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Abstract: In this study, an inexact two-stage stochastic programming (ITSP) model was developed
for supporting water resources allocation for the four main water use sectors (industry, municipal,
environmental, and agriculture) and total amount control of the pollutant emissions. The Yinma
River Basin in northeast China was selected for a case study. A number of scenarios corresponding to
different flow levels were examined. The flow levels reflect different probabilities of water resource
availability and environmental carrying capacity. The results revealed that the optimal allocation
strategies for each sector depend on water resource carrying capacity, wastewater treatment capacity,
the total amount of regional control, and the water environment carrying capacity. Water ecology
projects were identified that are needed to treat contaminated water and to address the insufficient
carrying capacity for pollutant emissions generated in water-using processes. The results will be
helpful for establishing sensible water management systems that integrate the development and
utilization of water resources and protect the environment, and for providing a basis for water
pollution prevention plans, the model can be used to guide management interventions to improve the
water environment by regional pollutant emission control and the improvement of carrying capacity
in the Yinma River Basin.

Keywords: inexact two-stage stochastic programming; water management; water resource allocation;
total amount control; carrying capacity improvement

1. Introduction

Water resources play an essential role in human survival, sustainable socioeconomic development,
and the eco-environment [1]. However, as a result of rapid population growth and socioeconomic
development, excessive exploitation of water causes severe shortages of water resources and the
destruction of water ecosystems, especially in water-stressed areas [2,3]. At the same time, wastewater
discharge leads to the deterioration of the water environment quality, creating further water resource
problems [4,5]. In addition, there are many uncertainties in the water environment system, such as the
variability in the availability of water resources, variability in the development of technology, variability
of demand, and the complexity of the interconnected processes (e.g., water utilization, recycling,
wastewater treatment, and discharge) [6]. In practice, these uncertainties generate enormous challenges
for water resources allocation and water quality management. Therefore, effective optimization
approaches to water management in complex, uncertain conditions are necessary. Water management
issues that need to be optimized include water resources allocation and utilization, water quality
management, environmental protection, and regional development.
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Previously, a number of optimization approaches (e.g., interval-parameter programming, fuzzy
programming, and stochastic programming) were developed for water resources allocation and
water quality management under uncertainty [7–14]. Among these approaches, the inexact two-stage
stochastic programming (ITSP) model, which integrates the interval-parameter programming (IPP) and
two-stage stochastic programming (TSP), could reduce uncertainties to discrete interval-parameters
and probability distributions [15]. ITSP has been widely applied for dealing with different forms of
multiple uncertainties in water resource allocation and water quality management [15]. For example,
Maqsood [16] presented an interval-parameter, fuzzy, two-stage stochastic programming (IFTSP)
method for the planning of water resource management systems under uncertainty; Xu [17] developed
an inexact, two-stage, stochastic, robust programming model for dealing with water resources
allocation problems under uncertainty. Xie [18] developed an inexact, two-stage, water resources
management model for multi-regional water resources planning in the Nansihu Lake Basin, China.
In ITSP, an initial decision is made before the random events. After the future uncertainties are resolved
and the values of the random variables are known, a second decision is made that minimizes penalties
caused by any infeasibilities [15].

Thus, it can be seen that ITSP is a suitable and effective approach for water resources allocation
and water quality management under uncertainty [19–22]. However, previous studies always focus on
water resource allocation and water quality management based on ideal water environmental carrying
capacity, seldom considered the water quality management of contaminated rivers, especially severely
contaminated water bodies such as the Yinma River that have a large imbalance between environmental
carrying capacity and pollutant emissions [23]. In 2014, the total amounts of chemical oxygen demand
(COD) and NH4-N discharged into the Yinma River were 33.29 × 103 tons and 3.60 × 103 tons,
respectively, far in excess of the water environment carrying capacities of 13.55 × 103 tons and
0.52 × 103 tons, respectively. Due to constraint of the regional development requirement, considering
pollutant emission reduction only would be difficult and unlikely to achieve the objectives of water
quality improvement and restoration [24]. The improvement of the water environment carrying
capacity should be considered in water quality management. Water ecological restoration projects,
such as constructed wetlands, ecological floating beds, dredging engineering, and artificial aeration,
have been demonstrated to be efficient for improving water environment quality and carrying
capacity [25–28], but are rarely considered in water quality management models. Furthermore,
the global water resources availability is decreasing [29]; climate change has shown non-linear and
non-stationary impacts on different water resources (e.g., blue water and green water flow and
storage) [30–32], sediment [33–36], water quality [37–39], etc. Hence, there is a need to better optimize
the available water resources of the world in general, and the Yinma River Basin, in particular.
The Yinma River Basin has a semi-humid climate, with a mean annual precipitation of 580 mm, and a
drought index of about 1.0–2.6. Water resource shortages are common in this area. The water resources
have a greater than 70% utilization rate, and the water resource per capita is 378 m3, which is 18%
of the national average [40]. Moreover, as a result of over-exploitation, the Yinma River experiences
increasing environmental problems, such as serious water pollution and ecological damage. It has
been documented that the majority of the river does not meet water quality targets. More than 80% of
the Yinma River has a contaminated status, especially in the downstream sections, and concentration
indexes of the main pollutants at monitored sections are Grade V or worse in terms of the national
quality standards. It would be unrealistic to deal with these problems solely by enhancing water use
efficiency and reducing pollutant discharge.

Therefore, to add to the previous studies, this study has the objective of developing an ITSP
model for water management in the Yinma River Basin that integrates water resources allocation,
water equality management, and ecological restoration projects, to deal with the optimal water
resources allocation for water-using departments, and the balance between water utilization and
pollutant emissions, total amount control, and water environmental carrying capacity which should
be improved by ecological restoration projects. Figure 1 presents the general framework of the ITSP
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model for water management in the Yinma River Basin under uncertainty for integrating water quality
management and water resources allocation. The modeling results could help allocate water resource
quantities to different water use sectors and help generate rational pollutant emission schemes and
cost-effective ecological restoration projects. Thus, the results could be of value for supporting local
decision-makers in generating regional water resources utilization and water pollution control schemes
that are consistent with sustainable economic-environmental development.Water 2018, 10, x FOR PEER REVIEW  3 of 20 
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Figure 1. Framework for the inexact two-stage stochastic programming (ITSP) model.

2. Study Area

The Yinma River (43◦14′–44◦53′ N, 125◦30′–126◦15′ E) is located in the central part of Jilin Province,
China. The river originates in Panshi County and flows through Shuangyang District, Yongji County,
Jiutai District, and Dehui City, before flowing into the Second Songhua River, after the junction with
the Yitong River in Nong’an County. The river has a total length of 387.5 km, and the Yinma River
Basin has an area of more than 8056 km2 (this does not include the Yitong River) [41].

In this study, in order to clearly reflect different water environmental functions, and relationships
between water utilization, pollutants generation, and discharge directions, the Yinma River Basin was
divided into 11 water environment zones (i = 1–11 represent I, II, III, IV, V, VI, VII, VIII, IX, X, and XI)
and eight administrative regions (j = 1–8 represent Panshi, Yongji, Shuangyang, Jiutai, Dehui, Yitong,
Changchun, and Nongan). The zones and regions are shown in Figure 2. Table 1 lists the relationships
between regional pollutant emissions and receiving water, including pollutant emission directions
and proportions. The values show the proportion of pollutant emissions generated from region j and
discharged into the water environment zone i.
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Figure 2. Geographical position and study regions of the Yinma River Basin. 
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Figure 2. Geographical position and study regions of the Yinma River Basin.

Table 1. Relationships between regional pollutant emission and receiving water.

Water Zones
Administrative Regions

j = 1 j = 2 j = 3 j = 4 j = 5 j = 6 j = 7 j = 8

i = 1 0.1 0 0.2 0 0 0 0 0
i = 2 0 0.1 0 0 0 0 0 0
i = 3 0 0 0.8 0 0 0 0 0
i = 4 0 0 0 0.4 0.3 0 0 0
i = 5 0 0 0 0.1 0.2 0 0 0
i = 6 0 0 0 0 0.5 0 0 0
i = 7 0 0 0 0 0 1 0 0
i = 8 0 0 0 0 0 0 0.4 0
i = 9 0 0 0 0 0 0 0.6 0.2

i = 10 0 0 0 0 0 0 0 0.5
i = 11 0 0 0 0 0 0 0 0.3

3. Model Formulation

3.1. Model Development

This study considers long-run programming. The planning horizon covers 15 years with five
years per period (i.e., 2016–2020, 2021–2025, and 2026–2030), and has three scenarios for flow levels
(low, medium, and high), reflecting different probabilities of available water resources and water
environmental carrying capacities. The applicability of the engineering improvements differed in
different water environment zones and necessitated an adjustment in the initial allocation of water
resources, to balance pollutants amount discharged into the rivers and water environmental carrying



Water 2018, 10, 565 5 of 21

capacities. The ITSP method is considered suitable for addressing the local issues. The inexact,
two-stage, stochastic programming model for integrating engineering technologies and water resources
allocation in the Yinma River Basin can be formulated as follows:

Max f± = f±1 − f±2 − f±3 − f±4 − f±5 (1)

where f± is the total expected system benefit (104 RMB) over the planning periods.

(1) Water utilization benefits

f±1 =
8

∑
j=1

4

∑
k=1

3

∑
t=1

Lt · NB±jkt ·
(

W±jkt + RW±jkt

)
(2)

where j denotes the controlling administrative region; k denotes the water use sectors (k = 1 for industry,
k = 2 for municipal, k = 3 for the environment, and k = 4 for agriculture); t denotes different periods in
the planning horizon (t = 1 is 2016–2020, t = 2 is 2021–2025, and t = 3 is 2026–2030); Lt denotes length
of period t, and the values are fixed at 5 years; NB±jkt represents water-use benefit for each sector k in

region j (104 RMB/104 m3); W±jkt represents pre-allocation of water resources for sector k during period

t in region j (104 m3/year); and RW±jkt represents reused water resources for sector k during period t in

region j (104 m3/year).

(2) Water shortage penalty

f±2 =
8

∑
j=1

4

∑
k=1

3

∑
t=1

3

∑
h=1

Lt · ph · PNB±jkt · DW±jkth (3)

where h denotes various scenarios of runoff in every period (h = 1, 2, and 3 for low, medium, and high
levels, respectively); ph denotes the occurrence probability of scenario h; PNB±jkt represents the

reduction of net benefit to sector k per unit of water resource not delivered (104 RMB/104 m3);
and DW±jkth represents the allocation deficit of water resources for sector k during period t in region j

under scenario h (104 m3/year).

(3) Water supply cost

f±3 =
8
∑

j=1

4
∑

k=1

3
∑

t=1
Lt ·

(
W±jkt −

3
∑

h=1
ph · DW±jkth

)
· CW±jkt

+
8
∑

j=1

4
∑

k=1

3
∑

t=1
Lt · RW±jkt · CRW±jkt

(4)

where CW±jkt represents the costs of water supply of sector k during period t in region j

(104 RMB/104 m3); and CRW±jkt is the cost of reused water supply for sector k during period t in

region j (104 RMB/104 m3).

(4) Wastewater treatment cost

f±4 =
8
∑

j=1

4
∑

k=1

3
∑

t=1
Lt ·

 W±jkt −
3
∑

h=1
ph · DW±jkth

+RW±jkt

 · αjkt · β jkt · CWW±jkt

+
8
∑

j=1

4
∑

k=1

3
∑

t=1
Lt · RW±jkt · CRWT±jkt

(5)
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where CWW±jkt represents the costs of wastewater treatment for sector k during period t in region j

(104 RMB/104 m3); CRWT±jkt denotes the costs of wastewater reclamation for sector k during period t

in region j (104 RMB/104 m3).

(5) Environmental capacity improvement cost

f±5 =
11

∑
i=1

7

∑
l=1

3

∑
t=1

EQ±ilt ·Y
±
ilt · CER±ilt (6)

where i is the water environment zone; l is the engineering required for carrying capacity improvement
(l = 1, 2, 3, 4, 5, 6, and 7 are wetland, ecological floating bed, ecological corridor, pre-tank construction,
conservation forest, dredging engineering, and artificial aeration, respectively); EQ±ilt is the quantity of
engineering l in zone i during period t; CER±ilt is the cost of engineering l in zone i.

Constraints:

(1) Water supply constraints

4

∑
k=1

(
W±jkt − DW±jkth

)
≤ AWQ±jth; ∀j, t, h (7)

DW±jkth ≤W±jkt; ∀j, k, t, h (8)

where AWQ±th denotes available water resources under scenario h during period t (104 m3/year).

(2) Demand constraints of water use sectors

W±jkt − DW±jkth + RW±jkt ≥WD±minjkt; ∀j, k, t, h (9)

W±jkt − DW±jkth + RW±jkt ≤WD±maxjkt; ∀j, k, t, h (10)

where WD±minjkt represents the minimum water resources requirement of sector k during period t in

region j (104 m3/year); and WD±maxjkt represents the maximum water resources requirement of sector k

during period t in region j (104 m3/year).

(3) Regional wastewater treatment capacity constraints(
W±jkt − DW±jkth + RW±jkt

)
· αjkt · β jkt ≤ ATW±jkt, ∀j, k, t, h (11)

where αjkt is the wastewater emission coefficient for sector k during period t in region j; β jkt is the
wastewater concentration treatment coefficient for sector k during period t in region j; and ATW±jkt

represents the wastewater treatment capacity of sector k during period t in region j (104 tons).

(4) Regional wastewater reuse capacity constraints

2

∑
k=1

(
W±jkt − DW±jkth + RW±jkt

)
· αjkt · β jkt · ξ jkt ≥

4

∑
k=1

RM±jkt, ∀j, t (12)

where ξ jkt is the wastewater reuse rate of sector k during period t in region j.

(5) Constraints for the total emissions of water pollutants

4
∑

k=1

(
W±jkt − DW±jkth + RW±jkt

)
· αjkt · β jkt · (1− ξ jkt) · EC±krt

+
4
∑

k=1

(
W±jkt − DW±jkth + RW±jkt

)
· αjkt ·

(
1− β jkt

)
· SC±krt ≤ TED±jrt, ∀j, r, t, h

(13)
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where r is the controlled water pollutant (r = 1 for chemical oxygen demand (COD), r = 2 for ammonia
nitrogen (NH4-N)); EC±krt represents the concentration of pollutant r after wastewater treatment by
sector k during period t (mg/L); SC±krt represents the concentration of pollutant r without treatment
from sector k during period t (mg/L); and TED±jrt represents the total amount of pollutant r during
period t in region j (tons).

(6) Water environment carrying capacity constraint

8
∑

j=1

4
∑

k=1

(
W±jkt − DW±jkth
+RW±jkt

)
· αjkt ·

[
β jkt · (1− ξ jkt) · EC±krt

+
(

1− β jkt

)
· SC±krt · IDRkrt

]
· Xij

−
7
∑

l=1
EER±ilrt · EQ±ilt ·Y

±
ilt ≤ ALD±irth, ∀i, r, t, h

(14)

where IDRkrt represents the river load ratio of pollutant r from sector k during period t; Xij is the
receiving ratio of water zone i from region j; EER±ilrt is the improvement in the carrying capacity for
pollutant r by engineering l in zone i during period t; ER±ilt is the maximum quantity constraint for
engineering l in zone i during period t; and ALD±irth is the carrying capacity (tons) of pollutant r in
zone i during period t under scenario h.

(7) Engineering constraints for carrying capacity improvement

EQ±ilt ≤ ER±ilt ·Y
±
ilt; ∀i, l, t (15)

Yilt =

{
0, otherwise
1, i f technology l is undertaken in zone i

; ∀i, l, t (16)

(8) Other
DW±jkth, RW±jkt, ER±ilt ≥ 0 (17)

The objective is to maximize the total system benefit in the river basin, which includes the related
benefit from the water use sectors under the pre-allocation of water resources; the penalties when the
permitted allocation is not delivered; and the cost of water supply, wastewater treatment, wastewater
reclamation, and engineering to improve the water environment carrying capacity. The constraints are
for the relationships between decision values and water quality requirements, including the available
water resources, regional total amount controlled, water carrying capacity, and ecological engineering.

Using an interactive algorithm, the ITSP model can be transformed into two deterministic
sub-models that correspond to the lower and upper bounds of the desired objective function value.
By solving the two sub-models, DW−jkth, RW+

jkt, EQ−ilt and DW+
jkth, RW−jkt, EQ+

ilt were obtained and

formed the final solution of the ITSP model as [DW−jkth, DW+
jkth], [RW−jkt, RW+

jkt], and [EQ−ilt, EQ+
ilt].

3.2. Parameters

Table 2 lists the initial water resources allocation strategies in the Yinma River Basin; these were
determined based on the latest 10 years of regional water resource consumption in each sector and on
development planning for the river basin.
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Table 2. Initial water resource allocation in the Yinma River Basin (104 m3/year).

Regions Departments
Periods

t = 1 t = 2 t = 3

j = 1

k = 1 [717, 910] [961, 1307] [1274, 1835]
k = 2 [1725, 2083] [1734, 2105] [1742, 2125]
k = 3 [396, 498] [435, 572] [479, 658]
k = 4 [20,727, 26,334] [20,748, 26,700] [21,301, 28,153]

j = 2

k = 1 [210, 266] [275, 373] [359, 512]
k = 2 [1323, 1609] [1328, 1634] [1333, 1658]
k = 3 [304, 383] [334, 439] [368, 505]
k = 4 [8939, 11,358] [8949, 11,516] [9187, 12,143]

j = 3

k = 1 [731, 926] [1101, 1493] [1658, 2353]
k = 2 [802, 978] [812, 1003] [823, 1028]
k = 3 [182, 229] [200, 264] [221, 304]
k = 4 [9116, 11,384] [9074, 11,377] [9430, 11,976]

j = 4

k = 1 [1708, 2167] [2334, 3185] [3188, 4560]
k = 2 [1402, 1699] [1413, 1724] [1423, 1750]
k = 3 [326, 410] [366, 480] [410, 562]
k = 4 [26,298, 33,028] [26,431, 33,486] [27,734, 35,761]

j = 5

k = 1 [4475, 5678] [6144, 8344] [8432, 12,000]
k = 2 [1283, 1565] [1290, 1592] [1296, 1620]
k = 3 [300, 377] [336, 440] [376, 516]
k = 4 [45,819, 57,545] [46,051, 58,343] [48,321, 62,308]

j = 6

k = 1 [538, 684] [610, 832] [689, 990]
k = 2 [548, 664] [551, 671] [553, 677]
k = 3 [126, 157] [138, 180] [152, 204]
k = 4 [12,696, 16,243] [12,566, 16,705] [12,792, 17,670]

j = 7

k = 1 [11,392, 14,440] [17,027, 23,256] [25,427, 36,383]
k = 2 [18,539, 22,583] [18,772, 23,154] [19,008, 23,738]
k = 3 [4410, 5524] [5072, 6629] [5833, 7954]
k = 4 [11,272, 14,158] [11,329, 14,353] [11,887, 15,329]

j = 8

k = 1 [1151, 1549] [1375, 2072] [1642, 2723]
k = 2 [1387, 1691] [1411, 1742] [1436, 1794]
k = 3 [319, 401] [357, 469] [400, 549]
k = 4 [61,958, 77,813] [62,271, 78,893] [65,342, 84,253]

4. Results Analysis and Discussion

4.1. Water Resource Allocation

Table 3 lists the optimal water resources pre-allocation for the Yinma River Basin. The table
indicates that the optimal allocation is close to the lower boundary of the initial water resource
allocation—a result of the higher water shortage probability, and because a lower pre-allocation would
be more reasonable for different water use sectors and would lead to lower penalties caused by water
resource deficits [22].

Figures 3–5 show the reused water allocation for the industrial, municipal, and environment
sectors. Figure 3 indicates different tendencies for reused water allocation for industry in the
three periods. In Regions 2, 4, and 8 the allocations of reused water increase gradually over time
because of higher water consumption and reuse rates. For example, in Region 2, the amounts were
951 × 104, 1085 × 104, and 1225 × 104 m3/year in three periods. However, in Regions 1 and 7,
the amounts of reused water show an opposite trend; the values are 368.8 × 104, [237.3, 297.2] × 104,
[20.1, 220.7] × 104 m3/year, and 1022 × 104 m3/year, 0, and 0, in three periods, respectively. There are
two reasons for this trend: (1) the water resources pre-allocation was obtained that was close to the
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maximum water resource requirements; and (2) more water consumption results in more wastewater
generation, which would be constrained by wastewater treatment capacity. For these reasons, higher
pre-allocations of water resources might lead to wasting of water resources. Figures 4 and 5 show
reused water allocations for the municipal and environment sectors, all of which were generated by
the municipal sector. From these figures, it can be seen the amount of the reused water allocation
for the two sectors has clear differences. The amount of reused water allocated to the environment
sector increased gradually over time, which is the opposite of the municipal sector. For example,
in Region 1, the amounts of reused water allocated to the environment sector are [54.3, 324.0] × 104,
[209.1, 375.2] × 104, and [316.7, 414.7] × 104 m3/year in the three periods, while for the municipal
sector the amounts are [0, 229.2] × 104, [0, 119.2] × 104, and [0, 46.2] × 104 m3/year, respectively.
The main reason for this trend is that the environment sector generates more benefits through water
consumption and has a higher water requirement; when the water resource allocation meets the
minimum water resource requirement, more reused water was allocated to the environment sector.

Table 3. Optimal water resource pre-allocations for the Yinma River Basin (104 m3/year).

Regions Departments
Periods

t = 1 t = 2 t = 3

j = 1

k = 1 760 961 1274
k = 2 1725 1734 1742
k = 3 498 435 479
k = 4 26,334 26,700 28,153

j = 2

k = 1 266 373 512
k = 2 1528 1328 1333
k = 3 383 334 368
k = 4 11,358 11,516 12,143

j = 3

k = 1 926 1493 2130
k = 2 802 812 823
k = 3 229 200 221
k = 4 11,384 11,377 9430

j = 4

k = 1 2167 3185 4560
k = 2 1402 1413 1423
k = 3 410 366 410
k = 4 33,028 33,486 27,734

j = 5

k = 1 5544 6144 8432
k = 2 1283 1290 1296
k = 3 377 336 376
k = 4 57,545 58,343 50,391

j = 6

k = 1 538 610 689
k = 2 664 551 553
k = 3 157 138 152
k = 4 16,243 16,705 17,670

j = 7

k = 1 13,172 17,027 25,427
k = 2 18,539 18,772 19,008
k = 3 5524 6610 5833
k = 4 14,158 14,353 15,329

j = 8

k = 1 1549 2072 2723
k = 2 1387 1411 1436
k = 3 401 357 400
k = 4 77,813 78,893 84,253
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Water 2018, 10, 565 11 of 21
Water 2018, 10, x FOR PEER REVIEW  10 of 20 

 

 
Figure 5. Reused water resource allocations for the environment. 

Table 3. Optimal water resource pre-allocations for the Yinma River Basin (104 m3/year). 

Regions Departments 
Periods 

t = 1 t = 2 t = 3 

j = 1 

k = 1 760  961  1274  
k = 2 1725  1734  1742  
k = 3 498  435  479  
k = 4 26,334  26,700  28,153  

j = 2 

k = 1 266  373  512  
k = 2 1528  1328  1333  
k = 3 383  334  368  
k = 4 11,358  11,516  12,143  

j = 3 

k = 1 926  1493  2130  
k = 2 802  812  823  
k = 3 229  200  221  
k = 4 11,384  11,377  9430  

j = 4 

k = 1 2167  3185  4560  
k = 2 1402  1413  1423  
k = 3 410  366  410  
k = 4 33,028  33,486  27,734  

j = 5 

k = 1 5544  6144  8432  
k = 2 1283  1290  1296  
k = 3 377  336  376  
k = 4 57,545  58,343  50,391  

j = 6 

k = 1 538  610  689  
k = 2 664  551  553  
k = 3 157  138  152  
k = 4 16,243  16,705  17,670  

j = 7 k = 1 13,172  17,027  25,427  
k = 2 18,539  18,772  19,008  

0

1000

2000

3000

4000

5000

6000

t=1 t=2 t=3 t=1 t=2 t=3 t=1 t=2 t=3 t=1 t=2 t=3 t=1 t=2 t=3 t=1 t=2 t=3 t=1 t=2 t=3 t=1 t=2 t=3

j=1 j=2 j=3 j=4 j=5 j=6 j=7 j=8

lower bound upper bound

W
at

er
 al

loc
at

ion
 a

m
ou

nt
: 1

04 m
3

Figure 5. Reused water resource allocations for the environment.

Tables 4–6 list the water resources deficit for each sector under different scenarios in the three
periods. From these tables, it can be clearly seen that the deficit decreases as the available water
resources increase (h = 1, 2, 3). For example, in Period 1, Region 7, there were no deficits in the industrial
sector, and the deficits in the other sectors were [3707.80, 5014.09] × 104, [0.00, 5014.09] × 104,
and 0.00 m3/year in the municipal sector; [0.00, 349.83] × 104 m3/year, 0.00, and 0.00 in the
environment sector; and [7394.40, 8521.60]× 104, [0.00, 8521.60]× 104, and 0.00 m3/year in agricultural
sector department. In general, except in Regions 5 and 6, there were no water resource deficits in the
industrial sector. In Region 5, the water deficits in the industrial sector were [440.00, 2037.71] × 104,
[0.00, 1049.51] × 104, and [0.00, 13.00] × 104 m3/year in Period 1; [440.00, 2037.71] × 104,
[0.00, 1049.51] × 104, and [0.00, 13.00] × 104 m3/year in Period 2; and [2093.67, 2944.27] × 104,
[2093.67, 2944.27] × 104, and [2093.67, 2944.27] × 104 m3/year in Period 3. The deficits increase as the
water resource requirements increase over time. However, there is no general uptrend in the other
sectors and regions. For example, in Region 5, under Scenario 1, the deficits in the municipal sector
were [256.60, 459.05] × 104, [256.60, 459.05] × 104, and [259.20, 349.62] × 104 m3/year in the three
periods. This indicates that water resource allocations depend on multiple constraints and not just on
water resource requirements.

4.2. Pollutant Emission Analysis

Figure 6 show emissions of the main pollutants (COD and NH4-N) during the study periods.
These figures indicate that emissions of the two pollutants generally decreased over time and were
influenced by optimal water resource allocation and by control of total regional pollution. For example,
in Region 7, from Period 1 to 3, the amount of COD emissions were 5365.50, [5036.54, 5288.37],
and [4599.00, 5311.85] tons/year from the industrial sector; [3282.39, 3599.41], [3123.91, 3279.84],
and [2809.71, 2919.63] tons/year from the municipal sector; and [7945.92, 8035.20], [7071.86, 7231.86],
and [6293.96, 6508.51] tons/year from the agricultural sector, respectively. For NH4-N, the amounts
were 804.83, [768.74, 807.17], and [715.40, 826.29] tons/year from the industrial sector; [170.52, 186.99],
[150.20, 163.99], and [140.49, 145.98] tons/year from the municipal sector; and [314.09, 317.62],
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[279.54, 285.85], and [248.79, 257.27] tons/year from the agricultural sector. However, in some regions,
the industrial pollutant emissions show an uptrend as time goes on. For example, in Region 5, COD
emissions were [2629.48, 3827.77], [3191.64, 4031.28], and [3488.00, 4038.64] tons/year for Periods 1 to 3,
while NH4-N values were the same. The main reason for this trend might be that low industrial water
use efficiency, and high generation and discharge coefficients lead to increased pollutant emissions
in these regions. Additionally, the results show that in the Yinma River Basin, agricultural non-point
pollution is the main source of pollution, and far exceeds pollution from other sources. However,
in Region 7, the industrial sector was the largest source of NH4-N, and it was clearly different from the
other regions. The explanation for this is that the economy in Region 7 is dominated by industry with
high NH4-N emissions.

Table 4. Water resource deficit for each sector under different scenarios in Period 1 (104 m3/year).

Regions Departments
Scenarios

h = 1 h = 2 h = 3

j = 1

k = 1 0 0 0
k = 2 [345, 747] [0, 747] 0
k = 3 [426, 196] [0, 196] 0
k = 4 0 0 0

j = 2

k = 1 0 0 0
k = 2 [470, 583] [0, 583] 0
k = 3 [344, 346] [0, 346] 0
k = 4 0 0 0

j = 3

k = 1 0 0 0
k = 2 [160, 222] [0, 222] 0
k = 3 [0, 214] 0 0
k = 4 [5915, 6826] [0, 6826] 0

j = 4

k = 1 0 0 0
k = 2 [280, 431] [0, 431] 0
k = 3 [0, 358] 0 0
k = 4 [17,249, 19,879] [0, 9050] 0

j = 5

k = 1 [440, 2038] [0, 1050] [0, 13]
k = 2 [257, 459] [0, 459] [0, 459]
k = 3 [0, 262] 0 0
k = 4 [30,053, 34,635] 0 0

j = 6

k = 1 17 17 17
k = 2 [225, 260] [0, 260] 0
k = 3 [130, 134] [0, 134] 0
k = 4 0 0 0

j = 7

k = 1 0 0 0
k = 2 [3708, 5014] [0, 5014] 0
k = 3 [0,350] 0 0
k = 4 [7394, 8522] [0,8522] 0

j = 8

k = 1 0 0 0
k = 2 [277, 405] [0, 405] 0
k = 3 [365.21, 364.47] 0 0
k = 4 [13,039, 46,834] [0, 46,834] 0
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Table 5. Water resource deficit for each sector under different scenarios in Period 2 (104 m3/year).

Regions Departments
Scenarios

h = 1 h = 2 h = 3

j = 1

k = 1 0 0 0
k = 2 [345, 747] [0, 747] 0
k = 3 [426, 196] [0, 196] 0
k = 4 0 0 0

j = 2

k = 1 0 0 0
k = 2 [470, 583] [0, 583] 0
k = 3 [344, 346] [0, 346] 0
k = 4 0 0 0

j = 3

k = 1 0 0 0
k = 2 [160, 222] [0, 222] 0
k = 3 [0, 214] 0 0
k = 4 [5915, 6826] [0, 6826] 0

j = 4

k = 1 0 0 0
k = 2 [280, 431] [0, 431] 0
k = 3 [0, 358] 0 0
k = 4 [17,249, 19,879] [0, 9050] 0

j = 5

k = 1 [440, 2038] [0, 1050] [0, 13]
k = 2 [27, 459] [0, 459] [0, 459]
k = 3 [0, 262] 0 0
k = 4 [30,053, 34,635] 0 0

j = 6

k = 1 17 17 17
k = 2 [225, 260] [0, 260] 0
k = 3 [130, 134] [0, 134] 0
k = 4 0 0 0

j = 7

k = 1 0 0 0
k = 2 [3708, 5014] [0, 5014] 0
k = 3 [0, 350] 0 0
k = 4 [7394, 8522] [0, 8522] 0

j = 8

k = 1 0 0 0
k = 2 [277, 405] [0,405] 0
k = 3 [365, 364] 0 0
k = 4 [13,039, 46,834] [0, 46,834] 0

Table 6. Water resource deficit for each sector under different scenarios in Period 3 (104 m3/year).

Regions Departments
Scenarios

h = 1 h =2 h =3

j = 1

k = 1 0 0 0
k = 2 [348, 569] [348, 569] [0.00, 569]
k = 3 [415, 365] [0, 365] 0
k = 4 [0, 14,859] 0 0

j = 2

k = 1 0 0 0
k = 2 [267, 471] [267, 471] [0, 471]
k = 3 [339, 262] [0, 262] 0
k = 4 0 0 0

j = 3

k = 1 [0, 286] [0, 286] [0, 286]
k = 2 [165, 211] [165, 211] [0, 211]
k = 3 [211, 218] [0, 218] 0
k = 4 [3772, 4715] [0, 4715] 0
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Table 6. Cont.

Regions Departments
Scenarios

h = 1 h =2 h =3

j = 4

k = 1 0 0 0
k = 2 [285, 384] [285, 384] [0, 80]
k = 3 [364, 374] [0, 374] 0
k = 4 [11,094, 13,867] [0, 6956] 0

j = 5

k = 1 [2094, 2944] [2094, 2944] [2094, 2944]
k = 2 [259, 350] [259, 350] 0
k = 3 [332, 340] [0, 340] 0
k = 4 [21,399, 26,231] 0 0

j = 6

k = 1 [104, 183] [104, 183] [104, 183]
k = 2 [111, 184] [111, 184] [0, 184]
k = 3 [130, 111] [0, 111] 0
k = 4 0 0 0

j = 7

k = 1 [6983, 9458] [6983, 9458] [6983, 9458]
k = 2 [3802, 4374] [3802, 4374] 0
k = 3 [0, 5266] [0, 5266] 0
k = 4 [8197, 9385] [0, 9385] 0

j = 8

k = 1 0 0 0
k = 2 [287, 317] [287, 317] [0, 317]
k = 3 [368, 398] [0, 398] 0
k = 4 [38,380, 51,582] [0, 51,582] 0Water 2018, 10, x FOR PEER REVIEW  14 of 20 
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Figure 6. Chemical oxygen demand (COD) and NH4-N emissions in the Yinma River Basin.
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For the purpose of water environment protection, pollutant quantities discharged into the river
should not exceed the environmental carrying capacity. Figures 7 and 8 show the relationships between
pollutant emission load and environmental carrying capacity for COD and NH4-N, respectively.
The figures reveal that the amounts of pollutant discharged into the river decreased over time, because
of reductions in regional pollutant emissions. However, the amounts were still far in excess of the
environmental carrying capacities. For example, in Zone 9, the amounts of COD discharged into the
river were [6638.2, 6812.7], [6196.2, 6376.0], and [5625.4, 5982.0] tons/year in three periods, which was
much more than the carrying capacities of 2610.0, 2370.0, and 2130.0 tons/year. Only in Zone 10
were the pollutant amounts less than the carrying capacity. In general, there was a large imbalance
between the amounts of pollutants and the environmental carrying capacities. To increase the water
environment safety of the Yinma River, improvements to the water environment carrying capacity
should be carried out in addition to pollutant emission reduction.
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Figure 7. Relationships between carrying capacity of COD and quantity inlets to the Yinma River.
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Figure 8. Relationships between carrying capacity of NH4-N and quantity inlets to the Yinma River.

4.3. Water Environment Carrying Capacity Improvement

Table 7 lists the strategies and quantities of ecological engineering for improving the water
environment carrying capacity of the Yinma River. Figures 9 and 10 show the improvements in COD
and NH4-N carrying capacities, respectively. These engineering projects would not be suitable for
each water zone, and the quantities are constrained by the environmental conditions, resulting in
different projects in different water zones. Zone 1 is the furthest upstream zone of the Yinma River
and has few non-point agricultural pollutant emissions and has good water quality. Consequently,
the engineering of wetlands and conservation forests would be selected, with areas of [13, 16] ha
and [60, 70] ha, and capacity improvements of 310 and [42.5, 43.5] tons/year for COD and NH4-N,
respectively. In Zone 3, pre-tank construction should be carried out to meet the water quality target of
the lower reservoir, and dredging engineering should be carried out to improve the contaminated water
quality of the river, with volumes of [0, 25]× 104 m3. Zone 6 is the main pollutant receiving water body
of Region 5 and has a severely contaminated status. To address the pollution in Zone 6, [140, 150] ha
of wetlands, [0, 85] km of ecological corridor, two pre-tank constructions, and [70, 80] × 104 m3 of
dredging engineering would need to be implemented. This would result in improvements of COD
and NH4-N carrying capacity of [1986.8, 2246.0] and [321.8, 357.4] tons/year, respectively. In Zone 10,
no engineering would be needed because there is adequate environmental carrying capacity for
pollutant emission loads. Artificial aeration has been proven to be an engineering solution for
remediating heavily-polluted urban rivers. Consequently, in Zone 9, [700, 800] × 104 tons of artificial
aeration should be carried out along with the establishment of [50, 60] ha of conservation forest and the
implementation of [40, 50] × 104 m3 of dredging engineering. This would improve COD and NH4-N
carrying capacity to [4030, 4325] and [1627, 1762] tons/year, respectively.
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Figure 9. Improvements in COD carrying capacity for the Yinma River.
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Figure 10. Improvements in NH4-N carrying capacity for the Yinma River.

These projects that aim to improve water environment carrying capacity would not only reduce
the pollutant overload, but also improve and restore the ecological environment in the Yinma
River. Figures 11 and 12 show that, after the implementation of the projects, there would be
surplus carrying capacities under different pollutant emissions scenarios. Surplus carrying capacity
is a good indicator of water ecological environment quality improvement. For example, in the
Region 11 instance, the surplus carrying capacities for COD would be [3.2, 141.4], [67.7, 190.3],
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and [136.4, 243.4] tons/year in the three periods, and the values for NH4-N would be [114.9, 115.0],
[116.5, 117.6], and [117.9, 119.8] tons/year, respectively.Water 2018, 10, x FOR PEER REVIEW  17 of 20 

 

 
Figure 11. Surplus COD carrying capacity for the Yinma River. 

 
Figure 12. Surplus NH4-N carrying capacity for the Yinma River. 

Table 7. Projects for improving the water environment carrying capacity in the Yinma River. 

Water Units 
Projects 

l = 1 l = 2 l = 3 l = 4 l = 5 l = 6 l = 7 
i = 1 [13, 16] 0 0 0 [60, 70] 0 0 
i = 2 0 0 0 0 [6.5, 8.5] 0 0 
i = 3 0 0 0 [0, 1] [250, 275] [0, 25] 0 
i = 4 [245, 265] 0 0 0 [100, 125] [65, 80] 0 
i = 5 [120, 135] 0 0 0 [100, 120] [50, 60] 0 
i = 6 [140, 150] 0 [0, 85] 2 0 [70, 80] 0 
i = 7 0 0 0 0 [200, 220] 0 [0, 25] 

0

400

800

1200

1600

2000

t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3

i=1 i=2 i=3 i=4 i=5 i=6 i=7 i=8 i=9 i=10 i=11

Lower bound Upper bound

Su
rp

lus
 c

ar
ry

ing
 c

ap
ac

ity
 o

f C
O

D
:t

on
s/y

ea
r

0

300

600

900

1200

1500

t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3

i=1 i=2 i=3 i=4 i=5 i=6 i=7 i=8 i=9 i=10 i=11

Lower bound Upper bound

Su
rp

lus
 c

ar
ry

ing
 c

ap
ac

ity
 o

f N
H

4-N
:t

on
s/y

ea
r

Figure 11. Surplus COD carrying capacity for the Yinma River.

Water 2018, 10, x FOR PEER REVIEW  17 of 20 

 

 
Figure 11. Surplus COD carrying capacity for the Yinma River. 

 
Figure 12. Surplus NH4-N carrying capacity for the Yinma River. 

Table 7. Projects for improving the water environment carrying capacity in the Yinma River. 

Water Units 
Projects 

l = 1 l = 2 l = 3 l = 4 l = 5 l = 6 l = 7 
i = 1 [13, 16] 0 0 0 [60, 70] 0 0 
i = 2 0 0 0 0 [6.5, 8.5] 0 0 
i = 3 0 0 0 [0, 1] [250, 275] [0, 25] 0 
i = 4 [245, 265] 0 0 0 [100, 125] [65, 80] 0 
i = 5 [120, 135] 0 0 0 [100, 120] [50, 60] 0 
i = 6 [140, 150] 0 [0, 85] 2 0 [70, 80] 0 
i = 7 0 0 0 0 [200, 220] 0 [0, 25] 

0

400

800

1200

1600

2000

t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3

i=1 i=2 i=3 i=4 i=5 i=6 i=7 i=8 i=9 i=10 i=11

Lower bound Upper bound

Su
rp

lus
 c

ar
ry

ing
 c

ap
ac

ity
 o

f C
O

D
:t

on
s/y

ea
r

0

300

600

900

1200

1500

t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3t=1t=2t=3

i=1 i=2 i=3 i=4 i=5 i=6 i=7 i=8 i=9 i=10 i=11

Lower bound Upper bound

Su
rp

lus
 c

ar
ry

ing
 c

ap
ac

ity
 o

f N
H

4-N
:t

on
s/y

ea
r

Figure 12. Surplus NH4-N carrying capacity for the Yinma River.



Water 2018, 10, 565 19 of 21

Table 7. Projects for improving the water environment carrying capacity in the Yinma River.

Water Units
Projects

l = 1 l = 2 l = 3 l = 4 l = 5 l = 6 l = 7

i = 1 [13, 16] 0 0 0 [60, 70] 0 0
i = 2 0 0 0 0 [6.5, 8.5] 0 0
i = 3 0 0 0 [0, 1] [250, 275] [0, 25] 0
i = 4 [245, 265] 0 0 0 [100, 125] [65, 80] 0
i = 5 [120, 135] 0 0 0 [100, 120] [50, 60] 0
i = 6 [140, 150] 0 [0, 85] 2 0 [70, 80] 0
i = 7 0 0 0 0 [200, 220] 0 [0, 25]
i = 8 [335, 400] 0 0 0 [100, 120] [12.5, 14] 0
i = 9 0 0 0 0 [50, 60] [40, 50] [700, 800]

i = 10 0 0 0 0 0 0 0
i = 11 0 0 0 1 0 [44, 50] 0

5. Conclusions

In this study, an ITSP model was developed for the management of water resources and
environmental carrying capacity under uncertainties. The model was applied to the Yinma River
Basin, where water shortages and high degrees of contamination are found that are typical for
China. The proposed model can simultaneously deal with uncertainties presented as interval values
and probability distributions by integrating the IPP and TSP methods. By solving the ITSP model,
the optimal water resources allocations for the four main water use sectors were determined for the
planning periods under different scenarios. In addition, the amounts of pollutant emission from the
different sectors in the administrative regions were obtained. These results, constrained by regional
total amount control, can provide a basis for regional emission permit systems for the different sectors.
Furthermore, water environment improvement schemes should be formulated for each sector to
remediate the effects of contamination, and to reconcile the total regional amounts of pollution and
environmental carrying capacities. The results would be valuable for guiding the optimal allocation of
water resources and water quality management in the Yinma River Basin.

The aim of this study was to use the ITSP model to create a water management system that
combined water resources allocation with water environment treatment strategies. This system
considered water environment improvement projects together with water resources allocation and
total pollutant limits for the first time. The results suggest that this approach is applicable and effective
for the management of water resources allocation and water quality in the Yinma River Basin, and that
the approach could also be applied in other water-stressed or contaminated areas. However, there is
still much room for improvement in the proposed model. This model does not consider the decision
risk under uncertainty. In addition, details such as different water sources, climate change influence on
the water resources availability, the water use pattern in different sectors, and efficiencies of different
wastewater treatment methods were not modeled in this study. Further studies are needed to address
these limitations.
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