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Abstract: To optimize the water distribution of three industries based on the water demand
prediction under multiple uncertainties, a fuzzy credibility-constrained interval two-stage stochastic
programming (FCITSP) model base on the Cobb-Douglas production (CD) function was developed.
The CD-FCITSP model integrated fuzzy credibility-constrained programming (FCP), an interval
two-stage stochastic programming (ITSP) method and CD function. The developed model could
deal with uncertainties with interval, random, and fuzzy features, reflect tradeoffs between
different water use sectors, and provide water managers in arid regions with sustainable and
reasonable water-allocation schemes under different credibility scenarios of local policies. Moreover,
the relationships between economic benefits and water consumption were taken into consideration
via the Cobb-Douglas production function. The developed model was applied to support the optimal
allocation of limited water resources in Minqin County, northwest China. The obtained solution
demonstrated that the developed method could help local water managers to effectively allocate
limited water under multiple uncertainties and different credibility scenarios. In addition, water use
efficiency could be promoted and the emissions of major pollutants could be reduced. The developed
method could be extended to water management practices in other arid regions.

Keywords: water resources optimal allocation; Cobb-Douglas water production function; multiple
uncertainties; coupling the simulation and optimization

1. Introduction

Climate change, population growth, and rapid socio-economic development jointly deepen the
conflicts between increasing water demand and decreasing water availability, which may be one of
the main challenges that we have to face around the world in the coming years. Water scarcity has
become the bottleneck of sustainable development in some water-stressed areas [1]. Thus, efficient
water allocation schemes should be used to guarantee water use security, reduce the cost, and improve
the water use efficiency. However, a water planning system includes many complex factors, such as
fluctuations in water demand, unpredictable local policies and changeable market environments,
which bring great challenges for water managers in making appropriate decisions [2]. Therefore,
more useful tools were put forward to help water managers solve such complex practical problems.

In the process of water resource planning, water demand forecast plays a significant role
and is often regarded as the basis for water allocation. In recent decades, many researchers have
tried to propose various types of methods to obtain more precise water demand prediction results.
These methods can be roughly divided into two classes, including models driven by historical data [3–7]
and those based on water-use sector analysis [8–11]. Some researchers noticed that the forecasting
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accuracy was not only related to the availability of historical data, but also relevant to local development
plans. Therefore, economic models were gradually introduced to water demand prediction to measure
the policy influences [12–14]. Among these methods, Zhang et al. (2013) [15] firstly adopted the
Cobb-Doulas (CD) production function to establish a regional water demand prediction model by
viewing water demand as the output of production. This study simply used the form of CD function
without any practical meaning, missing the connections between water demand and local development
plans. Future investments and benefit demands can play key roles in forecasting water demand through
the CD function, although little research handled that. In addition, although water demand prediction
was used as the foundation of water allocation in many studies, it was rarely coupled with local
development plans before. Thus, the CD function could be used to simulate the relationship between
water consumption and total production output, and forecast the future water demand under local
development policies. The prediction results could be used in the optimization model to obtain optimal
water distribution schemes.

Optimization models were widely used to help water managers obtain efficient allocation schemes.
Given that water managers had to face complex uncertainties in practical problems, much research
has been focused on the development of optimization models dealing with multiple uncertainties
over the past decades [16–21]. The randomness of available water amount and the imprecision
of socio-economic data usually confused water managers before the interval two-stage stochastic
programming (ITSP) had been developed. ITSP is an effective model for handling uncertainties
expressed as imprecise parameters with known upper and lower bounds as well as random variables
with known probability distributions [22]. Moreover, uncertainties in many practical allocation
problems were expressed as fuzzy sets, which called for effective methods to facilitate communicating
fuzzy uncertainties into the optimization process. Due to the effectiveness in addressing uncertainties
expressed as fuzzy sets, fuzzy programing was integrated into the ITSP by many researchers [23–25].
As one of the typical fuzzy programming model, fuzzy credibility-constrained programming (FCP)
could effectively deal with allocation problems with fuzziness in constraints [26–28]. The fuzzy
credibility-constrained interval two-stage stochastic programming model (FCITSP) integrated ITSP
and FCP. However, the fuzziness in local policies, such as environmental policies, was neglected in
planning processes. Therefore, multiple uncertainties in water resources planning, such as fuzziness
in local policies, imprecision in economic features and randomness of available water level, could be
fully considered in FCITSP model for optimizing water distribution based on the prediction results
from CD function.

In general, to our best knowledge, there was no research found in integrating the CD function
and FCITSP to optimally allocate regional water resources. Therefore, to address the uncertainties
and other problems in reality, the objective of this study is to develop a fuzzy credibility-constrained
interval two-stage stochastic programming model based on the Cobb-Douglas production function
(CD-FCITSP) for forecasting water demand and supporting water resources management under
multiple uncertainties. CD-FCITSP will not only deal with uncertainties with interval, random,
and fuzzy features, but also reflect the tradeoffs between different water use sectors and provide
sustainable and reasonable water-allocation schemes under different credibility scenarios of local
policies in arid regions. Besides, a water resources allocation problem from a real case will be studied
to illustrate the applicability of the proposed model.

2. Methodology

The framework of the CD-FCITSP method is shown in Figure 1. This model includes water
demand forecasting and water-allocation optimization among three industries. The future water
targets are obtained through CD function simulation, which can well reflect the relationship between
water consumption and economic benefits. In optimization parts, interval programming (IP), two-stage
stochastic programming (TSP), and fuzzy credibility-constrained programming (FCP) are incorporated
into a general optimization framework to solve specific problems. For example, TSP is an effective
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method for problems where policy scenarios analysis is needed and the related uncertainty is
random [29]. IP can handle the uncertainty presented as interval values, and FCP model can tackle
uncertainties presented as fuzzy sets. The detailed formulation of the CD-FCITSP model is introduced
as follows:
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2.1. Cobb-Douglas Production Function (CD Function) for Water Demand Prediction

American economist Paul Douglas found that the ratio between national income created by capital
and national income created by labor remained constant for a long period of time based on historical
statistics from 1899 to 1922 in the United States [30]. To solve this problem, Douglas consulted the
mathematician Charles Cobb and finally found that the relationship between output and wage labor,
fixed assets can be described as follows [31]:

Y = AKαL1−α, 0 ≤ α ≤ 1 (1)
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where Y represents the national income; A indicates the technical level; K denotes capital investments;
L is the number of labor input. α is the contribution ratio of capital to national income; and 1 − α

represents the contribution ratio of labor to national income.
The production function has been used for many years to demonstrate the distribution of Western

economics. However, the assumed technical level constant and the condition [α + (1 − α) = 1] limited
CD function in practical applications. In 1942, Jan Tinbergen, the winner of the first Nobel Prize in
economics, made a significant improvement to the Cobb-Douglas production function. He transformed
A into the form of dynamic variables A(t) [32] and the form of function was rewritten as:

Y = A(t)KαLβ (2)

where α is Capital elasticity, indicating an average increase of α% in output when the capital increases
by 1%; β denotes labor elasticity, indicating an average increase of β% in output when the labor force
is increased by 1%.

With the development of economy and society, water resources has gradually become a kind of
scarce resources and the value of water resources has been highlighted and no longer provided
with free of charge. As an important resource for the sustainable development of the national
economy, water resources are an indispensable factor in the production. Because water shortage
and low water price limit the sustainable utilization of water resources, it is necessary to analyze the
relationship between economic benefit and water consumption through a feasible method. Therefore,
water resources have been considered as a kind of input factor into the CD function to calculate
the water production benefits by replacing L with W, which denotes the number of water resources
input [33]. The new form of water production function, which could describe the relationships between
water consumption and benefits, has been established as follows:

Y = A(t)KαWβ (3)

where W means the number of water resources input; β denotes water elasticity, indicating an average
increase β% in output when the water input is increased by 1%. To calculate the A(t), α and β,
the Equation (3) should be taken the logarithm and can be rewritten as:

ln Y = ln A(t) + α ln K + β ln W (4)

After the data fixed-asset investment (K), water consumption (W) and benefits of every industry
(Y) in period t are put into Equation (4), A(t), α and β of each industry can be obtained by multiple
linear regression. Besides, future water demand can be made via Equation (3) when the future benefits
requirements and expected fixed-asset investment of each industry are known. The water demand
prediction formula can be obtained as follows:

W = β

√
Y

A(t)Kα
(5)

2.2. Fuzzy Credibility-Constrained Interval Two-Stage Stochastic Programming (FCITSP) for Regional
Water Allocation

Fuzzy credibility-constrained programming (FCP) have been proved to be a useful tool to tackle
parameters of the constraints presented as fuzzy sets and can provide water managers abundant
allocation schemes under different credibility levels [4,26,27]. A typical FCP model is shown as follows:

Min f =
I

∑
i=1

cixi (6)
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subject to:

Cr

{
I

∑
i=1

ãixi ≤ b̃

}
≥ λ (7)

xi ≥ 0, i = 1, . . . , I (8)

where xi represents the decision variables; ci denotes the coefficients; ãi and b̃ are fuzzy coefficients of
constraints; λ denotes the credibility level; and i denotes the number of decision variables.

From the existing research [34], if ãi and b̃ are triangular fuzzy numbers as ãi = (a1i, a2i, a3i),

b̃ = (b1, b2, b3), Cr
{

I
∑

i=1
ãixi ≤ b̃

}
in Equation (7) can be transferred as follows:

Cr

{
I

∑
i=1

ãixi ≤ b̃

}
=



1 if
I

∑
i=1

a3ixi ≤ b1

I
∑

i=1
a3ixi−2

I
∑

i=1
a2ixi+2b2−b1

2
(

I
∑

i=1
a3ixi−

I
∑

i=1
a2ixi+b2−b1

) if
I

∑
i=1

a2ixi ≤ b2,
I

∑
i=1

a3ixi > b1

b3−
I

∑
i=1

a1ixi

2
(

b3−b2+
I

∑
i=1

a2ixi−
I

∑
i=1

a1ixi

) if
I

∑
i=1

a2ixi > b2,
I

∑
i=1

a1ixi < b3

0 if
I

∑
i=1

a1ixi ≥ b3

(9)

As the meaningful credibility level in reality, λ should be greater than 0.5. Thus, the following
relationship can be obtained by Equation (9):

Cr

{
I

∑
i=1

ãixi ≤ b̃

}
=

I
∑

i=1
a3ixi − 2

I
∑

i=1
a2ixi + 2b2 − b1

2
(

I
∑

i=1
a3ixi −

I
∑

i=1
a2ixi + b2 − b1

) ≥ λ (10)

In spite that FCP model did well in handling the uncertainties express as fuzzy sets, multiple
uncertainties such as imprecise numbers and random events should be fully considered in planning
water schemes. Hence, the integrated model including FCP and ITSP was taken into account to
solve the water allocation problems under multiple uncertainties. After the development of TSP by
Huang and Loucks (2000) [16] for handling the uncertainties expressed as random variables, interval
parameters were introduced into the stochastic programming framework to tackle the ambiguous
intervals existing in practical problems. Thus, the fuzzy credibility-constrained interval two-stage
stochastic programming (FCITSP) model integrating ITSP and FCP with a minimized cost objective
can be formulated as follows:

min f± =
N

∑
n=1

W±n C±n +
M

∑
m=1

N

∑
n=1

PmW ′±nmEC±n (11)

subject to:

(1) available water constraint
N

∑
n=1

(
W±n −W ′±nm

)
≤ Q±m , ∀m (12)

(2) regional allowable chemical oxygen demand emission constraint

Cr

[
N

∑
n=1

dnδn

(
W±n −W ′±nm

)
≤ Õ

]
≥ λ, ∀m (13)
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(3) minimum water demand constraint

W±n −W ′±nm ≥WD±n , ∀n, m (14)

(4) Non-negative constraint
W±n ≥W ′±nm ≥ 0, ∀n, m (15)

The meaning of the parameters and variables in the model above is shown in Table 1.

Table 1. Parameters.

Parameters and Variables Meanings and Descriptions

±
an interval with lower and upper bounds, “+” and “−” are the
upper and lower bounds of the corresponding parameters,
respectively.

f± total cost (CNY).

n
index of water sectors, n = 1,2,3, where n = 1 represents the
primary industry (PI), n = 2 denotes the secondary industry
(SI), n = 3 delegates the tertiary industry (TI).

m
different flow levels of available water, m = 1, 2, 3, where m = 1
denotes low flow level, m = 2 represents medium flow level,
m = 3 means high flow level.

C±n water use cost in sector i per m3 (CNY/m3).

W±n
first-stage decision variable, which denotes the allocation
target for water that is promised to sector n (m3).

EC±n
additional cost to sector n per m3 of water not delivered
(CNY/m3).

W ′±nm
second-stage decision variable, which is the shortage of water
to sector n when the flow is Q±m with probability Pm (m3).

Õ
allowable regional total chemical oxygen demand (COD)
emission Õ =

(
O, O, O

)
, which is a triangular fuzzy number.

dn
primary pollutant content per unit wastewater discharge of
sector n.

δn sewage discharge coefficient (SDC) of sector n.

WD±n
minimum water demand of sector n (m3), which can be
simulated by CD function.

λ credibility level (greater than 0.5).

zn
coefficients between 0 and 1 transferred from the first stage
decision variables.

WA±n opt optimal water allocation results of every industry.

To solve this model, the method for solving FCP model and the two-step interactive algorithm
for solving ITSP model are jointly used in this study. Form Equation (10), the Equation (13) can be
rewritten as follows:

N

∑
n=1

dnδn

(
W±n −W ′±nm

)
≤ O + (1− 2λ)(O−O), ∀m (16)

with the credibility level λ being changed from 0.5 to 1, different regional allowable chemical oxygen
demand emission levels have been provided to the ITSP model. Since the objective is to minimize
the total cost, the sub-model corresponding to f− should be solved first and the first stage variable
W±n should be transferred into W−n + zn∆Wn through the typical two-step interactive algorithm. Then,
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the FCITSP model can be solved through decomposing it into two sub-models. The first model
corresponding to the lower bound of the objective function can be formulated as follows:

min f− =
N

∑
n=1

(
W−n + zn∆Wn

)
C−n +

M

∑
m=1

N

∑
n=1

PmW ′−nmEC−n (17)

Subject to:
N

∑
n=1

(
W−n + zn∆Wn −W ′−nm

)
≤ Q+

m , ∀m (18)

N

∑
n=1

dnδn

(
W−n + zn∆Wn −W ′−nm

)
≤ O + (1− 2λ)(O−O), ∀m (19)

W−n + zn∆Wn −W ′−nm ≥WD+
n , ∀n, m (20)

W−n + zn∆Wn ≥W ′−nm ≥ 0, ∀n, m (21)

where zn and W ′−nm are the decision variables; and zn opt, W ′−nm opt, and f−opt are the solutions of the
sub-model above. The optimal solutions for the first-stage variables can be obtained as W±n opt =

W−n + ∆Wn · zn opt.
The second model corresponding to the upper bound value of the objective function is written

as follows:

min f+ =
N

∑
n=1

(
W−n + zn opt∆Wn

)
C+

n +
M

∑
m=1

N

∑
n=1

PmW ′+nmEC+
n (22)

Subject to:
N

∑
n=1

(
W−n + zn opt∆Wn −W ′+nm

)
≤ Q−m , ∀m (23)

N

∑
n=1

dnδn

(
W−n + zn opt∆Wn −W ′+nm

)
≤ O + (1− 2λ)(O−O), ∀m (24)

W−n + zn opt∆Wn −W ′+nm ≥WD−n , ∀n, m (25)

W−n + zn opt∆Wn ≥W ′+nm ≥W ′−nm opt, ∀n, m (26)

where W ′+nm is the decision variable. W ′+nm opt and f+opt are the solutions of the sub-model above. Thus,
optimal solutions of the FCITSP model can be obtained as:

f±opt =
[

f−opt, f+opt

]
(27)

W±n opt = W−n + ∆Wn · zn opt (28)

W ′±n opt =
[
W ′−n opt, W ′+n opt

]
(29)

Thus, the optimized water-allocation schemes would be

WA±n opt =
[
W−n + ∆Wn · zn opt −W ′+nm opt, W−n + ∆Wn · ·zn opt −W ′−nm opt

]
(30)

where WA±n opt denotes the optimal water allocation.
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3. Application

3.1. Study Area

The study area is Minqin County (102◦52′–103◦30′ E, 38◦22′–39◦6′ N) (Figure 2), which lies in
the arid regions of northwestern China in Gansu Province and surrounded by the Badain Jaran and
Tengger Desserts in the west, north and east [35,36]. Minqin County is located in the lower reaches of
the Shiyang River Basin, with an area of 41,400 km2 and a population of 273,600 by the end of 2015.
Minqin County presents a typical region with arid continental inland climate, characterized by low
and irregular rainfall, high evaporation and eminent drought periods [8]. The dominant industry in
Minqin is agriculture, which accounts for 70–80% of the total water consumption in region.
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Due to economic development and population growth in the upper and middle reaches of Shiyang
River basin, the available water to Minqin County has decreased sharply in recent years, which led
to serious water shortages and environmental deteriorations. Moreover, the rapid development of
secondary and tertiary industries caused intense water contradictions among the three industries.
To alleviate the water shortage contradiction among the industries, water demand prediction and
water allocation are both significant and effective for sustainable water use and ecological restoration.
Optimizing water allocation plans among the three industries under different flow levels based on the
water demand forecasting and local ecological policies can certainly help local water managers to plan
water allocation schemes. Thus, the CD-FCITSP model was considered suitable for Minqin, and the
results of this study are expected to contribute to making appropriate water allocation decisions.

3.2. Data Collection

Total benefits, water consumption, and fixed-asset investment of the three industries during
2006–2015 were collected from Statistical Yearbook of Minqin County (2006–2015). These data were used
to forecast the water demand of every industry. Available water amount, water price, extra water price,
the target water allocation amount, allowable regional total COD emission and others were obtained
from The Shiyang River Basin Key Governance Projects (2007), field research and statistics (Tables 2 and 3).
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Table 2. Water distribution target, water price data and others associated.

Industry
Type SDC αn

COD Concentration
(g/m3) dn

Water Distribution
Target (104 m3) W±n

Water Use Price
(CNY/m3) C±n

Excess Water Price
(CNY/m3) EC±n

PI (n = 1) 0.1 60 [26,890, 29,900] [2.5, 3.0] [2.6, 3.1]
SI (n = 2) 0.5 100 [1066, 1380] [3.2, 4.5] [3.9, 4.8]
TI (n = 3) 0.7 230 [1290, 2139] [2.9, 3.8] [3.1, 4.2]

Table 3. Available water under different flow levels.

Flow Level Available Water Qm (108 m3) Probability Pm

Low flow level (L) (m = 1) [2.39, 2.58] 20%
Medium flow level (M) (m = 2) [2.54, 2.75] 60%

High flow level (H) (m = 3) [2.73, 2.92] 20%

4. Results and Discussion

4.1. Results of Water Demand Prediction

The CD water production function was used to predict the future water demand based on
simulating the relationships between water consumption and total benefits. To assess the accuracy of
simulation, deterministic coefficient (R2) and the qualified rate (QR), were used in this study. R2 can
measure the degree of agreement between the predicted and actual data sets and QR can check the
magnitude of average accuracy among all the predictions [8]. The indicators could be calculated
as follows:

R2 = 1−

T
∑

t=1

[
Bp(t)− Ba(t)

]2
T
∑

t=1

[
Ba(t)− Ba

]2 (31)

QR =
I
J
× 100% (32)

where Bp(t), Ba(t), and Bd represent the t-th of the predicted values, actual values, and mean value of
all the actual data, respectively; I and J denote the number of qualified and the total forecasts.

As the results of simulation, related parameters obtained by CD function are listed in Table 4
and simulation results are shown in Figure 3. The values of two indicators R2 and QR in Table 4
demonstrated that, the precision grade of the simulation results is higher than the first grade standard
for runoff forecasting accuracy and is thus relatively reliable [37]. This proved that the CD function
could well simulate the relationship between water consumption and total benefits. A(t), α and
β represent the technique level, asset investment, and water input contribution to total benefits,
respectively. Positive exponent parameter values suggest the corresponding input elements have
positive effects on the increase of benefits. Furthermore, the values of α and β can reflect the sensitivity
degree of the input-element value to total economic benefits as the larger the value of these parameters,
the higher the return on the corresponding investment element. The opposite results can be obtained
when the exponent parameter is negative. According to the results calculated by CD function in this
study (Table 4), technique factor A(t) was found to be one of the most significant factors for increasing
industry benefits in Minqin during the past ten years, especially for PI. The value of A(t) is related to
the development level of technical standards in the local industries, which differs greatly in developed
and developing countries. Moreover, asset investment played a pivotal role in increasing total benefits
for SI and TI. Due to currency devaluation and the rapid development of technique in the past ten
years, higher economic benefits were obtained with less water consumption in PI and TI.
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Table 4. Parameters obtained by CD function.

Item ln A(t) α β R2 QR

PI 15.20954 −0.122110 −1.16840 0.92 90%
SI 0.273011 0.389791 0.15251 0.95 100%
TI 2.398414 0.416841 −0.12044 0.90 100%
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Figure 3. Comparison between simulation results and actual values of PI (a), SI (b), and TI (c).

According to the local economic growth planning, the total benefits of the three industries in
2016 should increase by 5% to 10% compared to those in 2015, and the fixed-asset investment of the
three industries were 7.82, 120.89, and 57.00 × 108 CNY, respectively. All the data were embedded
within the prepared CD function to reach the minimum water demand values of sector n (WD±n ) in
2016. Therefore, the WD±n of the three industries were obtained as [22278.97, 23183.90], [926.94, 683.25],
and [863.22, 1270.19] × 104 m3, respectively, which would be inputs for the optimization model.



Water 2017, 9, 923 11 of 15

4.2. Water Resources Optimal Allocation Results

In the light of environmental planning in Minqin, the allowable regional total COD emission
in 2016 was [4550, 4700, 5100] × 103 kg. All the parameters were input to the FCITSP model.
The optimization results under different credibility levels λ are shown in Figure 4. It can be found in
Figure 4e that, when the credibility level is closer to 1, more water would be allocated due to higher
tolerance limits for total COD discharge. When the credibility level increases, the upper bound for
the SI sector would increase under low flow level. This indicates that the water target of SI would be
preferentially satisfied when there is plenty room for COD emission. It is noteworthy that PI is the
most sensitive sector to the changes in available water amount, which means that water distribution to
PI should be first reduced firstly when the water shortage occurs. As shown in Figure 4d, the total
cost would rise with the reduction of credibility level due to the more rigorous requirements of
COD discharges.
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To demonstrate the practicality of the developed model, the allocation scheme in 2016 was used
to compare with the obtained optimization results. Since the total water consumption of the three
industries in 2016 was close to the medium level we divided, we compared the key parameters
under these two conditions in Table 5. As shown in Table 5, optimization results would have better
performance than the actual allocation scheme in 2016. The main difference made by the optimization
results would be the allocation of more water to SI and TI, which indicates that the water consumption
of PI should be reduced in the future. Furthermore, the comparisons in Table 4 demonstrates that the
CD-FCITSP model could make contributions to improving the water-use efficiency with low costs
under environmental restrictions, manifesting that the CD-FCITSP model results would be helpful for
local water managers to plan water-allocation policies in the future.

Table 5. The key parameters comparison between the water allocation scheme in 2016 and
optimization results.

Item 2016 Optimization Results

Water allocation
schemes (104 m3)

PI 24,890.00 [23,202.87, 24,522.02]
SI 658.00 926.94
TI 1103.00 1270.19

Total water consumption (104 m3) 26,651.00 [25,400.00, 26,719.15]
Total benefit (108 CNY) 71.36 [72.56, 74.11]

Total cost (108 CNY) [6.75, 8.18] [6.47, 8.26]
Benefit per unit water (CNY/m3) 26.78 [27.16, 29.18]

4.3. Discussions

This study developed a system for optimizing water allocation among three industries,
which included the CD water production function model for water-demand simulation and the FCITSP
model for optimizing water resources allocation under uncertainty. The developed model attempted to
generate more reasonable water allocation schemes with a more comprehensive understanding of the
complexities in water resources planning. Multiple uncertainties in water planning, such as fuzziness
in local policies, imprecision in economic features and randomness of available water level, could be
fully considered in FCITSP model for optimizing water allocation plans based on the prediction results
from CD function. As an environmental constraint, the allowable amount of regional total COD
discharges would play an important role in the developed model, which is good for the sustainable
development of the region as this is a key factor considered by water managers in the planning of
water schemes.

Results indicate that the developed model was an effective method to optimize local water
distribution. Therefore, the developed model can be used with other meaningful constraints to help
improve water-use efficiency in arid regions similar to Minqin County and obtain suitable water
allocation schemes. Besides, the prediction model and optimization model can contribute to other
allocation problems as well. Nevertheless, the developed model has limitations in dealing with
multiple objectives. More details on water supply, transformation, and allocation processes should
also be further considered. More comparisons between CD-FCITSP and other models should be made.
These should be taken into account in the future.

5. Conclusions

In this study, a fuzzy credibility-constrained interval two-stage stochastic programming based
on CD production function (CD-FCITSP) was developed for supporting the regional water allocation
among three industries. The CD-FCITSP has advantages in: (1) using CD function to forecast the water
demand through establishing close connections between the regional future plans and industrial water
demands; (2) integrating simulation and optimization into a framework to obtain reasonable water
allocation schemes; (3) effectively reflecting multiple uncertainties such as random events, fuzzy sets,
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and imprecise numbers; (4) and offering a number of planning schemes under pollutant discharge
constraints to support local sustainable development.

The CD-FCITSP model has been successfully applied to the planning of regional water resources
allocation in Minqin County, China. By solving the developed model, optimal water allocation
strategies under different creditable levels were determined. Comparisons of the key parameters
between the 2016 practices and the optimal results under similar water availability levels showed the
effectiveness of the model. The proposed framework can be applied to analyze the future variability
in water availability and demand, improve water-use efficiency and support water planning in other
arid regions. Moreover, the prediction model and the optimization model can be separately used in
resources allocation and management. However, some limitations still exist in the developed model.
For example, multiple objectives, more details, and more comparisons could be taken into account in
further research.
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