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Abstract: In this paper, an inexact two-stage stochastic programming model was developed for
supporting regional water resource allocation management under uncertainties. The proposed
model is an integrated framework of interval parameter programming and two-stage stochastic
programming, which can tackle uncertain parameters expressed as interval values with probability
distribution information. The proposed model was successfully applied to a typical heavy industrial
city suffering water shortage in the east of China, Tianjin. The uncertainties of future water demand
were taken into account through generating a set of representative scenarios. The results indicated
that different scenarios would affect the water distribution patterns, water shortages, total benefits
and system cost. The results revealed that the transferred water from Luan River and Changjiang
River would still be the main water resource for each water user. Besides, nearly all water demand in
planning horizon would be guaranteed through the reasonable dispatch except under high demand
level scenario, in which a small proportion of water requirement in agricultural, municipal and
environmental sectors would not be satisfied. The developed method could be used by environmental
managers to identify the optimal water supply plan from multiple sources to different end-user
sectors under system uncertainties.

Keywords: water resources allocation; optimization; inexact two-stage stochastic programming;
uncertainty

1. Introduction

Water is a scare and essential resource for the human survival, the social pillar of sustainable
development and economic growth. Water resource shortage is more likely to occur in countries or
areas with population explosion and high density, such as in India, China, Mexico, and Africa [1].
Water scarcity has become the bottleneck of sustainable development in these water-stressed areas.
Therefore efficient water resource allocation is important to guarantee the water use security, reduce
the waste, and improve the social benefits. However, due to the variations in natural water resource
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availability, the complex interconnected processes (e.g., water transmission, distribution, and recycle),
the unpredictable market environment and technology development, and fluctuations in demand,
water allocation management is extremely complicated in practice. The above complexities bring great
challenges for water managers in decision making. Therefore, suitable and effective optimization tools
are desired to help decision makers to identify the optimal water allocation strategies in such complex
conditions [2].

During the past decades, various dedicated mathematical programming models with single
objective or multiple objectives have been developed for the water resource allocation and
management [3–6]. With the consideration of the complicated uncertainties in water systems,
a large number of inexact optimization methods have been developed for dealing with water
resource allocation and management problems. Stochastic programming, fuzzy programming,
and interval parameter programming are the popular approaches for tackling uncertainties in the
different forms [7–10]. Stochastic programming is a well-known approach to deal with decision
problems under random uncertainties with probability distribution information [11]. In the stochastic
programming models, the objective function is expected to perform well on average, and uncertainties
are presented through a scenario tree. Among stochastic programming models, the two-stage stochastic
programming (TSP) model has been widely applied in water resource allocation due to its unique
advantages [12,13]. In TSP model, an initial decision is first made before unknown events are realized,
and then, in the second-stage, the extra adjustment decision can be made to take corrective measures
when the uncertainties occur. The second stage decision could minimize the penalty due to any
infeasibility caused by the unpredictable events [14].

Although TSP can effectively tackle uncertainties with accurate probability distribution
information, it may fail to deal with uncertainties in other forms, especially when there is no sufficient
historical data to generate probability distributions in practice. In contrast, since the uncertain
parameters in the objective function and constraints of interval parameter programming can be
expressed as interval values with lower and upper bounds, it is an appropriate alternative tool to
tackle uncertainties with less uncertain information and computational efforts. By integrating interval
parameter programming, the inexact two-stage stochastic programing (ITSP) approach was initially
proposed by Huang and Loucks [15] to deal with uncertain information expressed as interval values
as well as random variables. Under the framework of ITSP method, various advanced models have
been proposed and applied in water resources management. For example, Niu et al. [16] developed
an interactive two-stage fuzzy stochastic programming approach for supporting crop planning and
water resource allocation, where the relative uncertainties are expressed as probability distributions
and fuzzy-boundary intervals. Li et al. [17] presented an interval-fuzzy two-stage stochastic quadratic
programming model to determine the optimal plan for irrigation water allocation with the aim of
maximum benefits. Xin et al. [18] proposed a factorial two-stage irrigation system optimization
model for supporting agricultural irrigation water resource management under dual uncertainties.
By integrating ITSP with credibility constrained programming, Wang et al. [19] developed a hybrid
optimization model for the water resources allocation in Dalian, China within a multi-year context.

Therefore, the purpose of the present study is to develop an inexact two-stage stochastic
programming model for supporting water resources allocation under uncertainties. The proposed
approach is applied to identify the optimal water resource allocation and management in a coastal
city that faces serious water shortage problem, i.e., Tianjin, China. The main contribution of this study
can be summarized as: (1) an inexact two-stage stochastic programming model for supporting the
mid-long term regional water resources allocation and management under the multiple uncertainties;
(2) the demand uncertainties in different scenarios and demand response are taken into account;
and (3) both conventional water resource (i.e., surface water, underground water, and transferred
water) and unconventional water resource (i.e., recycled waste water, and desalinated seawater) are
considered to make the model closer to the reality in a water-stressed coastal city in China.
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2. Methodology

A general TSP model with maximum objective function value can be formulated as follows
(Model 1) [14]:

Max CTX− E[Q(X, ω)|ω ∈ Ω] (1)

subject to
x ∈ X (2)

With Q(X, ω) = min f (x)Ty (3)

and
D(ω)y ≥ h(ω) + T(ω)x (4)

y ∈ Y (5)

where C ⊆ Rn1 are the coefficients of the objective function, X ⊆ Rn1 are the decision variables,
Y ⊆ Rn2 are the decision variables at the second stage, E(·) represents the expected value, and ω is the
discrete random variable with probability Ph (h = 1, 2, . . . , v and ∑ Ph = 1).

Model 1 can be equivalently transformed as a linear programming model [20]. It can effectively
deal with uncertainties on the right-hand side presented as probability distributions when coefficients
on the left-hand side and in the objective function are deterministic. However, in practice, it is difficult
to obtain accurate probability distribution functions of uncertainties. Hence, interval parameter
programming in which uncertainties can be expressed by interval parameter with lower and upper
bounds is more suitable to deal with uncertain programming with less historical statistical information.
According to Huang and Loucks [15], Model 1 can be transformed into the following interval two-stage
stochastic programming (ITSP) model, which is identified as Model 2:

Max f± = C±T1
X± −

v

∑
h=1

phD±T2
Y± (6)

subject to
A±r X± ≤ B±r , r = 1, 2, ..., m1 (7)

A±t X± + A′±t Y± ≤ ω±h , t = 1, 2, ..., m2; h = 1, 2, ..., v (8)

x±j ≥ 0, x±j ∈ X±, j = 1, 2, ..., n1 (9)

y±jh ≥ 0, y±jh ∈ Y±, j = 1, 2, ..., n2; h = 1, 2, ..., v (10)

where superscript ± represents the lower and upper bounds of interval parameter; C±T1
and D±T2

are
the coefficients of X± and Y± in the objective function, respectively; A±r and A±t are the coefficients
of X± in constraints r and h, respectively; A′±t denotes the coefficients of Y± in constraint h; and
ω±h represent the random variables associated with probability ph. Huang et al. [21] proposed an
interactive algorithm to solve the ITSP models, by transforming Model 2 into two deterministic
submodels corresponding to the lower and upper bounds of desired objective function, f+ and f−.
For the optimization model with the aim of maximizing the objective function value, the upper bound
objective function f+ is desired first, and obtains the optimal solution x+jopt (j = 1, 2, . . . , k1), x−jopt
(j = k1 + 1, k1 + 2, . . . , n1), y−jhopt (j = 1, 2, . . . , k2, and h = 1, 2, . . . , v), and y+jhopt (j = k2 + 1, k2 + 2, . . . ,

n2, and h = 1, 2, . . . , v). Based on these, the optimal solutions of f− can be obtained as, x−jopt (j = 1, 2,

. . . , k1), x+jopt (j = k1 + 1, k1 + 2, . . . , n1), y+jhopt (j = 1, 2, . . . , k2, and h = 1, 2, . . . , v), and y−jhopt (j = k2 + 1,
k2 + 2, . . . , n2, and h = 1, 2, . . . , v). Therefore, the optimal solutions for Model 2 can be obtained as
[ f−opt, f+opt], [x−jopt,x

+
jopt] and [y−jhopt,y

+
jhopt]. For more details, refer to [22,23].
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3. Case Study

3.1. Overview of Water Supply and Demand in Tianjin

Tianjin (38◦34′–40◦15′ N, 116◦43′–118◦04′ E) is located in the northeast of China, the west of
Bohai Sea (Figure 1). Tianjin covers 11,916.85 km2, where 6982.29 km2 is for agricultural production.
In 2015, it had a population of 15.47 million and GDP of RMB 1.65 × 103 billion [24]. The total water
consumption was 2.68 billion m3, including agricultural sector water consumption 1.23 billion m3,
industrial sector water consumption 0.53 billion m3, municipal sector water consumption 0.51 billion
m3, and environmental and ecological sector consumption 0.40 billion m3. The comprehensive water
use per capita was about 173 m3, and the water consumption per million industrial added value was
765 m3 [25].
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Figure 1. Map of Tianjin.

Tianjin is associated with a typical temperate monsoon climate. The volume of rainfall is quite
unevenly distributed, occurring mainly in summer from July to August, with an average precipitation
of 536.2 mm. The available surface and underground water resources are 0.87 and 0.49 billion m3,
respectively. There are three large-scale and eleven medium-scale reservoirs with the total capacity
of 1.19 billion m3. In general, Tianjin has an extreme lack of water resources. The available water
sources are complex, consisting of local surface water, underground water, transferred water from Luan
River and Changjiang River, reused water, and desalinated seawater. Water supply heavily reliant on
transferred water. In 2015, the transferred water from Luan River and Changjiang River totaled 0.66
and 0.38 billion m3, respectively, accounting for 39% of total water supply. Although the transferred
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water alleviates the serious water shortage situation, it also increases the supply cost greatly. Reused
water and desalinated seawater are the main unconventional water resources as supplement to meet
the increasing water consumption. By the end of 2015, there were 69 sewage treatment plants with
total scale of 3.0 million m3/day and wastewater reuse rate of 30%. Due to the high cost of seawater
desalination, there are only three desalination plants with total scale of 0.31 million m3/day. In 2015, the
reused water and the desalinated seawater were 0.25 and 0.04 billion m3, respectively [25]. The serious
water shortage has severely restricted the sustainable development of Tianjin. The optimal water
resource allocation is necessary to coordinate the conflicts among different end-users (e.g., agricultural
sector, industrial sector, municipal sector, and environmental and ecological sector) within limited
water supply.

However, during the mid-long term of water resource allocation planning, random events are
inevitable, such as changes in the availability of local water resources and transferred water, the
price of transferred water, the working days, efficiency and operation cost of sewage treatment
plants and desalination plants, which would make the water allocation management much more
complicated. According to the historical statistic, the maximum and minimum levels and even
probability distribution information can be obtained to reflect the randomness of uncertain parameters.
Hence, the interval two-stage stochastic programming approach is desired to address the complex
water resource allocation problem under uncertainty. It could provide the optimal water dispatch with
high benefit and low risk violation.

3.2. Model Formulation

In this study, the planning horizon covers 10 years with five years per period, i.e., 2016–2020 and
2021–2025. During the 13th five-year planning horizon, Tianjin will upgrade its industrial structure
to become the national advanced manufacturing and development base, the international shipping
core area in north China, and the finance innovation demonstration area. Tianjin’s GDP will grow at
an average annual rate of 8.5%, and the added value of service industry will account for more than
55% of the total GDP by 2020. Limited by water resource, the size of population will be controlled
strictly. By the end of 2020, the total number of permanent resident population will be limited to
18 million, and the total annul water consumption amount will be limited within 3.8 × 106 m3 [26].
According to the future economic and social development of Tianjin, and considering uncertain events,
the forecasted water demand for each end-user is uncertain with three possible scenarios, i.e., low,
medium and high, with the corresponding probability of 0.25, 0.6 and 0.15, respectively (shown in
Table 1).

Table 1. Forecasted water demand under different scenarios (unit: 106 m3).

Sectors
t = 1 t = 2

Low Medium High Low Medium High

j = 1 [5700, 5985] [5900, 6195] [6100, 6405] [5800, 6090] [6000, 6300] [6300, 6615]
j = 2 [2400, 2520] [2500, 2625] [2700, 2835] [2500, 2625] [2600, 2730] [2800, 2940]
j = 3 [2300, 2415] [2450, 2573] [2650, 2783] [2400, 2520] [2550, 2678] [2750, 2888]
j = 4 [1900, 1995] [2100, 2205] [2300, 2415] [2000, 2100] [2200, 2310] [2400, 2520]

Besides, other uncertain economic and technical parameters during the planning horizon,
including the variability of available water sources, operation efficiency and cost of sewage treatment
and seawater desalinization, social benefit of water consumption in different sectors, and cost of
water supply, are also considered and expressed as interval value by estimating their maximum and
minimum values. Table 2 presents the net benefit and penalty for different sectors from various water
resources, which refer to the study of Xie et al. [27]. The main objective is to maximize the total benefit,
which is calculated as water utilization benefit minus the cost of water supply, sewage treatment, and
penalty for shortage.
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Table 2. The main economic parameters in the optimization model (unit: million RMB/106 m3).

Sectors
Net Benefit for Water Consumption Penalty Cost for Unsatisfied Demand

t = 1 t = 2 t = 1 t = 2

j = 1 [22.5, 23.5] [23.5, 24.5] [32.5, 33.5] [36.5, 39.0]
j = 2 [220, 225] [248, 251] [305, 310] [322, 328]
j = 3 [2.8, 3.0] [3.5, 3.8] [5.0, 6.2] [5.5, 6.9]
j = 4 [11.5, 12.0] [13.2, 14.0] [20.5, 22.0] [23.8, 25.4]

An inexact two-stage stochastic programming model for water resource allocation is formulated
as follows:

Max f± = f±1 − f±2 − f±3 − f±4 (11)

(1) Water utilization benefits

f±1 =
2

∑
t=1

5

∑
j=1

3

∑
s=1

ps · NB±jt ·Q
±
jst (12)

where t is the planning horizon, t = 1, 2 for the period of 2015–2020 and 2021–2025. ps represents
the scenario probability, s = 1 for low, s = 2 for medium, and s = 3 for high. NB±jt denotes the water

utilization benefit for sector j (million RMB/106 m3), where j = 1,2,3,4 for agricultural, industry,
municipal, and environmental and ecological sectors, respectively. Q±jst is the water consumed by

sector j at period t under scenario s (106 m3).

(2) Water supply cost

f±2 =
2

∑
t=1

4

∑
i=1

5

∑
j=1

CWS±it ·W
jit +

2

∑
t=1

4

∑
i=1

5

∑
j=1

3

∑
s=1

ps · ECWS±it · EW±jist (13)

where subscript i denotes the water supply sources, 1 for surface water, 2 for underground water, 3 for
transferred water, 4 for sea water desalination, and 5 for reused water. CWS±it and ECWS±jit represent

the regular and extra water supply cost from source i, respectively (million RMB/106 m3). Wjit is the
predesigned supply amount from source i to sector j; and EW±jist is the extra supply from source i to

sector j under scenario s (106 m3).

(3) Sewage treatment cost

f±3 =
2

∑
t=1

5

∑
j=1

3

∑
s=1

ps · γ±jt · η
±
jt · CWT±jt ·Q

±
jst (14)

where γ±jt denotes the discharge of wastewater per unit water consumption for sector j during period t;
η±jt represents the sewage treatment rate of emission from sector j during period t; and CWT±jt is the

sewage treatment cost (million RMB/106 m3).

(4) Water shortage penalty

f±4 =
T

∑
t=1

5

∑
j=1

3

∑
s=1

ps · CP±jt ·
(

D±jst −Q±jst

)
(15)

where CP±jt denotes the penalty cost for water shortage; D±jst is the water demand for sector j during
period t under scenario s.

Constraints:

(1) Constraint for maximum available public and transferred water resource
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5

∑
j=1

W±jit + EW±jist ≤ AW±it , ∀i ∈ {1, 2, 3}, s, t (16)

where AW±it is the maximum available water resources (106 m3).

(2) Constraint for seawater desalinization

5

∑
j=1

W±jit + EW±jist ≤ ASH±t × µ±t × DC±t , ∀i = 4, s, t (17)

where DC±t represents the capacity of sea water desalinization (106 m3/day); µ±t represents the
production efficiency; and ASH±t is the average working days (days/year).

(3) Constraints for water recycling

W±jit + EW±jist = 0, ∀i = 5j = 1, s, t (18)

5

∑
j=3

Wjit + EW±jist ≤
5

∑
j=3

α±jt · γ
±
jt · η

±
jt ·Q

±
jst, ∀i = 5, s, t (19)

5

∑
j=1

Wjit + EW±jist ≤
5

∑
j=1

α±jt · γ
±
jt · η

±
jt ·Q

±
jst, ∀i = 5, s, t (20)

where α±jt represents the recycling ratio from sector j during period t. Equation (18) indicates the reused
water cannot be used in agricultural sector; Equation (19) guarantees municipal and environmental
sectors only utilize the reused water from their emission; and Equation (20) means that industrial
sector can use the reused water from any sectors.

(4) Water supply and demand balance

5

∑
i=1

(
W jit + EW±jist

)
·
(

1− β±jit

)
= Q±jst, ∀t, j, s (21)

D±jst −Q±jst ≤ e±jt · D
±
jst, ∀t, s, j (22)

where β±jit represents the transmission loss from source i to end-user j during period t; e±jt is the
maximum tolerance of water shortage for end-user j.

(5) Others

0 ≤ EW±jist ≤Wjit, ∀i, j, t, s (23)

4. Results Analysis and Discussion

Table 3 presents the optimal predesigned water resource allocation for the different sectors during
the planning horizon, which provides water managers the optimal strategy with the consideration of
minimum uncertain risk in future. The agricultural sector consumes large quantities of water, which
would be mainly supplied by surface water, underground water, and the reused water. The water
supply for industrial sector would be from underground water and the reused water. During Period 1,
when the forecasted local water resource is low, the desalinated seawater would also be seen as an
additional source of water for industrial sector. The optimal predesigned water allocation for municipal
sector would be mainly from the transferred water, and supplemented by the other sources. The
optimal predesigned water allocation for environmental and ecological sector would also be mainly
from transferred water and reused water. In general, the optimal predesigned water allocation for
different sectors during Period 2 would be higher than that in Period 1, since water consumption
would increase with the social and economic development in future.
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Table 3. Optimal initial water resource allocation (unit: 109 m3).

Period Water Resources j = 1 j = 2 j = 3 j = 4

t = 1

i = 1 3.80 0 0.40 0
i = 2 1.50 0 0.40 0
i = 3 0.59 1.98 0.84 1.59
i = 4 0 0.12 0.11 0
i = 5 0 0.35 0.35 0.35

t = 2

i = 1 3.99 0 0.41 0
i = 2 1.12 0 0.48 0
i = 3 0.83 2.11 0.75 1.56
i = 4 0 0 0.06 0.07
i = 5 0 0.37 0.37 0.37

Figures 2 and 3 illustrate the optimal allocation of local surface water and underground water
under different scenarios during the planning horizon, respectively. The supply of surface water and
underground water would mainly be limited by local natural resource conditions. Most of the supply
would be allocated to agricultural sector, and the rest to municipal sector. The future demand scenario
would also impact on the water allocation. With the agricultural sector’s water demand increasing, the
provision from surface water would decrease, while that from underground water would increase.
For example, during Period 1, under low, medium and high demand level, the water flow from surface
water to agricultural sector would be [3.80, 4.10] × 109 m3, 3.80 × 109 m3 and 2.80 × 109 m3; and the
water flow from underground water to agricultural sector would be 1.50 × 109 m3, × 109 m3, and
× 109 m3, respectively. In addition, with the municipal sector’s demand increasing, the water flow
from both surface water and underground water resources would increase accordingly. For example,
during Period 2, under low, medium and high demand level, the water flow from surface water to
agricultural sector would be 410 × 106 m3, [410, 470] × 106 m3, and [410, 470] × 106 m3; and the water
flow from underground water to agricultural sector would be 485 × 106 m3, [485, 639] × 106 m3, and
[718, 969] × 106 m3, respectively.
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Figure 2. Optimal surface water allocation under different scenarios during Period 1 (a) and 2 (b).
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Table 4 presents the optimal water allocation from transferred water, desalinated seawater and
reused water under different scenarios during planning horizon. The transferred water would still
be the main source of water supply in Tianjin during the planning horizon, especially for industrial,
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environmental, and ecological sectors. For example, during Period 1, under medium demand level,
the water flow from transferred water to industrial, environmental and ecological, municipal, and
agricultural sectors would be 1980× 106 m3, 1589× 106 m3, [837, 885]× 106 m3, and [595, 680]× 106 m3,
respectively. In addition, with the demand level increasing, the water flow from transferred water to
its main user sectors, i.e., industrial, environmental and ecological sectors, would increase accordingly;
on the contrary, its water flow to the other two sectors, i.e. municipal and agricultural sectors,
would decrease. For example, during Period 1, under low, medium, and high demand scenarios, the
water flow from transferred water to industrial sector would be 1980 × 106 m3, 1980 × 106 m3, and
× 106 m3, while that to municipal sector would be [837, 1047] × 106 m3, [837, 885] × 106 m3, and
× 106 m3, respectively.

Table 4. Optimal water allocation of transferred water, desalinated seawater, and reused water
(unit: 106 m3).

t = 1 t = 2

s = 1 s = 2 s = 3 s = 1 s = 2 s = 3

Transferred water (i = 3)

j = 1 [595, 680] [595, 685] 595 [832, 917] 832 832
j = 2 1980 1980 [1980, 2088] 2110 2110 [2110, 2260]
j = 3 [837, 885] [837, 1047] [837, 840] [748, 896] [748, 998] 748
j = 4 1589 1589 [1589, 1777] 1559 1559 [1559, 1660]

Sea water desalination (i = 4)

j = 1 0 0 0 0 0 0
j = 2 119 119 [119, 239] 0 0 0
j = 3 115 115 [115, 229] 59 59 [59, 118]
j = 4 0 0 0 67 67 134

Reused water (i = 5)

j = 1 0 0 0 0 0 0
j = 2 [350, 486] [452, 593] [537, 700] [425, 568] [527, 675] [729, 740]
j = 3 [610, 700] [414, 700] [350, 700] 740 740 [557, 740]
j = 4 [350, 457] [554, 673] [590, 700] [402, 517] [604, 731] 740

Due to the optimistic prediction on the natural resource condition, the desalinated seawater
would still play a negligible role in the near future. During Period 1, the desalinated seawater would
only supply for industrial and municipal sectors; during Period 2, it would only supply for municipal
and environmental sectors. The water supply from reused water would affected by discharge amount,
sewage treatment rate, and recycling ratio. The reused water would be used by all end-users except
agricultural sector. With water demand increasing, the water flow from reused water to industrial,
environmental and ecological sectors would increase accordingly, while that to municipal sector would
decrease. For example, during Period 1, under low, medium, and high demand level, the water
flow from reused water to industrial sector would be [350, 486] × 106 m3, [452, 593] × 106 m3, and
× 106 m3; and that to municipal sector would be [610, 700] × 106 m3, [414, 700] × 106 m3, and
× 106 m3, respectively.

Table 5 shows the unsatisfied water demand and the corresponding penalty cost. Although
most of the water demand could be satisfied under uncertainties, water shortage is possible for
some end-users under the high demand level scenario. Due to the high net benefit and expensive
penalty cost of industrial sector, there would be no shortage in industrial sector. For example, the
unsatisfied water demand in agricultural, municipal, and environmental and ecological sectors would
be [0, 204.73] × 106 m3, [59, 109.18] × 106 m3, and [0, 165.14] × 106 m3, and the relative penalty cost
would be RMB [0, 6654] × 106, RMB [326, 546] × 106 and RMB [0, 3385] × 106, respectively. Besides,
due to the optimistic water supply prediction in future, the unsatisfied water demand during Period 2
would be much less than that in Period 1. During Period 2, only environmental and ecological sector
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would face [0, 37] × 106 m3 water shortage when demand level is high, and the corresponding penalty
cost would be RMB [0, 951] × 106.

Table 5. Unsatisfied water demand and its penalty cost.

Sectors
t = 1 t = 2

s = 1 s = 2 s = 3 s = 1 s = 2 s = 3

Unsatisfied
water

demand
(106 m3)

j = 1 0 0 [0, 204.73] 0 0 0
j = 2 0 0 0 0 0 0
j = 3 0 0 [59, 109.18] 0 0 0
j = 4 0 0 [0, 165.14] 0 0 [0, 37]

Penalty
cost

(million
RMB)

j = 1 0 0 [0, 6654] 0 0 0
j = 2 0 0 0 0 0 0
j = 3 0 0 [326, 546] 0 0 0
j = 4 0 0 [0, 3385] 0 0 [0, 951]

Figure 4 illustrates the total benefit and total cost under different scenarios during the planning
periods. With the water demand increasing, both total benefit and cost would increase accordingly.
The total benefit and cost in Period 2 would be much higher than that in Period 1. For example,
under medium demand level scenario, during Period 1, the total benefit and cost would be RMB
[714, 770] × 106 and RMB [73.80, 82.65] × 106; during Period 2, it would be RMB [824, 882] × 106

and RMB [76.41, 87.51] × 106, respectively. Besides, during the same period, under higher demand
scenario, the total benefit and cost would also increase. For example, during Period 1, under low,
medium, and high water demand levels, the total benefit would be RMB [685, 739] × 106, RMB
[714, 770] × 106, and RMB [758, 826] × 106. Similarly, the total cost would be RMB [68.40, 77.76] × 106,
RMB [73.80, 82.65] × 106, and RMB [88.76, 90.75] × 106, respectively.
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Figure 4. Net benefit (a); and total cost (b) under different scenarios during the planning horizon.
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Figure 5 illustrates the pollutant treatment cost for different sectors under various demand levels
in the planning periods. The pollutant treatment cost would be affected by the pollutant treatment
amount and price in the future. Since the water utilization in agricultural sector would not be recycled,
no pollutant treatment cost in agricultural sector would occur. Due to the high pollutant treatment
price for industrial sector, the total pollutant treatment cost in industrial sector would be much higher,
followed by municipal, and environmental and ecological sectors. For example, during Period 1, under
medium demand level, the pollutant treatment cost for industrial, municipal, and environmental and
ecological sectors would be RMB [7.25, 1024] × 109, RMB [1.32, 1.56] × 109, and RMB [0.70, 0.74] × 109,
respectively. During the same planning period, under higher demand level, the pollutant treatment
cost would be greater. For example, during Period 1, under low, medium, and high demand level, the
pollutant treatment cost would be RMB [1.27, 1.47] × 109, RMB [1.35, 1.56] × 109, and RMB [1.40, 1.65]
× 109. However, with relevant technology development in the future, the pollutant treatment price
would expected to be lower, which would reduce the total pollutant treatment cost in some degree.
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5. Conclusions

In this paper, an inexact two-stage stochastic programming model was developed for mid-long
term regional water resource allocation management. The proposed method is developed as an integrated
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framework based on interval parameter programming and two-stage stochastic programming, which
can handle uncertain parameters as interval values with probability distributions. It can effectively
coordinate the conflicts between maximum benefits and the violation penalty under uncertainties,
especially the consideration of unconventional water resources and demand response of end-users to
make the model more practical for addressing the water allocation problem in water-stressed areas.
The proposed model was successfully applied to the regional water resource allocation in Tianjin,
China, from 2016 to 2025. By solving the optimization model, the optimal water allocation strategies
from five water sources to four end-user sectors under different water demand levels were determined.
The corresponding total benefit, water supply cost, wastewater treatment cost, penalty cost, and water
supply shortage were analyzed as well. The results are valuable for water resource managers to make
desired management targets and effective plans with various uncertainties consideration in complex
water resource system. The proposed method could be also effective to support decision making
in water resource allocation problem under different optimal objectives and system conditions with
insufficient probability distribution information. The proposed framework could also be applied in
other water-stressed areas such as India, Mexico, and Africa, to provide efficient decision-making
support for water allocation management. However, in practice, some limitations still exist in the
developed model. For instance, although the ITSP model could provide optimal predesigned schedule
and adjustment under different scenarios, it cannot measure the decision risk or reflect the risk
attitude of decision makers when facing uncertainties. In addition, more details on water supply,
transformation, and allocation processes could be further modeled in future research.
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