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Abstract: The surface water ecosystem has important ecological value and plays an important sup-
porting and guarantee role in the sustainable development of human society. In this study, an inexact
two-stage stochastic programming (ITSP) model was developed for supporting water resource alloca-
tion for the four main water sectors (industry, municipal, agriculture, and ecological environment).
Several scenarios corresponding to different flow patterns, which reflect different probabilities of
water resource availability and environmental carrying capacity, were examined. On the basis of
traditional water resource allocation, this model adds consideration of ecological value factors, which
is conducive to the synergistic efficiency of socio-economic and ecological water consumption. Results
revealed that the water resource carrying capacity, ecological value factors, and water environmental
capacity are the main factors affecting the optimal allocation of water resources. Furthermore, the op-
timal allocation scheme for water resources coupled with ecological value factors were determined to
realize the coordinated development of social economic benefits and ecological benefits. The current
study findings are of great significance for establishing a rational water resource management system
for water resource exploitation and utilization. This model can be used to guide various departments
in Dalian to formulate an optimal water resources allocation scheme by considering ecological value
factors, and provide a basis for realizing the coordinated development of Dalian’s socio-economic
development goals, water resource utilization, and environmental quality improvement.

Keywords: inexact two-stage stochastic programming; water management; ecological value factor;
water resource allocation

1. Introduction

Water resources are the lifeline of social progress and economic development. How-
ever, in today’s world, social development and progress, population expansion, and over-
exploitation of water resources have caused a shortage of fresh water resources [1]. The op-
timal allocation of water resources is an important means to coordinate the relationship
between supply and demand of water resources, improve the utilization of water resources,
and coordinate the conflicts among water consuming departments, particularly in areas
with water shortages [2—4]. Therefore, it is necessary to optimize the allocation of water
resources in water-scarce areas. With the increasing demand for water quality improve-
ment, water demand has become important for regional water resource optimization and
allocation [5,6]. However, the value created by the water ecosystem cannot be presented in-
tuitively, the conventional optimal allocation of urban water resources pays more attention
to the economic output of water consumption and does not fully consider the ecological
value, which is not conducive to the synergistic efficiency of socio-economic and ecological
water consumption. Therefore, it is necessary to increase the direct consideration of ecolog-
ical value factors while considering the optimal allocation of water resources. In addition,
there are many uncertainties in the optimal allocation of water resources, such as variable
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availability of water resources, demand, and development of water treatment technolo-
gies, which make it difficult to select the optimal allocation method. Therefore, under the
background of promoting the construction of urban ecological civilization, the optimal
allocation of water resources presents challenges in coordinating the ecological value and
dealing with various uncertain factors [7].

Interval—parameter programming, fuzzy programming, and stochastic programming
are common methods for water resources allocation under uncertainty [8-12]. For ex-
ample, Huang and Locks [13] were the first to propose the inexact two-stage stochastic
programming (ITSP) to deal with uncertain information in interval-valued and random
variable representations. Under the framework of the ITSP method, various advanced
models are proposed and applied to water resources management [14]. Magsood [15]
presented an interval-parameter fuzzy two-stage stochastic programming (IFTSP) method
for the planning of water resource management systems under uncertainty; Li et al. [16]
selected an interval-fuzzy two-stage stochastic quadratic programming model with the
objective of maximum benefits to have the best irrigation water allocation scheme. Xie [13]
developed an inexact, two-stage, water resources management model for multi-regional
water resources planning in the Nansi Lake Basin, China. In the ITSP, an initial decision
is made before the random events. After future uncertainties are resolved and the values
of the random variables are revealed, a second decision is made that minimizes penalties
due to any infeasibilities [17]. It can be seen that ITSP is an effective method for optimal
allocation of water resources under uncertain conditions.

As the leading revitalization and famous coastal industrial city in Northeast China,
Dalian lacks freshwater resources. With the development of the urban social economy
and the improvement of the ecosystem, the demand for water resources continues to
grow rapidly and presents intensified competition. It is difficult to coordinate water use
among industrial, municipal, and ecological environment sectors [18]. Under the overall
objective of coordinating urban social and economic development and improving the
living environment, this study intended to reflect different probabilities of water resource
availability and environmental carrying capacity in different flow scenarios. An ITSP model
was constructed by coupling the ecological value factors, which was more comprehensively
considering the impact of ecological value factors on the optimal allocation results of water
resources. The four major urban water departments in Dalian, including the industry, urban
community, agriculture, and ecological environment, were studied to discuss the optimal
allocation mode and method for urban water resources, coordinate the needs and value
factors for the improvement of the ecosystem, and realize the coordinated development of
ecological value and social and economic benefits.

Therefore, aiming at the dual constraints of water resource shortage and water en-
vironment quality and based on the principle of achieving the coordination of ecological
value and social and economic benefits, a general framework for establishing an ITSP for
the optimal allocation of water resources in Dalian under uncertain conditions is proposed
(Figure 1). The model considers constraints such as ecological area and water consumption,
as well as available water resources and water environment capacity, and combines eco-
logical value benefits with water resource management to provide Dalian with a relatively
reasonable water resource allocation plan. Our study findings are of great significance for
establishing a rational water resource management system for water resource exploitation
and utilization, as well as water ecosystem protection, and provide a basis for realizing the
coordinated development of Dalian’s socio-economic development goals, water resource
utilization, and environmental quality improvement.
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Figure 1. Framework for the inexact two-stage stochastic programming (ITSP) model.

2. Study Area and Division of Integrated Zones

Dalian covers 43,014 km?, of which 13,739 km? is land. The city’s multi-year average
total water resources are 3.14 x 10° m3, of which surface water resources are 3.05 x 10 m?,
and the regional distribution, as well as inter- and intra-annual changes in the runoff in
each basin, are extremely uneven, making it a water-poor area [19]. There are more than
300 rivers in the urban area, which are divided into the river systems along the Yellow Sea
in eastern Liaodong and the river systems along the Bohai Sea in the eastern Liaodong
Bay. There are 57 rivers that flow into the sea, along with a catchment area of more than
2.00 x 107 m? [20]. There are 69 reservoirs of various types, with a total annual storage
capacity of 1.32 x 10° m3, of which 22 are the main drinking water sources. Dalian is rich
in wetland resources, with a total area of about 3.58 x 10° m?, including 2.42 x 10° m? of
offshore and coastal wetlands, 1.04 x 10° m? of artificial (coastal) wetlands, 1.15 x 108 m?
of river wetlands, and 3.00 x 10® m? of marsh wetlands.

Figure 2 shows the geographical position and study regions of Dalian. To reflect
different water environmental functions and water resource utilization in terms of time
and space, the study area was divided into 37 integrated zones (i = 1-37 represent I, 1I,
101, IV, V, VI, VII, VIII, IX, X, XL, XII, XIIL, XIV, XV, XVI, XVII, XVIII, XIX, XX, XXI, XXII,
XXIII, XXIV, XXV, XXVI, XXVIIL, XXVIII, XXIX, XXX, XXXI, XXXII, XXXIII, XXXIV, XXXV,
XXXVI, and XXXVII) and six administrative regions (i = 1-6 represent four districts (Xigang,
Shahekou, Ganjingzi, and Zhongshan), as well as Lvshunkou, Jinpu, Wafangdian, Pulan-
dian, and Zhuanghe). Figure 3 shows the relationship between regional pollutant emissions
and water distribution, 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 3. Relationship between regional pollutant emissions and water distribution.

3. Model Formulation
3.1. Model Development

It is often necessary to combine two-stage stochastic programming (TSP) [21] with
Interval Linear Programming (ILP) to deal with uncertain factors in practical problems.
Using the maximization problem as an example, the ILP is combined with the TSP to obtain
the interval two-stage stochastic optimization model (ITSP), which can be expressed as:

N
maxf* = c*x* — ) pq(y”, wy) (1a)
=1

S



Water 2022, 14, 266 50f 19
and

Atxt <b* (1b)

T(wg )x* + W(wg)y™ =h(wy) (1c)

x* >0, y(wf) >0 (1d)

Model 1 can be solved by transforming into sub-models of upper bound and lower
bound objective functions through an interactive algorithm [14]. Then, the optimal so-
lutions for Model 3 can be obtained as fjlgpt = [fj;pt, f;gpt} , x].iOpt = [xj:)pt, Xj—gpt] and
yljg opt = {ylg o pt,yfg Opt} . For more details, refer to [14,22].

The research planning period will last until 2035 and will be divided into three phases:
2021-2025 (phase I), 2026-2030 (phase II), and 2031-2035 (phase III). Three flow scenarios
are designed as low, medium, and high, reflecting different probabilities of water resource
availability and environmental carrying capacity with different flow scenarios. The ecosys-
tem is a prerequisite for economic and social development, and the ecological value needs to
be taken into account while optimizing the allocation of water resources to achieve synergy
between ecological and water use benefits. Model ecological benefits primarily include the
value of ecosystem-regulating services, which can be defined as the sum of the value of
ecosystems for sustainable economic and social development and human well-being [23].
This study considers four main values of water ecosystem regulation services: water purifi-
cation value, hydrological regulation value, water conservation value, and research and
cultural value. In the model, the difficulty of clarifying parameters, such as the number
of surface water resources and water consumption quota in Dalian, can be expressed in
discrete intervals based on their maximum and minimum values. The ITSP model of Dalian
coupled with ecological value factors can be formulated as follows:

maxft = ff +f5 — 5 — 5 —ff —f1F — £ (2a)

where f* is the total expected system benefit (10* CNY) over the planning periods.
(1) Sectors of water utilization benefits:

6 3 3
ff=) ) ) Li-UNBj, - (1AWq, + RWE,) (2b)

where j denotes the administrative region; k is the water use sectors (k = 1 for industry,
k =2 for municipal, k = 3 for agriculture, and k = 4 for the ecological environment); t is
different periods in the planning horizon (t = 1 is phase I, t = 2 is phase II, and t = 3 is phase
III); Ly is the length of period, which is fixed at 5 years; UNB].?(t represents water-use benefit

(10* CNY/10* m3); IAW].it represents the initial allocation of water resources (10* m3/ year);

Rijt represents the reused water usage (10* m3/year).
(2) Ecological benefits:

= — iic.L.Ai+3 . .(4 + . 5 i.)
> = 1L A+ LG | AL D+ Y S5 Z

t:13m:i t=1 3 m=1 4 1214:1 (2C)
+ L ¥ L Co A Vi + X Le- ( Y Amt L S?ft) G

t=1m=1 t=1 m=1 n=1

where m denotes types of wetland (m = 1-4 for riverine, coastal, marsh, and constructed
wetlands, respectively), and n represents types of river (n = 1-24 for Biliu, Fuzhou, Dasha,
Yingna, Zhuanghe, Huli, Diyin, Xiaosi, Geli, Zanzi, Qingshui, Anzi, Weitao, Yongning,
Fudu, Langu, Dengsha, Sanshili, Shihe, Qingyun, Beida, Xiaogushan, Muchengyi, and Malan
rivers, respectively). C; is the scientific and cultural value of wetlands per m?, which is
0.382 CNY/m?. AL, and S denote wetland and river areas (10* m?), respectively. C; rep-
resents the cost of the reservoir project, which is 0.67 CNY/m3. Cz is the value of wetland
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and water body degrading pollution, taking 2.81 CNY/m?. Z represents the normal water
level in the study region, which is 2.5 m. D is the maximum water storage difference, which
is2m.

(3) Sectors of water shortage penalty:

6 3 3 3
3 :ZZZZLt-ph~PNB§t-DW§th (2d)

where h represents various runoff scenarios in every period (h = 1 is low scenarios, h = 2
is medium scenarios, h = 3 is high scenarios); P}, denotes the occurrence probability of
scenario h; PNB]it represents the reduction of net benefit to sector k per unit of water
resource not delivered (10* CNY/10* m3); DWjith is the allocation deficit of the surface
water environment of Dalian that does not meet the initial water resource quotas of sector
k during period t in region j under scenario h (10* m3/year).

(4) Penalty for lack of ecological water:

+ 3 3 4 24
f3 =Y Y Lepy- | Y DAL+ Y Dsi | - PNAY (2e)
t=1h=1 m=1 n=1

where DAL, and DSZ, represent the missing area of various types of wetlands and rivers

that did not meet the ecological requirements during period t (10* m?/year). PNAZ is the

water deficit loss in the ecosystem water department during period t (10* CNY /10* m?).
(5) Sectors of water supply cost:

(2f)

where CW].it represents the costs of water supply (10* CNY/10* m?); and CRW].jlit is the

cost of reused water supply (10* CNY/10* m3).
(6) Ecological water use cost:

3 4 24
oYL (z (A%, DA% + § (s —DS?&)) sowE o)
t=1

m=1 n=1

where SCW is the cost of water resources in the eco-environmental water department in
period t (10* CNY/10* m?).
(7) Wastewater treatment cost:

3
6 4 3 IAW:E, — Y p, -DWi
F=Y Y YL T PR g oW (2h)
j=1k=1t=1 +ijkt

where CWW}it represents the costs of wastewater treatment (10* CNY/10* m3); and Otk
represents the wastewater emission coefficient.

Subject to:

(1) Water supply constraints:

3
+ + + .
k; (1AW3, — DWZ, ) < AWQg; ¥t h (2i)

+ + L\ j
DWoy, < IAWR;Vj Kk th (2))



Water 2022, 14, 266 7 of 19
where AWQtff1 represents available water resources in Dalian (10* m3/ year).
(2) Demand constraints of water use sectors:

+ + + + s
IAWjkt — ijkth + RW].kt >WD_. ke Vi, k,t.h (2k)

+ + + + R
IAW].kt — ijkth + RW].kt <WD_ . ke Vi, k, t.h (21
where WDrflirljkt and WDrj;ankt represent the minimum and maximum water resources

requirement, respectively (10* m3/year).
(3) Regional wastewater treatment capacity constraints:

2

+ + + +
kzl (TAW:E, — DWiy, + RWEE ) - g < ATWE,,

v,k t.h (2m)
where ATW].T(t represents the wastewater treatment capacity (10* tons/year).
(4) Regional wastewater reuse capacity constraints:

2 4
+ + + + .
kzl (TAW, — DWiky, + RWE, ) - ot - Ejt > kzl RWi, Vi, t (2n)

where & is the wastewater reuse rate.
ater environmental carrying capacity constraint:
5) Wat i tal carrying capacity constraint

6 4 [ JIAWE — DWE
kt kth + + + + .
1>:11§1< PRWg, ) %k B ECi - TP - Xy < ALDjg, Vi m bR (20)

where r represents the type of pollutant (r = 1 for chemical oxygen demand (COD), r = 2
for ammonia nitrogen (NHy-N), r = 3 for total phosphorus (Tp)); EC;(—Lrt represents the
concentration of pollutant r after wastewater treatment (tons/10* m3); IDR; represents
the river load ratio; Bjx; is the wastewater concentration treatment coefficient; Xj; is the
receiving ratio of water; and ALDijr:th represents the water environment carrying capacity
(tons/year).

(6) Ecological value factor constraints:

AL, — DAL >PRAL, Vm,t 2p)
St — DSE > PRSZ, n, t 2q)
4 24
Y (Agi—DAL,) - Vi + Y (Sii —DSqy) - Vi < IASE, V. h (2r)
m=1 n=1

where Vi, and VZ represent water storage capacity at normal water level (10* m?/10* m?),
PRAZ, and PRSZ, respectively, represent the minimum area of wetlands and rivers in the
study area to ensure ecological functions (10* m?); and IAS; represents the amount of
water resources available in the ecological environment department (10* m3/year).

(7) Other:

DW=, RWZE DAZ

+
jkth” jkt” mt» DSqe = 0 (2s)

Using an interactive algorithm, the ITSP model can be transformed into two deterministic
sub-models corresponding to the lower and upper bound values of the desired objective func-

tion. By solving the two sub-models, DW,, ., DWy ., RWy RW, DAL, DAL, DS, DS,
were obtained, forming the final ITSP model as ijith' DW;{(th}, [RW.‘ RWI

jkt” ]kt}’
DA, DAL, [DS,,, DS ].

mts nts
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3.2. Model Parameters

Table 1 lists the upper and lower bounds of the initial resource allocation of each water
sector in Dalian. These were determined based on the latest last 10 years of regional water
resource consumption in each sector and on the developmental planning for the region.

Table 1. Upper and lower bounds of the initial water resource allocation in Dalian (10* m?/year).

Periods
Regions Departments
t=1 t=2 t=3
k=1 258337 307~370 314~395
o k=2 6538~7699 3148~8739 8819~10,053
Four Districts k=3 122~132 124~128 116~122
k=4 67~71 61~93 69~111
k=1 3602~4254 3684~4341 3704~4383
k=2 29923109 3063~3530 3141~4060
Lvshunkou k=3 423~486 430~471 436~450
k=4 161~263 169~273 160~296
k=1 9301~10,313 9116~10,331 9856~10,534
Jinpu k=2 3073~3131 2828~3554 3609~4089
k=3 2364~3120 2408~3026 2448~2894
k=4 1282~1688 1499~1731 1597~1761
k=1 3266~3613 3185~3819 34474020
Wafangdian k=2 1233~1728 1400~1852 1611~1987
k=3 4067~4699 4133~4557 4192~4359
k=4 1637~2542 1915~2576 2167~2606
k=1 889~1716 804~1919 817~2119
_ k=2 1814~2018 1943~2291 2086~2635
Pulandian k=3 6133~6622 3206~6423 5910~6143
k=4 3015~3582 3527~3788 3532~3888
k=1 12,589~13395  12,974~13418  12,140~13,423
Zhuanghe k=2 923~5347 389~6070 1062~6983
k=3 4821~5410 4897~5047 4965~5019
k=4 1606~2926 1879~3941 2127~2952

4. Results and Discussion
4.1. Allocation of Water Resources in the Water Department

Table 2 lists the initial optimal allocation of water resources in Dalian. It can be
observed that the optimal allocation of water resources is close to the upper limit of the
initial plan because more water allocation will bring more water resource benefits to various
water-consuming sectors [24]. With the development of the society and economy, the annual
water demand of the industrial and municipal domestic water sectors in different planning
periods is gradually increasing. The development of Dalian is relatively balanced. Except
for the ecological environment, the industrial water consumption in the study area accounts
for about 43%, and the municipal and agricultural water consumption accounts for 32%
and 25%, respectively.



Water 2022, 14, 266 90f19
Table 2. The initial optimal allocation of water resources in Dalian (10* m3/year).
Periods
Regions

g Sectors t=1 t=2 t=3
k=1 337 370 395

Four Districts k=2 7699 8739 10,053
k=3 132 128 122
k=1 4254 4341 4383
Lvshunkou k=2 3109 353 4060
k=3 486 471 450

k=1 10,313 10,431 10,534
Jinpu k=2 3132 3554 4089
k=3 3120 3026 2894
k=1 3613 3819 4020
Wafangdian k=2 1728 1852 1987
k=3 4699 4557 4359
k=1 1716 1919 2119
Pulandian k=2 2018 2291 2635
k=3 6623 6423 6143

k=1 13,395 13,418 13,423
Zhuanghe k=2 4865 6070 6983
k=3 5410 5247 5019

Figures 4 and 5, respectively, show the amount of water reused by the industrial
and municipal sectors in different planning periods. As shown in Figure 3, in regions
Four Districts, Pulandian, and Zhuanghe, due to the higher water consumption rate and
reclaimed water reuse rate of the industrial sector, the amount of reused water allocated
gradually increased over time. For example, in region Zhuanghe, water reuse quotas were
27.02 x 10*~54.37 x 10%, 32.78 x 10*~63.44 x 10*, and 37.76 x 10*~68.65 x 10* m3/year
during the three periods. However, in regions Lvshunkou, Jinpu, and Wafangdian, water
reuse quotas showed opposite trends for the three periods. The water reuse quotas were
18.80 x 10*~38.93 x 10%,17.44 x 10*~37.35 x 10% and 14.83 x 10*~31.96 x 10* m3/year for re-
gion Lvshunkou; 4.36 x 104~5.97 x 10%,3.98 x 10*~4.89 x 10*,and 3.14 x 10*~4.74 x 10* m3/year
for region Jinpu; 2832 x 10*~7120 x 10%  24.06 x 10*~56.33 x 10%,
and 19.04 x 10*~44.66 x 10* m>/year for region Wafangdian, during the three periods,
respectively. The first reason may be that the industrial sector has a relatively high water
revenue; hence, the initial water quota in these two regions is close to the highest water de-
mand, and there is no need for excess water resource allocation. The second is that increased
water use means more wastewater is produced, which may exceed the existing wastewater
treatment capacity. Therefore, under the condition of limited wastewater treatment capacity,
a higher initial allocation of water resources will lead to water waste. As observed from
Figure 5, the water reuse quota allocated to municipal life in the three planning periods was
relatively small, especially in regions Lvshunkou and Jinpu. The reused water allocated
to municipal sectors was even as low as 0.02 x 10* m3/year. This may be because the
municipal living sector has low demand for water reuse and low revenue; therefore, water
is more likely to be allocated to the industrial sector with higher revenue. Since agricultural
irrigation has higher requirements for reused water, it also has higher requirements for
reused water treatment technologies. However, due to lower returns than the industrial
sector, this is not considered.
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Figure 5. Reused water resource allocations for municipal use (10* m?/year).

Tables 3-5 list the upper and lower bounds of water resource scarcity in the industrial,
municipal, and agricultural sectors of each planning area during the three planning periods.
As observed from the table, as the water resources increase, water shortages decrease.
For example, in period 1, region Four Districts, water shortages of the industrial, munic-
ipal, and agricultural sectors in low, medium, and high water resource scenarios for the
three periods were as follows: 311.02 x 104~320.57 x 10%,149.79 x 10*~245.81 x 10*, and
101.59 x 10*~201.70 x 10* m3/year for the industrial sector; 4682.25 x 10*~5695.01 x 10%,
1489.38 x 10*~5695.01 x 10%, and 0.00~5695.01 x 10* m3/year for the municipal sector;
2.80 x 10*~59.73 x 10%, 0, and 0 m3/year for the agricultural sector. Although the in-
dustrial sector had the highest water efficiency, it consumed a lot of water. Therefore,
as the planning period progressed, the demand and shortage for water continued to in-
crease. The industrial sector in region Zhuanghe had the largest water shortage, for which
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the shortage under different water resource scenarios was 11,092.97 x 10%~12,848.82 x 10%,
59447 x 10*~3126.95 x 10%, and 0.00~312695 x 10* m3/year in period 1,
11,886.10 x 10*~15,872.69 x 10*, 382.03 x 10*~3619.22 x 10* and 0.00~3619.22 x 10* m3/year
in period 2, 11,852.15 x 10*~12,879.20 x 10% 62584 x 10%~4879.20 x 10% and
0.00~4879.20 x 10* m3/year in period 3. This is because, with the advancement of the
planning period, the industry in region Zhuanghe had continuously increased water
demand and water shortage. However, the lack of water in some other regions and
water-consuming sectors did not show this regularity. For example, in region Jinpu,
the municipal sector showed a low water resource scenario, and the water shortage was
2125.84 x 104~3128.79 x 10%,1548.06 x 10~3552.92 x 10%,and 884.61 x 10*~2087.49 x 10* m3/year
in the three periods, respectively, showing a significant downward trend. This is be-
cause, under the current conditions of the development and utilization of water resources,
over time, the water demand of various sectors has gradually increased, and the water
safety of municipal sectors should be prioritized during the allocation of water resources.

Table 3. Upper and lower bounds of water resource deficit for each sector under different scenarios
in period 1 (10* m3/year).

Scenarios
Regions
S Sectors ho1 h=2 h=3
k=1 311~321 150~246 102~202
Four Districts k=2 4682~5695 1489~5695 0~5695
k=3 3~60 0 0
k=1 3881~4074 3210~3959 2783~3959
Lvshunkou k=2 1104~3107 0~3107 0
k=3 0 0 0
k=1 10,211~11,273 8069~10,258 7936~9211
Jinpu k=2 2126~3129 0~3129 0~3129
k=3 2142~3099 0~1119 0
k=1 3140~3417 2165~3308 2038~3308
Wafangdian k=2 1267~1375 873~1375 0
k=3 4173~4523 0 0
k=1 1390~1707 591~1688 0
Pulandian k=2 235~2012 0~2012 0
k=3 3605~5323 1569~2404 0
k=1 11,093~12,849 594~3127 0~3127
Zhuanghe k=2 3807~4856 0~4856 0
k=3 2989~4686 0~166 0

Table 4. Upper and lower bounds of water resource deficit for each sector under different scenarios
in period 2 (10* m3/year).

Scenarios
Regions
S Sectors h=1 he2 h=3
k=1 303~337 140~252 140~235
Four Districts k=2 3725~4035 3725~4035 0~4035
k=3 8~58 0 0
k=1 4045~4203 3524~4043 3182~4043
Lvshunkou k=2 1526~3529 376~3529 0~3529
k=3 230~320 0 0
k=1 10,296~10,377 10,125~10,377 9977~10,318
Jinpu k=2 1548~3553 0~3553 0~3553
k=3 1950~3000 1022~1317 0~340
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Table 4. Cont.
Scenarios
Regions
S Sectors ho1 he2 h=3
k=1 3200~3567 2320~3523 2262~3523
Wafangdian k=2 1436~1542 0~1542 0
k=3 3911~4361 0 0
k=1 1891~1909 794~1748 0
Pulandian k=2 1247~2284 0~2284 0
k=3 3733~5332 1413~2779 0
k=1 11,886~15,873 382~3619 0~3619
Zhuanghe k=2 4014~6063 0~6063 0
k=3 1202~4537 0~141 0

Table 5. Upper and lower bounds of water resource deficit for each sector under different scenarios

in period 3 (10* m3/year).

Scenarios
Regions
S Sectors h=1 he2 h=3
k=1 333~364 199~302 170~265
Four Districts k=2 4035~5045 0~5045 0~5045
k=3 13~61 0 0
k=1 4160~4280 3756~4079 3492~4079
Lvshunkou k=2 2057~4060 270~4060 0~4060
k=3 156~245 0 0
k=1 10,420~10,430 10,337~10,492 10,221~10,464
Jinpu k=2 885~2087 0~2087 0~2087
k=3 1453~2833 732~1160 0~364
k=1 3601~3843 3098~3843 2533~3713
Wafangdian k=2 1649~1754 0~1754 0
k=3 3628~4178 0 0
k=1 2090~2107 1965~2107 0
Pulandian k=2 1020~2627 1020~2627 0
k=3 4844~5651 1064~4139 0
k=1 11,852~12,879 626~4879 0~4879
Zhuanghe k=2 4927~6975 0~6975 0
k=3 1412~4028 0 0

4.2. Analysis of Ecological Value Factors

4.2.1. Analysis of Water Distribution in the Ecological Environment Department

Table 6 lists the initial water use scenarios for ecological environment sector of the
administrative districts in Dalian. It was observed that the water consumption of the
environment sector in each planning period gradually increased. Region Pulandian had
the largest environmental water consumption, which was 3581.54 x 10%, 3787.75 x 10%,
and 3888.45 x 10* m3/year in the three periods, and the environmental water consumption
increased each year. The first reason for this may be the increasing importance of the
protection of the water environment, and the second may be the increasing benefits received
by the ecological environment sector, which has prompted more water resources to be
allocated to the ecological environment sector.
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Table 6. The initial optimal allocation of water resources for ecological environment sector in Dalian
(10* m3/ year).

Periods
Regions

t=1 t=2 t=3
Four Districts 71 93 111
Lvshunkou 263 273 296
Jinpu 1688 1730 1761
Wafangdian 2542 2576 2606
Pulandian 3582 3788 3888
Zhuanghe 2926 2941 2952

Figure 6 shows the amount of water reused by the ecological environment sector.
As shown in the figure, over time, the reused water quota gradually increased. For ex-
ample, in region Pulandian, the amount of water reused was 336.73 x 10%~398.94 x 10%,
361.97 x 10*~427.80 x 10%, and 408.96 x 10*~483.08 x 10* m3/year in the three peri-
ods. The ecological environment sector had increasing benefits from water use and a
high water demand; therefore, after all sectors reach the minimum water requirements,
priority should be given to the allocation of more reused water to the ecological envi-
ronment sector. Regions Four Districts and Lvshunkou showed relatively low water
reuse. In region Four Districts, the amount of water reused was 57.92 x 10%~71.21 x 10%,
82.37 x 10*~105.93 x 10*, and 93.05 x 10*~119.88 x 10* m?®/year during the three periods.
This may be due to the relatively low river runoff in regions Four Districts and Lvshunkou.
In region Jinpu, there was a very small difference between periods 2 and 3 in the amount of
reused water; 299.06 x 104~396.30 x 10* and 301.81 x 10*~404.97 x 10* m3/year, respec-
tively. The reason may be that during period 2 in region Jinpu, the amount of water reused
was sufficient to meet the water requirements, and excessive allocation caused water waste.

=
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Figure 6. Reused water resource allocations for environment.

Tables 7-9 list the upper and lower bounds of water resource deficit for the ecolog-
ical environment sector under different scenarios. As observed from the table, as the
water resources increased, the amount of water shortages in the ecological environment
sector decreased. For example, during period 1 in region Zhuanghe, the water deficits
under different scenarios were 1415.75 x 10*~1753.54 x 10%, 384.57 x 10*~1753.34 x 104,
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and 0.00~153.54 x 10* m3/year. Under the high water resources scenario, except for region
Pulandian, the water shortage of the ecological environment sector was 0, and the water
shortage of the ecological environment sector in regions Four Districts and Lvshunkou were
0 under all water resource scenarios. This is because the quality of the water environment
is closely related to the profitability of other sectors and ensuring the water consumption of
the ecological environment sector is the basic prerequisite for economic development and
the improvement of the quality of human life. This is in line with the objectives of China’s
14th Five-Year Plan, which states that “we will adhere to the priority of ecology, promote
ecological protection and economic development in a concerted manner, and create a
beautiful China where people and nature live in harmony”.

Table 7. Upper and lower bounds of water resource deficit for ecological environment sector under
different scenarios in period 1.

Scenarios
Regions

h=1 h=2 h=3

Four Districts 0 0 0

Lvshunkou 0 0 0

Jinpu 47~457 0~457 0

Wafangdian 657~734 0 0
Pulandian 1416~1754 385~1753 0~154

Zhuanghe 650~1521 0 0

Table 8. Upper and lower bounds of water resource deficit for ecological environment sector under
different scenarios in period 2.

Scenarios
Regions
h=1 h=2 h=3

Four Districts 0 0 0

Lvshunkou 0 0 0

Jinpu 89~492 0~492 0

Wafangdian 693~768 0 0
Pulandian 1616~1950 428~1950 0~1950

Zhuanghe 651~1514 0 0

Table 9. Upper and lower bounds of water resource deficit for ecological environment sector under
different scenarios in period 3.

Scenarios
Regions
h=1 h=2 h=3

Four Districts 0 0 0

Lvshunkou 0 0 0

Jinpu 203~600 0~600 0

Wafangdian 843~916 0 0
Pulandian 1764~2090 681~2090 0~2090

Zhuanghe 785~1634 0 0

4.2.2. Analysis of the Missing Area of the Aquatic Ecosystem

The regulation service value created by aquatic ecosystems has a great relationship
with the area of various types of aquatic ecosystems. The lack of ecosystem area indicates
the damage of the ecosystem and the lack of ecosystem value, which is not conducive to
the development of the society and economy. Figures 7 and 8 show the area of water loss
in the ecosystem (various wetlands and rivers) during the three periods. It was observed
that the loss of ecosystem area gradually decreased over time, and the loss of some rivers
reached 0. For example, the area of marsh wetland loss was 55.69 x 10%~59.96 x 10%,
37.04 x 10*~44.11 x 10%, and 20.08 x 10*~30.24 x 10* m? in the three periods, respectively.
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In rivers 7 and 14, the amount of river area missing is 0 in the three periods. There is
no increase in the area loss over time, because the amount of water used to maintain the

normal development and relative stability of the aquatic ecosystem continued to increase,
which reduced the area loss.
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Figure 8. Loss of water ecosystem (river) area (10* m2).

4.2.3. Analysis of the Value of Ecological Regulation Services

The optimal allocation model of water resources coupled with ecological value factors
takes profit maximization as the objective function. The projected profit primarily includes
the use of water resources and the regulation service value of the water ecosystem. The av-
erage annual ecological regulation service value of the three periods is shown in Figure 9.
After the implementation of the optimal allocation of water resources, the overall value of
Dalian’s water ecosystem regulation services was on the rise, from 980,900 x 10* CNY in
period 1 to 999,700 x 10* CNY in period 3. The values of the four types of indicators all
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grew steadily, with the highest proportion being the hydrological regulation value, which
increased from 959,400 x 10* CNY in period 1 to 972,100 x 10%* CNY in period 3. This may
be due to the gradual increase in the amount of water resources available for the ecological
environment sector, the basic functions of the ecosystem are safeguarded and show a trend
towards gradual improvement. Water ecosystems are creating more and more value and
are in better environmental condition.

Figure 9. Ecological regulation service value (10* CNY/ year).

4.3. Analysis of Regional Pollutant Emissions

Figures 10-12 show COD, NH3-N, and T, emissions from the industrial, municipal,
and agricultural sectors, respectively. The discharge of pollutants does not exceed the
maximum permissible discharge concentration of pollutants in freshwater waters of “the
Liaoning Provincial Water Pollutant Discharge Standards for Coastal Areas”, in addition,
the discharge of various pollutants does not exceed the regional water environment capacity.
Under the condition of implementing the optimal water resource allocation scheme coupled
with ecological value factors, the emission of all kinds of pollutants in all sectors presented
a downward trend over time. For the industrial sector, in region Wafangdian, the COD
emissions were 502.10, 464.10, and 367.45 tons/year, NH3-N emissions were 78.48, 71.4,
and 54.6 tons/year, and Ty, emissions were 37.10, 33.56, and 26.17 tons/year in the three
periods, respectively. For the municipal sector, COD emissions were: 1888.43, 1745.54,
and 1382.01 tons/year, NH3-N emissions were 254.43, 231.49, and 177.00 tons/year, and Tp
emissions were 54.27, 49.10, and 38.29 tons/year in the three periods, respectively. For the
agriculture sector, COD emissions were 14,549.27, 13,448.37, and 10,647.61 tons/year,
NH3-N emissions were 1217.00, 1107.25, and 846.64 tons/year, and Tp emissions were
326.32,295.21, and 230.23 tons/year in the three periods. This is in line with the objectives
of China’s 14th Five-Year Plan, which states that “by 2035, the total emissions of major
pollutants will continue to be reduced, the efficiency of resource use will be significantly
improved, and the first demonstration zone of a beautiful China will be basically built”.
However, T, emissions increased slightly in some areas. For example, in region Four
Districts, T, emissions of the municipal sector were 458.09, 470.13, and 504.49 tons/year
in the three periods, respectively. This may be because the domestic sewage collection
and centralized treatment system were not perfect. Therefore, improving the domestic
sewage centralized collection and treatment system will not only reduce the discharge
of pollutants but also solve the water shortage problem. In regions Four Districts and
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Lvshunkou with high population density, the pollutants were mainly from the municipal
sector, while the pollutants from the agricultural sector were relatively high in other regions.
In some regions, the industrial sector consumed more water than the agricultural sector,
but the sewage discharge was lower, which may be because the industrial sewage collection
and treatment network is relatively perfect, and the sewage is generally discharged or

reused after treatment.

Figure 10. Chemical oxygen demand (COD) emissions of various sectors: (a) industry; (b) municipal;

(c) agriculture (tons/year).
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Figure 12. T;, emissions of various sectors: (a) industry; (b) municipal; (c) agriculture (tons/year).
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5. Conclusions

This study established an inexact two-stage stochastic programming (ITSP) model
of optimal allocation of water resources that couples water ecological value factors under
uncertain conditions. This model is mainly to forecast and optimize the long-term prospects
of Dalian, which is a typical water shortage in China. By integrating IPP and TSP meth-
ods, the model can manage uncertainties in interval values and probability distributions.
By solving the ITSP model, on the premise of protecting the ecological value, the optimal
allocation of water resources under different conditions to different water sectors and three
periods was determined. In addition, data were also obtained on the lack of an aquatic
ecosystem acreage, value of ecosystem service and the discharge of major water pollutants
in various administrative regions. These results are constrained by the available water
resources and provide the basis for the optimize the allocation of water resources and
water quality management in Dalian. In addition, optimal allocation of water resources can
improve the discharge of water pollutants in various administrative regions. The model
results can be used to guide various departments in Dalian to formulate an optimal water
resources allocation scheme by considering ecological value factors. The study findings
provide the basis and support for Dalian to achieve the social and economic development
goals, use water resources efficiently, and improve ecosystem quality through the optimized
allocation of water resources.

The purpose of this research was to establish an ITSP model to create a water re-
sources management system in Dalian that combines ecological value factors with the
optimal allocation of water resources, so as to realize the coordinated development of
social economic benefits and ecological benefits, and conducive to the synergistic effi-
ciency of socio-economic and ecological water consumption, and it can also be applied to
other regions with water shortages. Although the ITSP model can provide optimal preset
schedules and adjustments under different scenarios, it cannot measure decision-making
risks, nor does it assess the impact of different water sources and climate change on the
availability of water resources. Therefore, there is still considerable room for improvement.
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