resource
allocation model built for the basin by adopting two-stage stochastic planning and down-
ward risk management that reduced the risk of water resources utilization and improved
the comprehensive benefits of the basin under three hydrological scenarios (low, medium,
and high) [20]. By developing an opportunity constrained programming model based on
parameters consistent with lognormal distribution (rainfall, runoff, etc.), the non-point
source pollution caused by agricultural production was reduced with the assistance of
decision-makers in determining the optimal production mode under complex and un-
certain conditions [21]. The fuzzy method was utilized to solve the fuzzy parameters
in the model to minimize the fuzziness of variables [22]. The algorithm-solving model
developed based on fuzzy optimization, by reducing the indeterminate effects of Chaohu
lake using fuzzy variables, demonstrated the significance of government policies and
growth in watershed ecosystems and thereby filled the gaps in the environmental measures
of the government [23]. The Tingjiang River basin is a large inter-provincial basin with
various influencing factors. Hence, the uncertainties in water resources allocation cannot be
effectively solved with mere two-stage stochastic planning, which puts the decision-makers
at great risk. To further limit the influence of uncertain factors in the basin, several studies
have advocated the use of the chance-constraint method based on the two-stage stochastic
programming method. For example, Ranarahu et al. reduced the influence of uncertain
factors using a new optimization model by combining two-stage stochastic programming
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and opportunity constrained programming methods in the fuzzy constraint environment
to solve more complex, realistic environmental and economic problems [24].

Spatial and temporal variability in water availability is driven by a complex combina-
tion of social, economic and natural factors, including the impact of multiple factors such as
water use coming online, water development and management [25,26]. Pearson’s correla-
tion coefficient measures the correlation between each driver and water allocation as well as
the correlation between drivers [27]. Hu et al. proposed a water quality prediction method
based on deep LSTM learning networks, using techniques such as linear interpolation to
repair and correct water quality data, and using Pearson correlation coefficients to obtain
correlations between parameters such as pH and water temperature to construct models
with prediction accuracies of over 95% in both short- and long-term predictions [28]. Lon
et al. used PCA and Pearson’s correlation coefficient statistical methods to assess water
quality testing indicators (turbidity, ammonia nitrogen, conductivity, phosphate, etc.) for
Budeasa Reservoir from 2005 to 2009, as well as to assess the quality of Budeasa Reservoir
as a cited water source [29]. Rodriguez used the Pearson test to study the chemical com-
position of tap water and bottled water in Spain and found that calcium and magnesium
concentrations and bicarbonate and sodium concentrations were highly correlated, and
that water was classified according to calcium and magnesium, bicarbonate and sodium
concentrations to provide patients with the best choice of drinking water [30]. Godeke et al.
used an autocorrelation function to analyse the relationship between water quality changes
and climate change in Brunei and found that climate change manifested itself in reduced
precipitation and increased precipitation intensity, with the highest correlation between
turbidity and colour and a Pearson correlation coefficient greater than 0.8, highlighting the
importance of water management in climate change [31].

Therefore, interval programming, two-stage programming, chance-constraint pro-
gramming, and fuzzy programming methods are integrated to construct an interval-fuzzy
two-stage chance-constraint model (IFTSC) to further reduce the influence of uncertain
factors in the model and improve Hao’s research on IFTS model [13]. The IFTSC model
is used to optimize the water resources allocation scheme of the Tingjiang River basin by
the scientific adjustment of the original water resources allocation scheme, shortening the
decision-making scope and reduction of the decision risks of decision-makers under five
hydrological scenarios such as extreme abundance, abundance, normal flow, dryness, and
extreme dryness. Considering the minimum development requirements, pollution dis-
charge levels, and several other factors to ensure the rationality and scientific nature of the
water resources allocation scheme in the Tingjiang River basin, the economic benefits are
optimized using the IFTSC model. In addition, Pearson correlation coefficients have been
used to correlate the hydrological conditions and water allocation results of the Tingjiang
River Basin and the overall economic benefits of the Tingjiang River basin to explore the
dominant factors affecting water allocation and economic benefits of the Tingjiang River
basin. In this paper, on the basis of improving the water resources allocation model of
the Tingjiang River basin, the Pearson correlation coefficient method is used to check the
correlation between each stochastic parameter in the model and the water resources allo-
cation to ensure the reliability of each stochastic parameter in the model. Similarly, the
correlation of each parameter is analysed according to the Pearson correlation coefficient
method to provide a more accurate reference basis for the water resources allocation of
the Tingjiang River basin. The results show that the IFTSC model provides scientific and
reasonable suggestions for managers to protect the ecological environment of the Tingjiang
River basin, improve the efficiency of water resources use and improve the quality of the
water environment.

2. Case Study
2.1. Natural Characteristics and Optimization Background of the Tingjiang River Basin

The Tingjiang River basin, the tributary of the Hanjiang River in Guangdong province
and the largest river in western Fujian province of China, originates in Ninghua county [32,33].
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The natural profile of the Tingjiang River basin is shown in Figure 1. The Tingjiang River
basin belongs to a subtropical monsoon climate, with precipitation reaching its peak from
May to July and an annual average of 1500–2000 mm, with precipitation progressively
decreasing from north to south [34]. There are around 28,156 water conservancy projects in
the Tingjiang River basin related to drinking water, water storage, hydropower, and dikes,
among which 122 are small (II) or above reservoirs and 19 are small (I) reservoirs [35].
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The Tingjiang River basin is an important water source with many water function
protection areas. In order to ensure the hydro environmental quality and a controlled
ecosystem balance, the Fujian province has been steadily managing and improving the
adverse effects of polluting industries in the basin and the limited development of basins
in response to substantial economic pressures [36]. Further, Guangdong province aims to
improve the water quality and the volume of water in the basin for its development [37].
The national government allocated a total of 100 million CNY from 2012 to 2013 to prevent
water pollution at the sources in the Tingjiang River basin. However, as the Tingjiang
River basin is a cross-provincial basin with complex situations and slow work progress, the
Fujian province and Guangdong Province formulated an eco-compensation system in 2016,
and the Tingjiang River basin thereby became the second inter-provincial watershed of the
eco-compensation pilot in China behind the Xinan River [38]. In recent years, China has
played a significant role in eco-environmental protection by improving the water quality of
the Tingjiang River basin through an eco-compensation system. However, the pollution
problems caused by animal husbandry and industry in the Tingjiang River basin remain
unsolved, posing the risk of the eco-environment becoming increasingly severe. Therefore,
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a more scientific analysis of water allocation policies in the Tingjiang River basin is needed
to propose more specific water allocation options that will improve the efficiency of water
use and reduce the risk of decision making for policy makers.

2.2. Research Object and Constraint Parameters

Around 14 districts and counties (Liancheng county, Shanghang county, etc.) and five
hydrological scenarios (extreme abundance, abundance, normal flow, dryness, and extreme
dryness hydrological scenarios) in Fujian and Guangdong provinces were studied using
interval fuzzy two-stage (IFTS model) [13]. The objective of the study included the optimal
economic benefit of the Tingjiang River basin, while the constraint conditions included the
upper limit of water resources utilization and the minimum development requirements
of each district and county. At the same time, the chance-constraint optimization method
was employed in IFTS, with the model employed to deal with the constraint conditions of
regional minimum development requirements. Further, an optimized interval-fuzzy two-
stage chance-constraint model (IFTSC) was developed to reduce the influence of uncertain
factors in the model and the decision-making risks. Using the constraints involved in the
water resources allocation modelling process, such as the upper line of water resources use,
integrated pollution production coefficient, regional development requirements and water
price, as independent variables, and the water resources allocation results of the Tingjiang
River basin and the economic benefits of each administrative unit as dependent variables,
Pearson correlation analysis was conducted to further improve the accuracy of the model
and explore the main factors affecting water resources allocation and economic benefits of
the basin.

3. Model Formulation
3.1. Watershed IFTSC Model Construction

The existing water resources allocation was adjusted and refined to maximize the
overall economic benefit of the Tingjiang River basin. The Tingjiang River basin covers
several districts and counties, with complex and unpredicted natural factors such as climate
and rainfall across the basin. Furthermore, each district and county in the Tingjiang River
basin has distinct development status and goals. The uncertainty of the model is reduced
by two-stage optimization and opportunity-constrained programming. The parameters
of the Tingjiang River basin are mostly conventional monitoring values from monitoring
stations, and hence the data are miscellaneous. Therefore, each parameter in this study is
presented as an interval to improve its representativeness, universality, and scientificity.
The fuzzy optimization method was utilized to cope with the fuzzy uncertainty caused by
the maximum amount of water in the Tingjiang River basin. Therefore, this study used the
IFTS model to determine the optimal economic benefit of the basin, wherein the upper limit
of water resources utilization and the minimum development requirements of each district
and county were considered constraints. An interval-fuzzy two-stage chance-constraint
model (IFTSC) was built to determine the optimal water allocation and the water scarcity in
each sector and industry. The coordinated development of various administrative units was
promoted, and the water environment and ecological status of the basin were improved
to achieve maximum economic benefit for each district and county. In the IFTSC model,
“+” represents the upper limit of the parameter, and “-” represents the lower limit of the
parameter. The equations involved in the IFTSC model are mainly from the study by
Qiu [35] and Hao [13] et al. for the Tingjiang River basin. IFTSC model is as follows:

Objective function:
max = t± (0 ≤ t ≤ 1) (1)

where t± represents the membership degree of fuzzy function.
Constraints:

(1) Economic scale constraints [13]:
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f±1 − f±2 − f±3 − f±4 − f±5 ≥ f ′′ −
(
1− t±

)
·
(

f ′′ − f ′
)

(2)

f±1 =
I

∑
j=1

3

∑
k=1

M

∑
m=1

NB±jkm·ISOPTjkm (3)

f±2 =
I

∑
j=1

K

∑
k=1

M

∑
m=1

WR±jk ·ISOPTjkm (4)

f±3 =
J

∑
j=1

3

∑
k=1

M

∑
m=1

δ±jkm·ISOPTjkm·STC±jkm (5)

f±4 =
J2

∑
j=J1+1

3

∑
k=1

M

∑
m=1

WRD±j ·η·|λ| (6)

f±5 =
5

∑
h=1

Ph·PNB±h ·DIS±h (7)

(2) The water resources utilization online:

The water resource utilization of various industries in each region of the basin complies
with the water resource utilization stipulated by the state [35]:

M

∑
m=1

ISOPTjkm − DIS±jkmh ≤ IWUL±jk ; ∀j, k, h (8)

The water resources for different regions in the basin should be sufficient to fulfil the
upper limit of regional water consumption [13]:

K

∑
k=1

M

∑
m=1

ISOPTjkm − DIS±jkmh ≥ RWUL+
j −

(
1− t±

)
·
(

RWUL+
j − RWUL−j

)
; ∀j, h (9)

The water resources allocation in each region of the basin should fulfil the ecological
water consumption of “three lines and one order” [35]:

M

∑
m=1

ISOPTjkm − DIS±jkmh ≥ ECS±j ; ∀j, h, k = 4 (10)

The total amount of water resources allotted for each region in the basin does not
exceed the maximum available water resources in the basin [13]:

J

∑
j=1

K

∑
k=1

M

∑
m=1

ISOPTjkm − DIS±jkmh ≥ TAWR± −
(
1− t±

)
·
(
TAWR+ − TAWR−

)
; ∀h (11)

(3) Water quality requirements in the basin:

The discharge and concentration of pollutants in the basin should comply with the
relevant regulations of the national and local governments [35]:

2

∑
k=1

M

∑
m=1

(
ISOPTjkm − DIS±jkmh

)
·ξ±jkmr·γ

±
jkmr +

(
ISOPTjkm − DIS±jkmh

)
·ξ±j3mr ≤ AEP±jr ; ∀j, r, h (12)

(4) Minimum development requirements for each region in the basin:
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The allocation of water resources in each region of the basin should fulfil the minimum
water resource needs of each region:

Pr{
Ji

∑
j=1

M

∑
m=1

PNB(ω)±jkm·(ISOPTjkm − DIS±jkmh) ≥ DSL(ω)±ik ; ∀k, i = 1} ≥ 1− θ (13)

Pr{
Ji

∑
j=J1+1

M

∑
m=1

PNB(ω)±jkm·
(

ISOPTjkm − DIS±jkmh

)
≥ DSL(ω)±ik ; ∀k, i = 2} ≥ 1− θ (14)

3.2. Solution of IFTSC Model for Watershed

The IFTSC model uses four optimization methods to provide optimal economic bene-
fits: interval programming, two-stage programming, chance-constrained programming,
and fuzzy programming. As part of solving the model, it is divided into sub-models of
upper and lower limits. First, solve the upper limit sub-model:

Objective function:
max = t+ (0 ≤ t ≤ 1) (15)

Constraints:

f+1 − f−2 − f−3 − f−4 − f−5 ≥ f ′′ −
(
1− t+

)
·
(

f ′′ − f ′
)

(16)

f+1 =
I

∑
j=1

3

∑
k=1

M

∑
m=1

NB+
jkm·ISOPTjkm (17)

f−2 =
I

∑
j=1

K

∑
k=1

M

∑
m=1

WR−jk ·(ISOPTjkm −
H

∑
h=1

Ph·DIS−jkmh) (18)

f−3 =
J

∑
j=1

3

∑
k=1

M

∑
m=1

δ−jkm·(ISOPTjkm −
H

∑
h=1

Ph·DIS−jkmh)·STC−jkm (19)

f−4 =
J2

∑
j=J1+1

3

∑
k=1

M

∑
m=1

WRD−j ·(ISOPTjkm −
H

∑
h=1

Ph·DIS−jkmh)·η·|λ| (20)

f−5 =
5

∑
h=1

Ph·PNB−h ·DIS−h (21)

M

∑
m=1

ISOPTjkm − DIS−jkmh ≤ IWUL+
jk ; ∀j, k (22)

K

∑
k=1

M

∑
m=1

ISOPTjkm − DIS−jkmh ≥ RWUL+
j −

(
1− t+

)
·
(

RWUL+
j − RWUL−j

)
; ∀j (23)

M

∑
m=1

ISOPTjkm − DIS−jkmh ≥ ECS+
j ; ∀j, k = 4 (24)

J

∑
j=1

K

∑
k=1

M

∑
m=1

ISOPTjkm − DIS−jkmh ≥ TAWR+ −
(
1− t+

)
·
(
TAWR+ − TAWR−

)
(25)

2

∑
k=1

M

∑
m=1

(
ISOPTjkm − DIS−jkmh

)
·ξ−jkmr·γ

−
jkmr +

(
ISOPTjkm − DIS−jkmh

)
·ξ−j3mr ≤ AEP+

jr ; ∀j, r (26)

Pr{
Ji

∑
j=1

M

∑
m=1

NB(ω)+jkm·
(

ISOPTjkm − DIS−jkmh

)
≥ DSL(ω)+ik ; ∀k, i = 1} ≥ 1− θ (27)
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Pr{
Ji

∑
j=J1+1

M

∑
m=1

NB(ω)+jkm·
(

ISOPTjkm − DIS−jkmh

)
≥ DSL(ω)+ik ; ∀k, i = 2} ≥ 1− θ (28)

The inequality (27) and (28) are solved by converting the two equations into Equations
(29) and (30), with a default risk θ of 0.05 and a confidence level of 0.95 [39].

Ji

∑
j=1

M

∑
m=1

(
µ+

1 ·
(

ISOPTjkm − DIS−jkmh

)
−ϕ+

1

)
−Φ−1(1− θ)

√√√√ Ji

∑
j=1

M

∑
m=1

(σ+
1 ·
(

ISOPTjkm − DIS−jkmh

)
)

2
+ (ε+1 )

2 ≥ 0 ∀k, i = 1 (29)

Ji

∑
j=J1+1

M

∑
m=1

(
µ+

2 ·
(

ISOPTjkm − DIS−jkmh

)
−ϕ+

2

)
−Φ−1(1− θ)

√√√√ Ji

∑
j=J1+1

M

∑
m=1

(σ+
2 ·
(

ISOPTjkm − DIS−jkmh

)
)

2
+ (ε+2 )

2 ≥ 0 ∀k, i = 2 (30)

ISOPTjkm = IS+
jkm + KNjkm·

(
IS+

jkm − IS−jkm

)
; 0 ≤ KNjkm ≤ 1 (31)

The upper limit sub-model solved the optimal water resource allocation parameter ISOPTjkm
in the first stage of the Tingjiang River basin, and the lower limit of the penalty value DIS− in the
second stage of the water resource allocation. Taking ISOPTjkm as constraint condition, the lower
limit sub-model is solved:

Objective function:
max = t+ (0 ≤ t ≤ 1) (32)

Constraints:
f−1 − f+2 − f+3 − f+4 − f+5 ≥ f ′′ −

(
1− t+

)
·
(

f ′′ − f ′
)

(33)

f−1 =
I

∑
j=1

3

∑
k=1

M

∑
m=1

NB−jkm·ISOPTjkm (34)

f+2 =
I

∑
j=1

K

∑
k=1

M

∑
m=1

WR+
jk ·(ISOPTjkm −

H

∑
h=1

Ph·DIS+
jkmh) (35)

f+3 =
J

∑
j=1

3

∑
k=1

M

∑
m=1

δ+jkm·(ISOPTjkm −
H

∑
h=1

Ph·DIS+
jkmh)·STC+

jkm (36)

f+4 =
J2

∑
j=J1+1

3

∑
k=1

M

∑
m=1

WRD+
j ·(ISOPTjkm −

H

∑
h=1

Ph·DIS+
jkmh)·η·|λ| (37)

f+5 =
5

∑
h=1

Ph·PNB+
h ·DIS+

h (38)

M

∑
m=1

ISOPTjkm − DIS+
jkmh ≤ IWUL−jk ; ∀j, k (39)

K

∑
k=1

M

∑
m=1

ISOPTjkm − DIS+
jkmh ≥ RWUL+

j −
(
1− t−

)
·
(

RWUL+
j − RWUL−j

)
; ∀j (40)

M

∑
m=1

ISOPTjkm − DIS+
jkmh ≥ ECS−j ; ∀j, k = 4 (41)

J

∑
j=1

K

∑
k=1

M

∑
m=1

ISOPTjkm − DIS+
jkmh ≥ TAWR+ −

(
1− t−

)
·
(
TAWR+ − TAWR−

)
(42)

2

∑
k=1

M

∑
m=1

(
ISOPTjkm − DIS+

jkmh

)
·ξ+jkmr·γ

+
jkmr +

(
ISOPTjkm − DIS+

jkmh

)
·ξ+j3mr ≤ AEP−jr ; ∀j, r (43)

Pr{
Ji

∑
j=1

M

∑
m=1

NB(ω)−jkm·
(

ISOPTjkm − DIS+
jkmh

)
≥ DSL(ω)−ik ; ∀k, i = 1} ≥ 1− θ (44)

Pr{
Ji

∑
j=J1+1

M

∑
m=1

NB(ω)−jkm·
(

ISOPTjkm − DIS+
jkmh

)
≥ DSL(ω)−ik ; ∀k, i = 2} ≥ 1− θ (45)
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The inequality (44) and (45) are solved by converting the two equations into Equations (46) and (47):

Ji

∑
j=1

M

∑
m=1

(
µ−1 ·

(
ISOPTjkm − DIS+

jkmh

)
−ϕ−1

)
−Φ−1(1− θ)

√√√√ Ji

∑
j=1

M

∑
m=1

(σ−1 ·
(

ISOPTjkm − DIS+
jkmh

)
)

2
+ (ε−1 )

2 ≥ 0 ∀k, i = 1 (46)

Ji

∑
j=J1+1

M

∑
m=1

(
µ−2 ·

(
ISOPTjkm − DIS+

jkmh

)
−ϕ−2

)
−Φ−1(1− θ)

√√√√ Ji

∑
j=J1+1

M

∑
m=1

(σ−2 ·
(

ISOPTjkm − DIS+
jkmh

)
)

2
+ (ε−2 )

2 ≥ 0 ∀k, i = 2 (47)

The upper limit of the second-stage penalty value in water resource allocation, DIS+, is obtained
from the lower limit sub-model. A comprehensive analysis of upper limit and lower limit sub-models
of the IFTSC model was used to find the optimal water allocation scheme and eco-compensation
quota to reduce the decision-making risk in the basin.

3.3. Correlation Analysis Model Based on Pearson’s Correlation Coefficient
Pearson’s correlation coefficient is widely used to measure the degree of correlation between

two variables and has a value between−1 and 1 [40,41]. In this study, Pearson’s correlation coefficient
is used to measure the correlation between the model water allocation results, economic efficiency
results, and the random variables in the model.

rij =
∑ (xi − x)(yi − y)√

∑ (xi − x)2
√

∑ (yi − y)2
(48)

xi and yi are any two variables in the IFTSC model (DSL, ISOPT, WR etc.), x and y are the means
of any two variables, and r is the correlation between any two variables. The larger the absolute value
of the correlation coefficient, the greater the correlation between the two variables (see Table 1 for the
specific correlation relationship), i.e., the closer |r| is to 1, the higher the correlation. A positive value
of r indicates a positive correlation, while a negative value of r indicates a negative correlation [42].
Table 1 shows the Pearson correlation coefficient intervals and correlation magnitudes.

Table 1. Pearson correlation coefficient intervals and correlation sizes.

Value Range Relevance

0–0.2 Very strong correlation
0.2–0.4 Strong correlation
0.4–0.6 Moderate correlation
0.6–0.8 Weak correlation
0.8–1.0 Very weak correlation or no correlation

4. Results and Discussion
4.1. Analysis of IFTSC Model Simulating Two-Stage Water Resource Allocation in Tingjiang
River Basin

The sustainable development of a river basin requires an effective water resource allocation,
a foundation for enhancing water resource utilization efficiency, and a minimization of the water
scarcity rates in each region [43,44]. Based on the original data from the IFTS model [13], the optimized
IFTSC model using the interval-fuzzy two-stage chance-constraint optimization methods were solved
to generate the fuzzy function membership t value [0.09, 0.45]. Meanwhile, based on the IFTSC
model, the optimal water resource allocation scheme for the first stage of water resource allocation in
the basin was obtained and is shown in Table 2. The IFTSC model simulation results were utilized to
assess all sectors of administrative regions in the basin, with the Liancheng County in Fujian province
given here as an example. The results of the water allocation in the first stage of various sectors
in Liancheng County are illustrated in Figure 2. The results reveal that, in industry, 321.65 × 104 t
and 15,074.67 × 104 t of water should be allocated to the paper and steel industries in Liancheng
County of Fujian province, respectively. Similarly, in municipal administration, 4092.93 × 104 t and
2929.58 × 104 t of water should be allocated to the town and residents, respectively. In agriculture,
2.13 × 104 t and 8.24 × 104 t of water should be allocated for breeding and planting, respectively,
while 25.32 × 104 t of water should be allocated for ecology. Furthermore, the results of the IFTSC
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model show that the water allocation in the first stage of water resources allocation for some industries
in each district or county is 0.00, suggesting either the absence or less dominance of the industry in
the respective district or county. As a result, it is not included here due to its negligible impact on the
water resources allocation process in the basin.

Table 2. The first-stage optimal water resources allocation scheme of different regions, industries,
and sectors in the Tingjiang River basin based on the IFTSC model (×104 t).

Province Section Business Liancheng Shanghang Wuping Xinluo Yongding Pinghe Changting

Fujian

Industry

Paper 321.65 226.17 616.05 701.21 529.15 564.41 354.76
Steel 15,074.67 14,569.46 14,778.34 0.00 13,062.22 0.00 0.00

Cement 0.00 596.03 0.00 437.93 1802.58 13,320.01 12,737.94
Thermal power 0.00 0.00 0.00 14,260.86 0.00 1508.07 2263.49

Municipal Town 4092.93 4027.14 290.85 5112.15 2217.80 4309.74 3131.46
Resident 2929.58 3108.98 6797.56 1229.55 4809.93 2690.86 2308.33

Agriculture Breeding 2.13 1.38 1.72 1.88 2.68 1.86 2.66
Planting 8.24 9.72 9.60 27.04 22.68 25.22 5.25

Ecology Ecology 25.32 4.37 13.55 32.88 53.77 33.02 22.69

Guangdong

Zijin Dapu Fengshun Meixian Wuhua Xingning Chenghai

Industry

Paper 255.24 220.66 209.29 419.66 314.71 463.06 211.66
Steel 19,759.37 18,894.87 19,806.31 0.00 200.44 0.00 0.00

Cement 0.00 897.31 0.00 19,323.88 19,489.32 19,319.52 214.85
Thermal power 0.00 0.00 0.00 249.18 0.00 217.38 19,579.52

Municipal Town 4393.67 3979.43 3776.06 3403.44 3164.00 4155.35 3938.43
Resident 3717.65 4062.76 4337.99 4623.53 4871.07 3901.09 4115.70

Agriculture Breeding 2.88 1.86 2.33 2.65 4.01 2.52 3.63
Planting 12.19 12.30 14.24 11.43 87.82 34.32 7.88

Ecology Ecology 32.83 37.01 39.52 44.00 25.12 53.82 107.52
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Figure 2. Results of the water allocation in various industries in Liancheng County at the first stage
(×104 t). (As cement and thermal power industries are not the leading industries of Liancheng
County, the value is given as 0 in the industrial sectors).

After obtaining the optimal water distribution scheme in the first stage using the IFTSC upper
limit sub-model, a chance-constraint method was used to optimize the minimum development
requirements of the region as a random factor based on the IFTS model. Further, the penalty value of
the second stage was obtained using the IFTSC lower limit sub-model according to the interactive
algorithm, DIS±jkmh. The compensation value of the optimal water allocation in the first stage cannot
be satisfied due to the changes in the actual water quantity in the basin, as indicated in Table S1.
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Figure 3 depicts the second-stage penalty value of water resources in Liancheng County. The
absence of penalty values for ecological water in the second stage signifies sufficient ecological
water under the five hydrological scenarios and hence cannot be considered. Industrial water
consumption in China increases year after year, owing to the continuous economic growth of counties.
Regional industrial water consumption should be ensured to guarantee the Tingjiang River basin [45].
The water resources for the paper industry increased by [7.36, 321.65] × 104 t under the extreme
abundance hydrological scenario increased of water resources, [6.95, 321.65] × 104 t under the
abundance hydrological scenario, [7.05, 321.65] × 104 t under the normal flow hydrological scenario,
[6.93, 321.65] × 104 t under the dryness hydrological scenario, and [6.63, 321.65] × 104 t under
the extreme dryness hydrological scenario. Similarly, the water resources for the steel industry
were increased by [12.77, 1822.32] × 104 t under the extreme abundance hydrological scenario,
[12.42, 1822.32] × 104 t under the abundance hydrological scenario, [12.70, 1822.32] × 104 t under the
normal flow hydrological scenario, [12.55, 1822.32] × 104 t under the dryness hydrological scenario
and [13.02, 1822.32] × 104 t under the extreme dryness hydrological scenario.
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Figure 3. Penalty value of water resources in Liancheng County at the second stage (×104 t): (a) paper
industry; (b) steel industry; (c) urban water; (d) domestic water; (e) water for farming; (f) water for
planting (the second-stage penalty value is absent for cement, thermal power, and ecology).

In addition to industrial water, municipal water supply also plays a significant role in the
day-to-day operations of the government and the normal life of the citizens [46]. For municipal water
usage, the water resources increased [0.00, 650.43] × 104 t during an extreme abundance hydrologi-
cal scenario, [0.00, 656.03] × 104 t during an abundance hydrological scenario, [0.00, 648.09] × 104 t
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during normal flow hydrological scenario, [0.00, 648.09] × 104 t during dryness hydrological sce-
nario, and [0.00, 647.81] × 104 t during extreme dryness hydrological scenario. Water resources
for residential water use increased [623.05, 2929.58] × 104 t in an extreme abundance hydrological
scenario, [618.42, 2929.58] × 104 t in an abundance hydrological scenario, [625.81, 2929.58] × 104 t in
normal flow hydrological scenario, [625.09, 2929.58] × 104 t in dryness hydrological scenario, and
[626.25, 2929.58] × 104 t in extreme dryness hydrological scenario.

Furthermore, agricultural water is the primary water sector in many areas and improving agri-
cultural water efficiency is an essential strategy to alleviate water scarcity [47]. For breeding water, the
water resources increased by [0.82, 2.13] × 104 t under the extreme abundance hydrological scenario,
[0.84, 2.13] × 104 t under abundance and dryness hydrological scenarios, and [0.83, 2.13] × 104 t
under normal flow and extreme dryness hydrological scenario. Similarly, for planting water, the
water resources increased by [2.37, 8.24] × 104 t under extreme abundance hydrological scenario,
[2.15, 8.24] × 104 t under abundance hydrological scenario, [2.33, 8.24] × 104 t under normal flow
hydrological scenario, [2.18, 8.24]× 104 t under dryness hydrological scenario, and [2.27, 8.24] × 104 t
under extreme dryness hydrological scenario. The second-stage penalty values are absent due to
the significant impact of the ecological environment in restricting development, and that of water
resources in the ecological environment, making the allocation of ecological water crucial [48].

4.2. Economic Benefit Analysis of the Tingjiang River Basin Based on the IFTSC Model
The economic benefits of counties and districts in the Tingjiang River basin based on the

IFTSC model under five hydrological scenarios (Tables 3 and 4) show that the economic benefits of
some districts and counties, represented by the Wuping County significantly increase, while those
represented by Xingning County significantly decrease in the lower limit model. On the other hand,
the economic benefits of districts and counties represented by Wuping County decreased, while
those represented by Xingning County increased in the upper limit model due to the improved
lower limit of the model and reduction of the upper limit by the chance-constrained programming
method, which resulted in short decision space and reduced decision risk. The results of the analysis
reveal that the main reason for the negative economic growth is a lack of water resources, which
considerably limits industrial water use and influences the local economic development. The greater
the proportion of industry in the district and county, the greater the rate of decline in economic
benefit under the scarce water resources scenario. Kosolapova et al. found that water availability
was positively correlated with regional development, and that low water availability in areas with
slow economic development affected the output of the industrial and agricultural sectors, limiting
regional economic development, which is consistent with the findings of this paper [49]. Therefore,
reasonable allocation of water resources in Tingjiang River basin can provide more considerable
economic development space for the basin.

Table 3. Economic benefits of each district and county under five hydrological scenarios simulated
by IFTSC (lower limit).

Number Region Lower Limit
(×108 CNY)

Economic Benefits of Each District and County under Five Hydrological
Scenarios of IFTSC Model (×108 CNY) Change

Interval (%)
p (1) p (2) p (3) p (4) p (5)

1 Liancheng 165.47 201.26 215.37 204.79 211.84 208.32 [21.63, 30.16]
2 Shanghang 313.07 375.71 381.68 377.20 380.18 378.69 [20.01, 21.92]
3 Wuping 111.80 186.78 222.86 195.80 213.84 204.82 [67.07, 99.34]
4 Xinluo 767.60 907.11 946.29 916.91 936.50 926.70 [18.17, 23.28]
5 Yongding 184.43 244.79 274.75 252.28 267.26 259.77 [32.73, 48.97]
6 Pinghe 219.29 243.19 258.39 247.33 254.79 251.15 [10.90, 17.83]
7 Changting 207.96 244.52 257.76 248.02 254.61 251.38 [17.58, 23.95]
8 Zijin 89.85 92.48 128.54 101.50 119.52 110.51 [2.93, 43.06]
9 Dapu 61.37 59.69 89.01 67.03 81.63 74.35 [−2.74, 45.04]
10 Fengshun 67.29 68.45 98.33 75.92 90.86 83.39 [1.72, 46.13]
11 Meixian 164.19 169.49 230.89 184.84 215.54 200.19 [3.23, 40.62]
12 Wuhua 127.47 133.45 178.54 144.73 167.27 156.00 [4.69, 40.06]
13 Xingning 149.59 147.86 215.74 164.81 198.87 181.76 [−1.16, 44.22]
14 Chenghai 439.93 517.53 539.64 523.06 534.12 528.59 [17.64, 22.66]

Total 3069.32 3592.31 4037.79 3704.22 3926.83 3815.62 [17.04, 31.55]
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Table 4. Economic benefits of each district and county under five hydrological scenarios simulated
by IFTSC (upper limit).

Number Region Upper Limit
(×108 CNY)

Economic Benefits of Each District and County under Five Hydrological Scenarios of
IFTSC Model (×108 CNY) Change

Interval (%)
p (1) p (2) p (3) p (4) p (5)

1 Liancheng 315.99 314.42 313.61 314.21 313.81 313.99 [−0.75, −0.50]
2 Shanghang 504.58 503.16 501.92 502.85 502.23 502.55 [−0.53, −0.28]
3 Wuping 337.78 336.69 335.48 336.38 335.77 336.10 [−0.68, −0.32]
4 Xinluo 1160.54 1159.93 1159.43 1159.81 1159.55 1159.67 [−0.10, −0.05]
5 Yongding 390.41 389.22 388.26 388.98 388.52 388.91 [−0.55, −0.30]
6 Pinghe 376.92 375.54 374.87 375.30 375.01 375.15 [−0.54, −0.37]
7 Changting 333.62 344.81 349.26 345.94 348.14 347.04 [3.35, 4.69]
8 Zijin 278.99 282.85 283.44 283.00 283.34 283.18 [1.38, 1.60]
9 Dapu 198.00 201.40 201.95 201.52 201.85 201.68 [1.72, 1.99]

10 Fengshun 236.99 240.47 240.97 240.58 240.88 240.73 [1.47, 1.68]
11 Meixian 341.22 345.53 345.92 345.68 345.91 345.83 [1.26, 1.38]
12 Wuhua 268.50 272.58 273.32 272.79 273.18 272.99 [1.52, 1.79]
13 Xingning 329.36 333.89 334.38 334.05 334.34 334.24 [1.37, 1.53]
14 Chenghai 683.90 686.66 686.21 686.54 686.34 686.39 [0.34, 0.40]

Total 5756.79 5787.15 5789.02 5787.64 5788.88 5788.45 [0.53, 0.56]

The optimization results of economic benefits of the Tingjiang River basin simulated by the
IFTSC model under five hydrological scenarios are shown in Figure 4. The range of variation
in the economic benefits of 14 administrative units in the basin based on the IFTSC lower limit
sub-model is [−2.74%, 99.34%], with Dapu County and Wuping County showing the maximum
decrease and increase in economic benefits. The probability of the overall economic benefit of the
basin under five different hydrological scenarios such as extreme abundance, abundance, normal
flow, dryness, and extreme dryness are 3592.31 × 108 CNY, 4037.79 × 108 CNY, 3704.22 × 108 CNY,
3926.83 × 108 CNY and 3815.62 × 108 CNY, respectively, which accounts for 9%. Although the
decision-making risk is less in this scenario, the economic benefit is less. The range of variation in the
economic benefits of the 14 administrative units in the basin based on the IFTSC upper limit sub-model
is [−0.75%, 4.69%]. The maximum drop and rise in the economic benefits are in Liancheng County
and Changting County, respectively. The probabilities of the overall economic benefit of the basin in
hydrological scenarios such as extreme abundance, abundance, normal flow, dryness, and extreme
dryness are 5787.15 × 108 CNY, 5789.02 × 108 CNY, 5787.64 × 108 CNY, 5788.88 × 108 CNY and
5788.45 × 108 CNY, respectively, which accounts for 45%. The decision-making risk is considerable
right now, with substantial economic benefits.
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4.3. Comparison of the IFTSC Model Optimized by Chance Constraint with the IFTS Model
A modified optimization model for water resources optimal allocation in the Tingjiang River

basin (IFTSC model) based on the opportunity constraint method in the stochastic programming
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using an interval-fuzzy two-stage chance-constraint stochastic optimization method was constructed
from the optimization model (IFTS model) using an interval-fuzzy-two-stage stochastic optimization
method. The two models were compared to analyse the significance and function of chance-constraint
method optimization based on the degree of change in the total economic interests in the basin.

Figure 5 shows the difference in the lower bound of economic benefits for each administrative
unit of the IFTSC and IFTS models. With the introduction of the bilateral opportunity constraint
approach, the IFTSC model increases the lower bound of total economic benefits in the Ting River
basin by 21.15× 108 CNY,−8.65× 108 CNY, 12.13× 108 CNY,−1.52× 108 CNY and 7.81 × 108 CNY
under the five hydrological scenarios, respectively. After simulation of the IFTSC model, the water
allocation of the industrial sector in the Tingjiang River basin is guaranteed, and the total water
shortage in the industrial sector in the second stage decreases by 9.7% in the dryness scenario, for
example. Industry, as an important driver of economic development [45], is conducive to promoting
the economic development of administrative units along the Tingjiang River basin when water
use in the industrial sector is fully guaranteed. Only Pinghe and Changting, the 14 administrative
units in the Tingjiang River basin, show negative economic benefits in the IFTSC model, as both
administrative units are simulated by the IFTS model with a lower limit value of 0.00 for the water
deficit in the industrial sector in Phase II, and therefore Pinghe and Changting have greater economic
benefits in the IFTS lower limit model. However, in the IFTSC model, the water deficit in the Pinghe
and Changting industrial sectors reaches 1144.93 × 104 tons and 178.72 × 104 tons respectively in the
lower bound model, as the water deficit leads to a hindrance in the economic development of the
industrial sector and thus Pinghe and Changting are less economically efficient in the lower bound
of the IFTSC model. This ultimately leads to a downward trend in the overall economic benefits
of the Tingjiang River basin under the dryness water scenario, but to a lesser extent. It can also be
seen from Figure 6 that the economic benefits show an increasing trend after the introduction of the
opportunity constraint approach, and for the same administrative unit under different hydrological
scenarios, the trend in economic benefits is the same, indicating that the overall water quantity
in the Tingjiang River basin has no significant effect on economic benefits, and that the trend in
economic benefits is mainly influenced by water shortages in the industrial sector. The IFTSC model
increases the upper limit of the total economic benefit of the Tingjiang River basin by 37.18× 108 CNY,
40.73 × 108 CNY, 38.02 × 108 CNY, 40.04 × 108 CNY and 39.22 × 108 CNY for the five hydrological
scenarios, respectively. The difference between the IFTSC model and the IFTS model in terms of
the upper limit of the economic efficiency of each administrative unit (see Figure S4 for details),
only Changting economic efficiency shows a decreasing trend, while the economic efficiency of the
rest of the administrative units has increased to some extent, thus improving the overall economic
efficiency of the Tingjiang River basin. The IFTSC model, with the same total volume of water utilized,
provides adequate protection for the water needs of the industrial sector through a more rational
water allocation scheme, improves the efficiency of water resource utilization, enables the overall
economic benefits of the Tingjiang River Basin to grow, and facilitates the sustainable development of
the administrative units of the Tingjiang River basin.
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4.4. Analysis of Factors Influencing Water Allocation Based on Pearson Correlation Coefficient
The Pearson correlation coefficient statistical method is commonly used in water quality cor-

relation studies. Dai et al. studied eight water quality indicators (dissolved oxygen, total nitrogen,
total phosphorus, etc.) in Taihu Lake to find correlations between them and explore the correlation
between pollutants [50]. This paper builds on the Pearson correlation coefficient method in water
quality research and extends its application to the water allocation process. Figure 6 shows the
correlations between the variables in the IFTSC model for the industrial sector. The most important
variables affecting water allocation are the combined pollution production coefficient (CPC), the max-
imum allowable discharge of pollutant r2 of the regional minimum development requirement (DSL)
(AEP_r2), the pollution production coefficient of pollutant r1 (rCWXS_r1), the unit price of water
(WR), the industry water use uptake line (IWUL) and the industry size (IS). The seven parameters are
also highly correlated with each other, with a Pearson correlation coefficient of 1.00. The reason for
this is that when the minimum regional development requirements rise, this indicates that the region
is growing rapidly, the scale of industry is expanding, water demand and consumption is increasing,
regional water use is coming online, the unit price of water is rising, environmental problems caused
by economic development are increasing, the pollution production factor is increasing, and pollutant
emissions are increasing, all of which leads to environmental damage. Pollution treatment cost (STC),
which is mainly influenced by pollutant r1 removal rate (rQCL_r1) and pollutant r2 removal rate
(rQCL_r2), increases when the removal rate of pollutants rises. When water supply rises, there is often
water wastage and poor water utilizations, so output per unit size (NB) falls, but economic losses
due to water scarcity (PNB) also fall because of adequate water supply and lower regional water
scarcity. The correlation between the variables in the ISOPT and IFTSC models for the municipal
sector is similar to that for the industrial sector, being influenced by seven parameters, all of which are
positively correlated (see Figure S1 for details). The ISOPT for the agricultural and ecological sectors
are similar in that they are both strongly positively correlated with IS, i.e., as the sector increases
in size, water demand increases and water allocation should rise. This is followed by a moderate
negative correlation with NB and PNB (see Figures S2 and S3).
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The Pearson correlation coefficient method is widely used in the field of model feature selection.
Liao et al. performed feature selection of network metadata based on Pearson correlation coefficient
and maximum mutual information coefficient and used screening features for modelling and clas-
sification to improve the early warning capability of power system network security [51]. In this
paper, the Pearson correlation coefficient was used to screen the correlation of the constructed model
variables to reduce the complexity of the model and to lay the foundation for the next step of the
study. Figure 7 shows the correlation between the variables in the IFTSC model and the overall
economic performance of the Tingjiang River basin. Economic efficiency is mainly influenced by NB
and PNB, which increases when NB rises, while economic efficiency also increases when PNB rises.
Although PNB represents the economic loss due to water scarcity, which represents an unfavourable
variable for economic development in the IFTSC model, the Pearson correlation coefficient gives an
upward trend when water allocation decreases, i.e., water allocation is negatively correlated with
economic efficiency. This is because the increase in the pollution production factor and the increase in
the maximum permissible emissions of pollutants caused when the ISOPT rises leads to an increase
in the cost of pollution control, and the economic benefits from the production of products cannot
compensate for the costs incurred in controlling environmental pollution, resulting in a downward
trend in economic benefits. At the same time, the rise in ISOPT will lead to a phenomenon that
will exacerbate the waste of water resources in some areas, leading to a continuous decline in the
utilizations of water resources and a decrease in the economic benefits created per unit of water
resources, which is not conducive to the sustainable development of the region. In order to reduce
the impact of variables such as CPC, AEP, etc., existing pollution control technologies should be
improved to increase the capacity and reduce the cost of pollution control. Meanwhile, NB and
PNB are highly correlated, CPC, IS, IWUL, WR, rCWXS_r1, rCWXS_r2, AEP_r2, DSL, WR and water
resources price (WRD) are highly correlated. In the next study, the above highly correlated variables
can be grouped together through feature screening to reduce the complexity of the model.Water 2022, 14, x FOR PEER REVIEW 19 of 23 

 

 

 
Figure 7. Correlation between variables and economic benefits in the IFTSC model. 

5. Conclusions 
The present study constructed an optimization model for the optimal allocation and 

eco-compensation mechanism of water resources in the Tingjiang River basin (IFTSC 
model) using the opportunity constraint method based on the interval-fuzzy-two-stage 
stochastic optimization method. This can provide a more scientific and broader decision-
making space for decision-makers and minimize the decision-making risks in the basin 
by reducing the uncertainty caused by random parameters in determining water re-
sources allocation. Pearson correlation coefficients were used to analyse the correlation 
between the variables in the IFTSC model and water allocation and economic benefits to 

Figure 7. Correlation between variables and economic benefits in the IFTSC model.



Water 2022, 14, 2928 17 of 20

5. Conclusions
The present study constructed an optimization model for the optimal allocation and eco-

compensation mechanism of water resources in the Tingjiang River basin (IFTSC model) using
the opportunity constraint method based on the interval-fuzzy-two-stage stochastic optimization
method. This can provide a more scientific and broader decision-making space for decision-makers
and minimize the decision-making risks in the basin by reducing the uncertainty caused by random
parameters in determining water resources allocation. Pearson correlation coefficients were used to
analyse the correlation between the variables in the IFTSC model and water allocation and economic
benefits to suggest more specific ideas for water resource management in the Tingjiang River basin.
This paper used the optimized IFTSC model to achieve the research objectives of maximizing the
overall economic benefits of the Tingjiang River basin, achieving optimal water resource allocation
in the Tingjiang River basin, improving water resource utilizations efficiency and coordinating the
overall economic relationship between the upper and lower reaches of the Tingjiang River basin. At
the same time, uncertainty planning is widely used in the water resources allocation process of the
river basin, so the water resources allocation model of the Ting River basin constructed in the text is
universal and can be used in other basins for water resources planning. The IFTSC model simulation
results are as follows:

(1) The second-stage penalty value of the IFTSC model in the Tingjiang River basin was less than
the original IFTS model, as evidenced by the decrease in the second-stage penalty value of the
industrial sector by 9.7% under the dry hydrological scenario. The first stage is characterized
by a relatively reasonable water allocation with improved water resources utilization rate and
greatly relieves the water pressure of various departments and industries while minimizing
the water resources waste or economic development restriction caused by unreasonable water
resources allocation.

(2) The stochastic optimization method with chance-constraint was introduced based on the origi-
nal IFTS model to effectively reduce the uncertainty of minimum development requirements in
the Tingjiang River basin. At the same time, the IFTSC model was allowed to violate the con-
straint conditions within a specified confidence interval to make it more realistic with a wider
range of applications, which can satisfy the more differential and complex realistic hydrological
scenarios to a certain extent.

(3) The total economic benefits of the Tingjiang River basin simulated by the IFTSC model show an
increasing trend compared with the original IFTS model (an increase of 49.36 × 108 CNY under
the abundant hydrology scenario), which further ensures the overall economic development of
the Tingjiang River basin and balances the economic relationship between Fujian and Guang-
dong provinces upstream and downstream of the Tingjiang River basin while rationalizing
water resources allocation.

(4) Pearson correlation coefficient shows that water allocation in the Tingjiang River basin is
positively correlated with seven parameters (CPC, DSL, AER_r2, rCWXS_r1, WR, IWUL and
IS) and that economic efficiency in the Tingjiang River basin is positively correlated with
two parameters (NB and PNB). In the water management process, the focus can be on these
parameters and simpler and more efficient measures can be taken to address the environmental
management objectives of the basin.

This paper only maximizes the economic benefits of the Tingjiang River basin through the
optimal allocation of water resources, without introducing ecological values that consider the benefits
derived from the environmental values generated by the water-using environment of the Tingjiang
River basin. The real environment is more complex, and the models constructed in this study are
mostly linear; the use of non-linear models may further improve the adaptability of the models.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14182928/s1, Table S1: Penalty value of IFTSC model in the
second stage under different hydrological scenarios (×104 t); Figure S1: Correlation of variables in
the IFTSC model for the municipal sector; Figure S2: Correlation of variables in the IFTSC model
for the agricultural sector; Figure S3: Correlation of variables in the IFTSC model for the ecological
sector; Figure S4: Difference between the upper limit of economic efficiency of each administrative
unit in IFTSC and IFTS models.
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Abbreviations

f±1 Economic benefit of water, 104 CNY.
f±2 Water consumption cost, 104 CNY.
f±3 Cost of environmental management of water, 104 CNY.
f±4 Eco-compensation quota, 104 CNY.
f±5 The second stage to optimize the penalty value.
f ′ The lowest economic benefit of the basin, 104 CNY.
f ′′ The highest economic benefit of the basin, 104 CNY.
j Administrative units (14 districts and counties).

k
Major water consumption sectors (k = 1, 2, 3, 4 denote Industry, Municipal,
Agriculture, Ecology).

m Different industry categories within each sector

i
Watershed partition (i = 1 denotes the regional scope of upstream Fujian province,
and i = 2 denotes the regional scope of downstream Guangdong province).

h
Hydrological situation (h = 1, 2, 3, 4, 5 denote extreme abundance, abundance,
normal flow, dryness, and extreme dryness, with respective probabilities of 0.1, 0.3,
0.15, 0.25, and 0.2).

NB±jkm Output value per unit scale, 104 CNY/104 t.
ISOPTjkm The optimal solution for water consumption in the first stage.
WR±jk The unit price of water 104 CNY/104 t.
δ±jkm Comprehensive pollution production coefficient, 104 g/104 t.
STC±jkm Pollution control cost, 104 CNY/104 t.
WRD±j Downstream water price, 104 CNY/104 t.
η The proportion of downstream use of incoming water from the upstream.

λ
Eco-compensation determination coefficient (the water quality is better than the III
standard, λ = 1; the water quality is inferior to class V, λ = −1; in other cases, λ = 0).

P Hydrological scenario probability.

PNB±h
The water supply that cannot meet the loss caused by the original water supply, 104

CNY/104 t.
DIS±h Lack of water, 104 t.

IWUL±jk
The maximum water resources utilization stipulated by different regions and
departments, 104 t.

RWUL±j The maximum utilization of water resources in different regions, 104 t.
ECS±j The ecological area range of different regions in the watershed, 104 t.
TAWR± The maximum utilization of water resources in the basin, 104 t.
r Different pollutants.
ξ±jkmr Pollutants producing coefficient, 104 g/104 t.
γ±jkmr Pollutant removal rate.
AEP±jr Maximum allowable discharge of pollutants, 104 t.
DSL±ik Minimum regional development requirements, 104 CNY.
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θ The risk of default.
µi Expected value of NB±jkm (i = 1, 2).
ϕi Expected value of DSL±ik (i = 1, 2).
σi The variances of the NB±jkm (i = 1, 2).
εi The variances of the DSL±ik (i = 1, 2).
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