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Abstract

An inexact two-stage stochastic programing model was applied to sustainable
utilization of water resource under uncertainty in Dalian city. The developed model,
integrated the two-stage stochastic programing and inexact optimization, could deal with
uncertain problems expressed as probability distributions and discrete intervals. After
formulating the model, a hypothetical case based on the comprehensive planning of
sustainable utilization of water resource in Dalian city was employed for demonstrating
its application in the three different planning year, which was 2015, 2020, 2030. The
optimal allocation of water resource with maximized system benefit among different users
had been obtained. The result indicated that different water allocation schemes and water
deficits with varying net system benefits would be hold in response to different streamflow
levels. In a word, The ITSP model provided significant decision support that adjusted to
the existing schemes of water allocation within a complex water resource system under
uncertainty for water managers.
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1. Introduction

Over several decades, the main challenges in the domain of water resources
management are resolving the varying levels of water shortage and deterioration of water
quality caused by growing population, developing economic[l]. Worldwide, it is
estimated that 768 million people remain without access to improving source of water
and the number of people whose rights to water are not satisfied could reach up to 3.5
billion [2]. Besides, the uneven distribution of water resources in time and space scale
exacerbated the water shortage problems[3]. To address these difficulties, effective
management with environmental benefits and sound economic are expected to optimize
the allocation of water resource.

Many stochastic optimization theories have been put forward to tackle with uncertain
problems in the management of water resource system [4-9]. Two-stage stochastic
programming (TSP) was considered as one of efficient methods that could deal with
randomness. Wang and Adams (1986) proposed a framework of two-stage programming
in response to the optimization of reservoir operation [10]. Edirisinghe and Ziemba (1994)
proposed lower and upper bounds within two-stage stochastic linear programming (TSLP)
through limited moment information[11]. Barik et al. (2014) developed a two-stage
stochastic linear programming model considering some parameters as multi-choice
parameters and others as exponential random variables[12].

However, there are some limitations in its application though TSP provided reasonable
solutions for solving water allocation problems [13]. For example, TSP can handle
uncertain problems presented as probability density functions (PDFs) and account for
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economic “penalties” with recourse against infeasibility, but it is hard to deal with
uncertain coefficients in constraints’ left side. In addition, as the data for producing PDFs
are always insufficient, probabilistic specifications for parameters under uncertainty could
not be very realistic in many practical problems[14].So how to define the PDFs and
degree of confidence level that closer to the objective world will need to be further
studied [15]. To deal with these uncertain problems with the TSP method, the inexact two-
stage stochastic programming (ITSP) model has already attracted widespread attentions
over the past decades [16-19]. Huang and Loucks (2000) proposed the ITSP framework
and applied the model to uncertain problem of water resources management[16]. Luo et
al. (2003) developed an inexact two-stage stochastic nonlinear programming (ITSNP)
model through water trading with great uncertainties[20]. The ITSP method, integrated
the TSP and interval parameter programming (IPP), has two obvious characteristics: a)
could deal with uncertainties expressed as probability distributions and discrete intervals,
b) when the uncertain problems are resolved and random variables are known, the second
stage decision can be undertaken to minimize “recourse cost” that may generate because
of infeasibility[21].

2. Modeling Formulation

As the total water available has the feature of randomness, the problems that water
managers concerned could be specialized by a two-stage stochastic programming (TSP)
model[16]:

m m
B :zNBlTL —E[z CiDiQ ) (Oa)
i=1 i=1
m
st Q2 ) (T - Dyg) (Ob)
i=1
Timax = Ti = DiQ >0, i=12,...,m (Oc)

where:
f Net system benefit
i Water user
m Total number of water users
T; Allocation target for water resource promised to user i
NB; Net benefit to user i per unit of water allocated
C; Recourse cost to user i per unit of water allocation not delivered(C; = NB;)
D;q Deficits by which water-allocation target T; is not met when the streamflow is Q
E(x) Expectation of a random variable
Q Total available water with randomness
Timax Target of maximum allowable water-allocation for user i
In order to solve the problems with the linear programming (LP) method, the
distribution of random variable Q should be expressed by a discrete function
approximatively. Let Q take the value q; with probability pp( h=1,2,...,n), then we get:

m m n
E [z CiDig| = Z C; X Z PrDin (D
i=1 i=1 h=1

Therefore, the model (1) could be transformed into:

m m n
maxf = ZNBLTL —ZCiZPhDih (23,)
i=1 i=1 h=1
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m

St an= ) (Ti=Dy),  Vih (2b)
i=1

Timax 2Ty 2 Dip 2 0, Vi, h (20)

where Dy, is the water deficit by which fixed allowable water-allocation target T; is not
satisfied when the streamflow is q, with probability p,. The above model can reflect
uncertainty in the process of water availability. But the related economic data and water-
allocation targets are rarely available as reliable probability distributions or deterministic
values. As a consequence, interval variables and parameters are integrated into the TSP
framework to handle uncertain problems by introducing T;*, NB;*, and C* into the
analysis and calculating process. So it lead to a hybrid inexact two-stage stochastic
programming model [16,22] generated as follows:

m m n

max f+ = Z:NBiiTii — thCiiDﬁl (3a)
i=1 i=1h=1
m

s.tqif > Z(Tii - D), Vvh (3b)
i=1

T =2TE=D5 >0, Vih (3¢)

where Ti*, Timac» NB;*, pn*, Ci*and Dy," are interval variables or parameters. As three
different planning year are considered, the model (4) would be reformulated as:

m m n

max f* = " NB* Ty = ) > puCED, (4a)
i=1 i=1h=1
m

s.togif > Z(Tl% -Dit,), Vht (4b)
i=1

Titnax 2Tk =Dk, =20, Vi ht (4c)

where Ti*, Timac» NBi*, p*, Ci*and Dy," are interval variables or parameters. As three
different planning year are considered, the model (4) would be reformulated as:where t is
the planning year.

Let T;" and T be the upper and lower bound of T;*, and then we have T;* = [Ty, Ti'].
While the values of T;" are known, the model (5) could be converted to two sets of sub-
models, which are corresponded to the lower and upper bound of the objective function
value[23].Based on interactive algorithm, the transformation process, which is quite
different from traditional best/worst case analysis, could provide a solution of stable
intervals for both the decision variable and desired objective function. It is clearly
interpreted for how to generate decision alternatives. The concrete steps of transformation
process are as followed.

Let T have a deterministic value of Ty +AT,y;, where AT;=T; - Ty and 0<y;<l.
Model (5) can be rewritten as:

m m n

max f* = z NB; (T + ATy yie) — z z prCiiDE, (6a)
i=1 i=1 h=1
m

st oqp = Z(Tiz + ATy yie — Dif), VAt (6b)
i=1
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T  =Ti;+ATyy, =DE >0,  Viht (6¢)

itmax =

0<y;:<1 Vit (6d)
To put all of decision variables on the left-hand side of constraints, the model (6b) and
(6¢) could be rewritten as follows:

m
Z(ATit)’it - Dihti) < CIhi - z Ty, Vh,t (7a)
i=1 i=1

ATyeYie < Timax = Titr Virt (7b)
Djpe = ATuyie < Ty,  Viht (7c)
Di, =0, Viht (7d)

The upper bound of the corresponding obj ective function as follows:

fr= z NBLt+(TLt + ATy yie) — Z Z phczt int (®)

i=1h=

Based on (7) and (8), high benefit are obtalned provided that water demand could be
satisfied when Tj" reach their upper bounds, and meanwhile they may have to pay high
penalties if the promised water is not allocated to water users as scheduled. Conversely,
when T, approach the lower bounds, lower benefit could be obtained with lower risk if
against the promised target. So it is often hard to identify whether T or T; would be c-
orresponded to the upper bound of the desired objective function.

Therefore, if T;" are regarded as input parameters under uncertainty, the methods to
solve problems of the inexact linear stochastic programming could be not directly used. In
this paper, the optimized set of target values would be gained by introducing decision
variable y; into model (6). Thus the optimized set will be corresponded to the uppermost
bound of net benefit When uncertainty exist in the constraints’ right-hand side, the sub-
model that correspond to f* should be related to upper bound of the right-hand side. Thus,
the sub-models for f" are as followed:

m m n
max fif = ) NBi* (Tig + 0Tuvie) = ). ) puCie D 92)
=1 =1 h=1
m
Z(ATitYit —Dine ) <qp* — z T, Vh,t (9b)
i=1 i=1
ATltylt ltmax Ti;' Vh! t (90)
Dipe — ATy yie < Ty, Vi h,t (9d)
Di, 20, Viht 9¢)
0O<y,<1, Vit (9f)

Solution of model (9) provides the highest system benefit, which considered
uncertainty in the inputs of allowable water-allocation targets. Let Djnop and yiwope be
solutions of the model (9). So the optimized targets of allowable water-allocation are as
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followed:

T_

itopt — =Tyt + ATiyie, Vh,t (10)

Thus, we have the sub modes for f as follows:

m n
maxf = Z NB;: (Tlt + ATLtyltopt) z Z PrCit Dify (11a)
i=1 i=1 h=1
m m
s.t. Z(ATityitopt Dine ) =qn Z Tlt ’ Vh,t (1 lb)
i=1
Dihe — ATy Yitope < Ty Vi ht (1lc)
Dlht = Dlhtoth Vi, h' t (1 ld)

The sub-models (9) and (11) are deterministic linear stochastic programming
problems. The solutions for model (6) under the optimized targets of allowable water
allocation as follows:

ftopt [ftopt’ftopt] (12a)

Dlhtopt [Dlhtopt' Dlhtopt] vi, h' t (12b)

where foh,r and Dip oy, are solutions of sub-model (9), and f,, and D;;wpt are solutions of
(11). Therefore, the optimal scheme of water allocation is:

+ .
Al_htopt = Tz?opt Dintopt: Vi, h,t (13)

3. Case Study

3.1 Overview of the Study System

The following study case will be used to illustrate reliability and applicability within
the TISP method. Dalian (38°43'~40°10'N,120°58'~123°31'E) , located at the
southernmost tip of the Liaodong Peninsula, is an important port city of Liaoning.
Associated with a warm temperate continental monsoon climate with a maritime feature,
Dalian’s annual average temperature is 10.5°C and annual average precipitation is from
600 to 800 mm. The amount of water per capita in Dalian which is less than 1/4 that of
domestic is 493 m’. It is one of the cities that suffer severe water shortage problems in
China. There are two major river systems in Dalian including Yellow sea basin and Bohai
sea basin. Among them, Biliu River which is the largest river in Dalian city is a water
source of urban inter-basin diversion. Currently the level of the exploitation and
utilization of the water resources within six major rivers is very high.

In this case study, an amount of information regarding water resource demands and
economic data should be identified firstly, then input to the water resource allocation
model. However, parameter uncertainties exist in the system. Thus it is better to be
expressed as interval parameters. Table 1 shows the related water availability and
economic date of Dalian. Table 2 presents the probability distributions of the annual
inflows. Let i=1, 2, 3 for municipal, agricultural and industrial sector respectively. Let h=1
for “streamflow level is low”, h=2 for “streamflow level is low-medium”, h=3 for
“streamflow level is medium”, h=4 for “streamflow level is medium-high” and h=5 for
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“streamflow level is high”. The planning time horizon is 15 years. It is further divided to
three different planning year, which t=1, 2, 3 is 2015, 2020, 2030 respectively. Note that,
the data are estimated in terms of the Dalian sustainable development planning and
statistical yearbooks.

Table 1. Water Resources and the Related Economic Data

Maximum
Ximu Net benefit when Recourse cost
allowable

Planning Water allocation . water demand is  when water is not
. ser 4+, 4 3 allocation _ + _ .
period target(T;;)/10"m satisfied(NB;;) delivered(Cj;)

(Titmax /Yuan/m’ /Yuan/m’
/1081’113 uan/m uan/m
i=1  [28106,29456] 3 [3.5,4.0] [4.2,4.8]
t=1 i=2  [47905,54388] 6 [0.4,0.5] [0.5,0.6]
i=3  [38780,48404] 5 [588,625] [705.6,750]
i=1  [36651,38283] 4 [5.0,5.5] [7,7.7]
t=2 =2 [47664,55129] 6 [0.5,0.7] [0.7,1]
=3 [51554,64118] 7 [625,666.7] [875,933.4]
i=1  [51001,52995] 6 [6.5,7] [10.4,11.2]
t=3 i=2  [47084,58288] 6 [0.7,0.9] [1.1,1.4]
i=3  [89385,109155] 11 [666.7,706.7] [1066.7,1130.7]

Table 2. Description of Streamflow Distribution

Seasonal ﬂow(q%)/ 10'm®  Probability(py,)

Low (h=1) [84715,104922] 5%
Low-medium (h=2) [104922,197000] 20%
Medium (h=3) [197000,283910] 25%
Medium-high (h=4) [283910,425865] 30%
High (h=5) [425865,505237] 20%

3.2. Result Analysis

The constrained optimization problems would be solved by the Lingo solver with the
modeling language. Table 3 shows the optimal allowable water-allocation targets for each
water user with the ITSP model. It is indicated that all of the optimal targets would reach
the upper bounds which are presented in Table 1. In detail, when the water availability is

low (h=1), water deficit for each user with different planning year is D%llopf [0, 17686],
D3120pe= [52608, 551291, Dij3,5r = 52995, D3130p:=58288, D3j30p:= [4233, 24440]
respectively, while that for the others is zero. It can be found that agricultural sector
would be faced with the threat of water deficit firstly (Figure 1). The industrial sector is
guaranteed because of its considerable benefit and high penalty. Moreover, as the
development of socioeconomic promotes water demands for each user, the water shortage
would increase from 2015 to 2030. For instance, water shortage for users 1 and 2 are
equal to their water-allocation targets in 2030, whereas user 3’s water deficit is less than
water demand. Therefore, the amount of water allocation ( Ai_rnopt:A;_rnopt»A;ﬂz opt ) for
municipality and industry equal the total available water (Figure 2). When water
availability is [104922, 197000] 10*m’, water demand of municipality and industry should
be satisfied firstly. From table 3, A3,;,,,= [27062, 54388], A3,5,,:= [2521, 55129],
Alyzope = [0, 529951, A35305:= [0, 348501, A355,,, = [104922, 109155], while others
have reached their upper bounds of water allocation. This implies that water demand of
municipality and industry would be satisfied, and then the excess water could be assigned
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to agricultural sector in 2020. Due to insufficient water and increasing demand in 2030,
three users would be faced with different degrees of water shortage. When water
availability reaches [197000, 283910] 10*m’, most of water demand could be satisfied
except for user 2 in 2030. Under this circumstance, the priority of water allocation
belongs to municipal, agricultural and then agricultural sector if applicable.

The net system benefits under optimized allowable water-allocation targets in three
different planning year (Figure 3) are obtained. Extremely high net system benefits will be
acquired under these water-allocation targets. The uncertainties result in wide intervals
between the lower and upper bound of ft%pt. The results of fio,, and fi5,, offer two
extreme values of the net system benefit in the different planning year. Since the
parameters and variables fluctuate between upper and lower bounds, the net system
benefits would change between ftht and ft;pt correspondingly. The solutions when all
Ti%ropt come to the upper bounds of Ty represent that the authority is optimistic about
water availability. In addition, both of the net system benefit and recourse cost will
increase from 2015 to 2030. For instance, the net system benefit would be [2858, 3040],
[4027, 4299], and [7064, 7730] 10*Yuan from 2015 to 2030 in Dalian, respectively. Thus,
an optimistic policy would bring a higher net system benefit to each user meanwhile it
may undertake a higher water shortage risk. Conversely, corresponding to conservative
policy, a lower net system benefit will be obtained accompanied by a lower risk of water
shortage as well as potential waste of water resource.

Table 3. Solution Under Optimized Water-Allocation Targets

i=1 i=2 i=3
Target(Ti%Opt)/ 10*m’
t=1 29456 54388 48404
t=2 38283 55129 64118
t=3 52995 58288 109155
Deficits(D ) /10'm’
h=1 0 [27326,47533] 0
h=2 0 [0,27326] 0
t=1 h=3 0 0 0
h=4 0 0 0
h=5 0 0 0
h=1 [0,17686] [52608,55129] 0
h=2 0 [0,52608] 0
t=2 h=3 0 0 0
h=4 0 0 0
h=5 0 0 0
h=1 52995 58288 [4233,24440]
h=2 [0,52995] [23438,58288] [0,4233]
t=3 h=3 0 [0,23438] 0
h=4 0 0 0
h=5 0 0 0
Allocation(A;—;ltopt) /10'm’
h=1 29456 [6855,27062] 58404
h=2 29456 [27062, 54388] 58404
t=1 h=3 29456 54388 58404
h=4 29456 54388 58404
h=5 29456 54388 58404
=2 h=1 [20597, 38283] [0,2521] 64118
h=2 38283 [2521, 55129] 64118
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h=3 38283 55129 64118
h=4 38283 55129 64118
h=5 38283 55129 64118
h=1 0 0 [84715,104922]
h=2 [0, 52995] [0,34850] [104922, 109155]
t=3 h=3 52995 [34850, 58288] 109155
h=4 52995 58288 109155
h=5 52995 58288 109155
Objective(f;5,,)/10*Yuan
t=1 [2858,3040]
t=2 [4027,4299]
t=3 [7064,7730]
(a) =1
50000
45000
= 40000
% 35000
T 30000
§J25000
£ 20000
5 15000
= 10000
5000
0 h=1 h=2 h=3 h=4 h=5 hl h=2 h=3 h=4 h=5|h=1 h=2 h=3 h=4 h=5
wawgs Jlower bound  —&—upper bound
(b) =2
60000
- 50000
% 40000
gzoooo
? 20000
=
= 10000
0
h=1 h=2 h=3 h=4 h=5|h=1 h=2 h=3 h=4 h=5|h=1 h=2 h=3 h=4 h=5

waws lower bound  —&—upper bound

(c) =3

waler shortage/10'm?

wanes Jlower bound  —&— upper bound

Figure 1. Water Allocation Deficits for Different Sector in the Three Different
Planning Year
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Figure 2. Optimal Water-Allocation Schemes for Different Sector in the Three
Different Planning Year
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Figure 3. Net System Benefits in the Three Different Planning Year

4. Conclusion

In this paper, an inexact two-stage stochastic programming model was applied to
sustainable utilization of water resource under uncertainty in Dalian city. The developed
model, integrated the two-stage stochastic programing and inexact optimization, could
deal with uncertain problems expressed as probability distributions and discrete intervals.
The method provides an effective solution between conflicting system benefits and related
recourse cost attributed to violating the pre-defined economic policy. In addition, the
model that transformed into two deterministic optimized sub-models, which are
corresponded to the upper and lower bound of the desired objective-function values, could
obtain the interval solutions. By applied the model to a representative case of water
allocation in the Dalian city in China, three water users, three different planning years
were considered in the optimization model. The result indicated that different water
allocation schemes and water deficits with varying net system benefits would be hold in
response to different streamflow levels. However, these are still some deficiencies that
limit the proposed model. In detail, the maximum net system benefit was the only factor
to be considered in the objective function. The risk of model reliability and feasibility
were not taken into account. The limitation could lead to unbalanced allocation pattern
and reduce system stability. More developed methods, such as Monte Carlo inexact two-
stage stochastic model, fuzzy-incredibility constrained two-stage stochastic model and
hybrid approaches should be incorporated to obtain improving applicability. What’s more,
only three water user sectors were considered in this study. This may not reflect the
overall water demand situation of Dalian city. So the integration of such features into the
model would be the future topic that deserve to be researched.
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