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Abstract: In realistic water resource planning, fuzzy constraints can be violated but still allowed
to certain acceptance degrees. To address this issue, in this study, a bi-objective pseudo-interval
type 2 (T2) linear programming approach with a ranking order relation between the intervals is
proposed for water system allocation. This developed approach can transform normal T2 fuzzy
sets, including both trapezoidal and triangular types, into the bi-objective linear programming
approach solved with the proposed algorithm with mathematical rigor, which improves the flexibility
of the decision supports. The new model is applied in the utilization of regional water resource
management in Xiamen city, China. Concurrently, a local water system model is established by
considering the aspects of industrial, agricultural, and municipal requirements. Thus, by analysis of
the solution algorithm, decision-makers can obtain different optimal results by selecting different
acceptance degrees. The results also demonstrate the superiority of the proposed method. Therefore,
this approach not only augments the theory of the optimal allocation method in water resource
management, but also provides the support for meeting the requirements of the 13th five-year plan
for Xiamen ecological planning.

Keywords: bi-objective; T2 fuzzy sets; linear programming; order relation; uncertainty

1. Introduction

With the rapid development of the social economy and high growth of the world population,
a shortage in water resources is unavoidable. Therefore, it is necessary to rationally allocate water
resources and make full use of the limited resources [1–4]. However, in the process of water resource
management, there are numerous environmental, social, and economic factors and other uncertain
information parameters, which introduce unpredictable uncertainties in the management of water
resources [5,6]. Concurrently, there are mutual constraints between the uncertain social economic and
environmental factors in the water resource allocation system. These mutual constraints make the
process continuous but variant in the water resource management system [7]. Analyzing the effect of
each factor in the water management model on the system and determining its degree of impact can
provide a decision-making basis for water resource managers [8]. Therefore, rational optimization of
water resource management should consider the uncertainties posed by these other factors.

In this area, numerous optimization research studies have been performed to meet the demands
of socio-economic development. In the 1940s, researchers began to use optimization methods to solve
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the problem of reservoir scheduling. Early studies mainly used system analysis methods for achieving
a reasonable allocation of water resources [9]. However, there is uncertainty in the spatial and temporal
changes in the water supply and their relationship, so that the required water allocation patterns can
change over different periods. In more recent years, many studies on the uncertain algorithms for
water resource systems have been proposed to deal with such uncertainties existing in the process of
decision-making [10–15]. For example, an actual water resource management will include meeting the
administrative needs, economic needs, security guarantees, and humanistic needs. These demands
are typically subject to various interventions, and thus, there are large fluctuations within a certain
range in the usage patterns. These uncertain factors are typically expressed as linguistic factors and
dynamic processes. Thus, the coefficients in the water system models are generally shown as fuzzy,
interval, and/or stochastic uncertainties [16]. Although conventional optimal methods have seemed to
be effective for water planning in the past, they still have some limitations and are unable to satisfy
their complex social needs. Concurrently, both the environmental regulations and economic needs
for water usage usually require the orientation of each respective need individually. The efforts for
the maximization of the economic profit may be at the cost of environmental policies. For example,
industries need to consider wastewater treatment requirements when they use a certain amount of
water sources. This problem often involves multiple conflicting objectives, for which there exists no
feasible solution that simultaneously optimizes all the objectives [17]. Therefore, the decision-makers
(DMs) have to completely understand the factors that are traded-off before making the decisions.
Thus, with formal optimal methods it is impossible to improve the value of the objective without the
dissatisfaction of other constraints [18,19]. Consequently, the bi-objective linear program (BOLP) was
developed for satisfying the multiple objective demands in system engineering problems. For example,
Naderi and Psihvaee [20] introduced a bi-objective robust optimization approach for adjusting the level
of reliability for municipal water supply system redesign and rehabilitation problem. Their solutions
indicated that neglecting uncertainty can significantly increase the system cost and lead to unsatisfied
demands. Irawan et al. [21] proposed a bi-objective optimization programming approach to deal
with the conflicting objectives of installation and scheduling on an offshore wind farm. The proposed
model was employed to determine the optimal installation schedule considering several constraints
such as weather conditions and availability of vessels. The solutions of the bi-objective programming,
involving two objectives—namely, minimization of both the total installation cost and total completion
period—yielded good results within a reasonable computing time. Belmonte et al. [22] developed a
bi-objective mixed-integer linear programming approach, with profit and carbon sequestration serving
as the objective functions. The optimal results of the bi-integer approach in which the system-prescribed
limits for the contaminants were calculated and met the requirements.

Although BOLP has a one-sided advantage of solving such problems with conflicting objectives,
its single framework cannot entirely handle the uncertain coefficients present in the allocation
process [23]. BOLP is incapable of mimicking the distribution of water resources under conditions such
as floods, droughts, and other catastrophic situations. It also cannot determine the degree of effect
of various uncertain factors on the water resource system. Moreover, water resource management is
an uncertain, complex, and dynamic process. The existing BOLP model cannot reflect the degree of
satisfaction of an objective function and the feasibility of the constraints. Therefore, comprehensive
analysis of the uncertainty impact on the water resource system by mathematical methods, coupling
with the development of uncertain coefficients—fuzzy or interval or stochastic—can effectively provide
DMs with a reasonable water management schedule for sustainable social development. Even if the
most basic water allocation system is employed, the seasonal fluctuations in the water resources will
cause the program to utilize the uncertainty algorithms for completing the data processing process.
For example, Vahdani [23] developed a bi-objective approach, which the embedded interval fuzzy
possibilities chance-constraint method for demonstrating the applicability of BOLP in uncertainty.
However, the solutions of the Vahdani method will generate numerous objective functions and
constraints in the model, so that it will be very difficult to solve and understand the method.
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There are numerous fuzzy linear programming methods for the communication of fuzzy sets
(FSs) under uncertainty, e.g., the interval fuzzy linear program [24], fully fuzzy linear program [25],
fuzzy bi-level linear program [26], fuzzy multi-level program [27], fuzzy multi-objective linear
program [28], and hesitant fuzzy mathematical program [29]. However, these methods either transfer
FSs into a crisp linear programming model or set excessive constraints or objective functions. Such
changes can easily cause distortion or a loss of generality along with a significant increase in the
workforce cost. To better solve these issues present in the uncertain linear program, the motivation of
this study is to develop a new algorithm applied with the type-2 (T2) fuzzy linear program. However,
in the area of water resource management, as an extension concept of FSs, the bi-objective interval T2
FS method is not reported either in the bi-objective program or fuzzy linear program. More essentially,
the new method will deliberate on the acceptance degrees at which the fuzzy constraints may be
violated, so that the results are accepted even when the constraints might be not satisfied under
realistic conditions.

Therefore, the purpose of this study is to newly attempt to investigate a novel bi-objective
interval T2 linear programming approach for a real case of water system allocation in Xiamen city
in China under multiple uncertainties. The developed model will integrate the interval T2 FS linear
programming and BOLP in an optimal framework. The novel model sufficiently reflects the acceptance
degree of the fuzzy constraints even if they are violated. It can enhance the flexibility of the process
of water allocation. In addition, the developed model can treat the higher levels of FSs in which the
traditional fuzzy linear program can easily cause significant distortion or loss of information during
the allocation process. The developed model can offer the DMs solutions when the fuzzy constraints
may sometimes not be satisfied in reality. Moreover, this new program combines the advantages of
the T2 FSs for making the decision process more accurate and detailed than the previous programs.
Overall, the advantages of the proposed model can be summarized as follows: (a) the bi-objective
interval T2 method is integrated into a previous fuzzy linear programming framework; (b) the fuzzy
ranking order relationship method can improve the process of conventional solution steps; (c) the
developed interval bi-objective T2 linear model is applied to Xiamen, where there is a shortage of city
water, for municipal water resource management. In this process, the wastewater treatment rates are
labeled, which is a concrete manifestation of meeting the requirements of the 13th five-year plan for
Xiamen ecological planning.

2. Methodology

In this section, the concepts of the interval fuzzy order relation, BOLP, T2 FS linear program,
and bi-objective pseudo-interval T2 linear program will be introduced for further convenience.

2.1. Order Relations for Interval Fuzzy Sets

In the framework of the fuzzy optimal linear model, Zadeh [30] defined a fuzzy relation between
coefficients a and b in the theory of FSs. Similarly, Huang [31] defined intervals a± = [a−, a+]
and b± = [b−, b+] with known a+, b+ upper and a−, b− lower bounds but unknown distribution
information. As in previous years, Hu et al. [32] proved the fuzzy partial-order relation between
the intervals. More recently, Dong et al. [33] developed fuzzy linear program re-coupled fuzzy and
intervals concepts. According to their theories, the membership degree of the fuzzy relation, a±x≤̃b±,
can be re-defined as follows:

Definition 1. Let a± denoting [a−, a+] and b± denoting [b−, b+] be two intervals. The premise, a±x≤̃b±, is
regarded as an FS. Accordingly, the membership degree of the upper boundary of the interval is defined as
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ϕ
(
a±x≤̃b±

)
=


1 a+ ≤ b−,
1≈ a− ≤ b− ≤ a+ ≤ b+, r(a±) ≥ 0,

b+−a+
2(r(b±)−r(a±) b− ≤ a− ≤ a+ ≤ b+, r(b±) ≥ r(a±),
0.5 r(a±) = r(b±), a− = b−,

(1)

where 1≈ is a fuzzy number less than one, reflecting the reality that interval a± is slightly smaller than
interval b±.

Similarly, the membership degree of the lower boundary of the interval, a±x≥̃b±, can be defined as

ϕ
(
a±x≥̃b±

)
=


0 a+ ≤ b−,
0≈ a− ≤ b− ≤ a+ ≤ b+, r(a±) ≥ 0,

b−−a−
2(r(b±)−r(a±) b− ≤ a− ≤ a+ ≤ b+, r(b±) ≥ r(a±),
0.5 r(a±) = r(b±), a− = b−,

(2)

where 0≈ is a fuzzy number larger than zero, which implies that interval a± is slightly larger than
interval b±.

Therefore, the above definition sets up the quantitative methods for obtaining a certainty degree
of membership for the intervals. Thus, the equivalent forms of the interval inequality relations are
introduced by satisfying fuzzy ranking index ϕ. Thus, the interval inequality relation can be defined
as follows:

Definition 2. A satisfactory crisp equivalent form of an upper boundary of the interval inequality relation
a±x≤̃b± is defined as

a+x ≤ b+ and ϕ
(
a±x≥̃b±

)
≤ λ (3)

where λ ∈ [0, 1] denotes the acceptance degree of the interval inequality constraint. It may have the possibility
to violate. Thereby, a satisfactory crisp equivalent form of the lower boundary of the interval inequality relation,
a±x≥̃b±, is defined as

a−x ≥ b− and ϕ
(
a±x≤̃b±

)
≤ λ (4)

Thus, according to the lower and upper membership functions, the interval relation, a±x ≤ b±,
has a certain acceptance degree of the violated interval relation, a±x ≥ b±, in Equations (3) and (4).
Thus, if acceptance degree λ = 0, the violated relation absolutely cannot be accepted. Concurrently,
if acceptance degree λ = 1, then it represents that interval relation a±x ≥ b± no longer be established.
Accordingly, when λ degree is larger than 0 but less than 1, the DMs allow the interval relation,
a±x ≥ b±, to exist with a certain degree of violation. Similarly, the same explanations can be applied
to interval relation a±x ≤ b±.

2.2. Bi-Objective Linear Program

According to the research by Ishibuchi and Tanaka [34], BOLP with interval functions can be
introduced as follows:

Definition 3. Let objective coefficient c±i = [c−i , c+i ] (i = 1, 2, . . . , m) be defined in intervals. Thus, linear
programming with an interval objective function can be formulated as

max z(x) =
m

∑
i=1

c±i xi (5a)

subject to
x = (x1, x2, . . . , xm)

T ∈ X (5b)
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Thus, from previous research, Equation (5) can be rewritten as BOLP as

max z(x) =
m

∑
i=1

c±i xi (6a)

max y(x) =
1
2

m

∑
i=1

(
c−i + c+i

)
xi (6b)

subject to
x = (x1, x2, . . . , xm)

T ∈ X (6c)

where X is a set of constraints, which variable x should satisfy the requirements of actual scenarios.

2.3. T2 Fuzzy Set and Its Order Relations

As an extension concept of FSs, the T2 FSs were introduced by Karnik and Mendel [35].
The membership function of the T2 FSs was embedded with an FS to answer the question of the
levels of uncertainty. Thus, T2 FSs for the right-hand coefficients have been defined as

Definition 4. (Uncertain parameter): Consider technological coefficient Ã of a linear program similar to the
interval T2 FS. The membership function, which represents the fuzzy space is:

Ã =
∫

x∈X

∫
u∈JX

µÃ(x, u)/(x, u) (7)

where JX denotes an interval in (0, 1) and
s

denotes the union over all admissible x and u.

Definition 5. (Crisp bounds of an α Ã): Consider left to right interval T2 FSs with certain membership functions
for both the upper and lower boundaries. Thus, α ÃL and α ÃR can be denoted as the left and right interval-valued
bounds of Equation (7), respectively. In addition, let bounds of αI

Ã be defined as the boundaries of the α-cuts of
the shapes of each left to right FS as

αI
ÃL =

[
inf

x
αµ

Ã
(a, u); inf

x
αµ

Ã
(a, u)

]
=
[

α ÃL+, α ÃL−
]

(8a)

α ÃR =
[
inf

x
αµ

Ã
(a, u); inf

x
αµ

Ã
(a, u)

]
=
[

α ÃR−, α ÃR+
]

(8b)

Thus, Equation (8) can be rewritten

α Ã =
[

α ÃL+, α ÃL−, α ÃR−, α ÃR+
]
. (9)

Definition 6. Let T2 FS Ã equate to (a1, a2, a3, a4) and B̃ equate to (b1, b2, b3, b4). Both of the coefficients
denote the interval T2 FSs. Then, according to the previous equation, the order relations between Ã and B̃ are
stipulated as

Ã ≥ B̃iff E(Ã)≥̃E(B̃) (10a)

Ã ≤ B̃iff E(Ã)≤̃E(B̃) (10b)

Ã = B̃iff E(Ã)=̃E(B̃) (10c)

where E(Ã) =
[

1
2 (a1 + a2), 1

2 (a3 + a4)
]
, E(B̃) =

[
1
2 (b1 + b2), 1

2 (b3 + b4)
]
.
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2.4. Pseudo-Interval T2 Fuzzy Sets Linear Program

Pseudo-Interval T2 FSs play a central role in the models for their engineering applications [36].
They are a distinct type of FSs that can be described by a trapezoidal shape. Figure 1 shows the
general interval T2 trapezoidal FSs. According to [37], the pseudo-interval T2 FS linear program can
be described as

max z = c̃x (11a)

subject to
Ãx ≤ b̃ (11b)

x ≥ 0 (11c)

where Ã = (ãij)m×n
is the technological coefficient matrix, b̃ = (b̃1, b̃2, . . . , b̃m)

T
is the resource

coefficient of the right hand side, c̃ = (c̃1, c̃2, . . . , c̃n) is the objective coefficient, and x = (x1, x2, . . . , xn)
T

is the decision variable coefficient. ãij = (aij1, aij2, aij3, aij4), c̃j = (cj1, cj2, cj3, cj4), and b̃i = (bi1, bi2,
bi3, bi4) (i = 1, 2, . . . , m; j = 1, 2, . . . , n) denote interval T2 FSs.
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Thus, the trapezoidal fuzzy linear program in Equation (11) can be rewritten as

max z = E(c̃)x (11)

subject to
E(Ã)x≤̃E(b̃) (12b)

x ≥ 0 (12c)

where E(c̃), E(Ã), and E(b̃) denote the interval expectation coefficients as well as the matrix of the
corresponding T2 FSs. To solve Equation (11), Definition 2 is employed to deal with the system of
interval inequalities, i.e., E(Ã)x≤̃E(b̃).

2.5. Bi-Objective Pseudo-Interval T2 Linear Program

According the above statement, thus, the bi-objective pseudo-interval T2 linear programming can
be transformed from the Equations (12) to the model as
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max z1 =
1
2

n

∑
j=1

(
cj1 + cj2

)
xj (13a)

max z2 =
1
4

n

∑
j=1

(
cj1 + cj2 + cj3 + cj4

)
xj (13b)

subject to
n

∑
j=1

(aij3 + aij4)xj ≤ (bi3 + bi4) (13c)

(1− α)
n

∑
j=1

(aij1 + aij2)xj + α
n

∑
j=1

(aij3 + aij4)xj ≤ (1− α)(bi1 + bi2) + α(bi3 + bi4) (13b)

x ≥ 0 (13e)

Then the final solution can be obtained as x±jopt = [x−jopt, x+jopt] and f±opt = [ f−opt, f+opt]. The flow
diagram, Figure 2, represents the clear details of the methodology. Briefly, the procedure formulation
of the bi-objective pseudo-interval T2 FSs linear programming model can be summarized as follows:

Step 1—The interval fuzzy linear program is formulated.
Step 2—The membership function for the interval FSs is defined.
Step 3—The single objective function is transformed into the bi-objective function.
Step 4—Define the order relations for all coefficients of T2 interval fuzzy sets.
Step 5—The single T2 fuzzy linear program is transformed into the bi-objective pseudo-interval

T2 FS linear program.
Step 6—The bi-objective pseudo-interval T2 FS is solved by applying the order relations.
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3. Case Study

3.1. Overview

Xiamen is affiliated to the Fujian province. It is also known as the “Egret Island”. Xiamen is a
sub-provincial city and special economic zone. It is an important central city in the southeast coastal
areas of China. It also a port and scenic tourist city. Xiamen is located in the southeastern corner of
Fujian province, bordering with Zhangzhou in the west and Nanan and Jinjiang in the north. It faces
the Jinmen and Dadan island across the sea in the southeast. It is the main city in the southern Fujian
province and also known to form the Golden Triangle Economic Zone with Zhangzhou and Quanzhou.

The total land area of Xiamen is 1699.39 square kilometers. In 2015, the total household population
of Xiamen was 2,111,500, of which the urban population was 1,681,800 and rural population was
429,700. The GDP of the entire year was 346.601 billion yuan, of which the added values of the primary
and secondary industries were 23.94. 100 million yuan and 150.89 billion yuan (industrial value added
was 125.046 billion-yuan, construction industry added value was 23.932 billion yuan), respectively,
tertiary industry added value was 193.308 billion yuan, and industrial output value was 503.081 billion
yuan (cited).

In this year, the average rainfall in the city was 1622.1 mm, corresponding to an increase of
approximately 7.19% on an average over the years. The surface water resources, groundwater resources,
and total water resources of Xiamen amounted to 1.374 billion cubic meters, 260.9 million cubic meters,
and 1.388 billion cubic meters, respectively. At the end of the year 2015, compared with the end of
the previous year, the storage capacity of the medium-sized and major small reservoirs increased by
49.013 million cubic meters. Out of this, the storage capacity increase by 31.956 million cubic meters
and 705.7 cubic meters was for medium-sized reservoirs and main small reservoirs, respectively.

The annual water supply of the city is 63.073 million cubic meters, of which 59.342 million cubic
meters comes from the largest surface water supply, accounting for 94.09% of the total water supply.
The urban residents have the largest amount of water consumption, which is 181.57 million cubic
meters, 28.79% of the total water consumption. The test results from the water quality monitoring site
of the city show that the water quality of the drinking water sources and most of the important water
bodies in the city is up to the standard. Except for a few, most of the river sections have been polluted
to varying degrees. Figure 3 displays the location of Xiamen city in the Fujian province of China.
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3.2. Model Framework

In the model framework described in this section, the assumption was that the historical influence
of the local water resources was limited. Although in some cases, the planning model may have been
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constructed based on nonlinear points, this work uses a linear function and constraints instead of
nonlinear functions to avoid the intrinsic nonlinear physical characteristics in the small-scope problems
of water allocation. A few model coefficients were given as crisp numbers owing to the data collection
process of the Xiamen Statistics Bureau [38]. Tables 1–3 present the data collected from a reference
book. Based on the analysis of the scale and structure of the industry and characteristics of the water
and water sources of Xiamen, a water resource allocation optimization model was constructed as

Max f =
3

∑
t=1

5

∑
i=1

(IWit + IRWit) · IBit +
3

∑
t=1

2

∑
a=1

AWat · ABat +
3

∑
t=1

(MWt + MRWt) ·MBt︸ ︷︷ ︸
Indutrial, agriculture and municipal water revenues

−
3

∑
t=1

3

∑
h=1

ph(
5

∑
i=1

QIWith · ICit +
2

∑
a=1

QAWath · ACat + QMWth ·MCt)︸ ︷︷ ︸
Water shortage penalties

3

∑
t=1

5

∑
i=1

IRCit · IRWit +
3

∑
t=1

MRCt ·MRWt︸ ︷︷ ︸
Reused water cost

−

3
∑

t=1

5
∑

i=1
ISRit · ISTCit · (IWit+IRWit −

3
∑

h=1
ph ·QIWith)

+
3
∑

t=1
MSRt ·MSTCt · (MWt + MRWt −

3
∑

h=1
ph ·QMWth)︸ ︷︷ ︸

Water treatment cost

(14a)

subject to

5

∑
i=1

(IWit −QIWith) +
2

∑
a=1

(AWat −QAWath) + (MWt −QMWth) ≤ TAWth, ∀h, t (14b)

QIWith ≤ IWit, ∀i, h, t (14c)

QIWith ≤ IWit, ∀i, h, t (14d)

QMWth ≤ MWt, ∀h, t (14e)

Water quality constraints,

IWit −QIWith + IRWit ≥ IDWit, ∀i, h, t (14f)

AWat −QAWath ≥ ADWat, ∀a, h, t (14g)

MWt −QMWth + MRWt ≥ MDWt, ∀h, t (14h)

Water consumption constraints,

IRWit + MRWt ≤ (IWit −QIWith)× ξ + (MWt −QMWth)× θ, ∀i, t, h (14i)

Reused water capacity,

5

∑
i=1

(IWit −QIWith)× αit + (MWt −QMWth)× βt ≤ STt, ∀h, t (14j)

Sewage treatment constraints,
IWit ≥ 0, IRWit ≥ 0 (14k)

AWat ≥ 0, ARWat ≥ 0 (14l)

MWt ≥ 0, MRWt ≥ 0 (14m)

Non-negative constraints.
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Table 1. Water planning targets for users (106 m3).

Periods

t = 1 t = 2 t = 3

Industrial Users
i = 1 305 335 355
i = 2 275 305 335
i = 3 270 300 330
i = 4 315 345 375
i = 5 260 290 310

Agriculture Users
a = 1 1140 1180 1210
a = 2 500 560 586

Municipal Users
m = 1 [53.2, 54.6] [54.2, 55.6] [55.2, 56.6]

Table 2. Available and demand water with T2 fuzzy features under different inflow levels.

Probability
Periods

t = 1 t = 2 t = 3

Total available water
resources (106)

Low 0.25 (738, 820, 1228, 1345) (758, 820, 1248, 1365) (778, 840, 1268, 1385)
Medium 0.5 (1350, 1420, 2170, 2250) (1370, 1440, 2190, 2270) (1390, 1460, 2210, 2290)

High 0.25 (2260, 2350, 3560, 3650) (2280, 2370, 3580, 3670) (2300, 2390, 3600, 3690)

Water demand

Industrial users

i = 1 (520, 580, 681, 702) (540, 600, 701, 722) (560, 620, 721, 742)
i = 2 (610, 631, 712, 750) (620, 651, 732, 770) (640, 671, 752, 790)
i = 3 (620, 650, 730, 762) (640, 670, 750, 782) (660, 690, 770, 802)
i = 4 (530, 552, 660, 689) (550, 572, 680, 709) (570, 592, 700, 729)
i = 5 (552, 580, 678, 708) (572, 600, 698, 728) (592, 620, 718, 748)

Agricultural users

a = 1 (1110, 1142, 1201, 1215) (1150, 1162, 1241, 1265) (1200, 1262, 1341, 1365)
a = 2 (510, 542, 601, 615) (550, 582, 651, 685) (580, 602, 705, 752)

Municipal users (52, 60, 72, 80) (60, 68, 78, 85) (65, 72, 85, 90)
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Table 3. Local economic parameters used in the water system model.

Net Benefit for
Water Utilization

Penalty Cost for
Water Shortage

T = 1 T = 2 T = 3 T = 1 T = 2 T = 3

Industry Users

i = 1 (190, 193, 201, 203) (190, 195, 200, 203) (199, 201, 204, 206) (210, 213, 221, 223) (210, 215, 220, 223) (219, 221, 224, 226)
i = 2 (138, 141, 146, 149) (138, 140, 146, 148) (144, 142, 148, 150) (158, 161, 166, 169) (158, 160, 166, 168) (164, 162, 168, 170)
i = 3 (132, 135, 139, 142) (133, 135, 142, 145) (133, 135, 142, 145) (152, 155, 159, 162) (153, 155, 162, 165) (153, 155, 162, 165)
i = 4 (123, 125, 130, 133) (124, 126, 130, 134) (127, 129, 133, 136) (143, 145, 150, 153) (144, 146, 150, 154) (147, 149, 153, 156)
i = 5 (108, 110, 115, 118) (110, 113, 118, 120) (110, 112, 118, 120) (128, 130, 135, 138) (130, 133, 138, 140) (130, 132, 138, 140)

Agriculture Users

a = 1 (28, 30, 38, 40) (33, 35, 42, 45) (35, 38, 46, 48) (38, 40, 48, 50) (43, 45, 52, 55) (45, 48, 56, 58)
a = 2 (90, 92, 94, 96) (92, 95, 98, 100) (90, 93, 96, 98) (100, 102, 104, 106) (102, 105, 108, 110) (100, 103, 106, 108)

Municipal Users

m = 1 (4.8, 5.0, 5.8, 6.0) (5.0, 5.2, 6.0, 6.2) (5.5, 5.8, 6.5, 6.8) (5.8, 6.0, 6.8, 7.0) (6.0, 6.2, 6.5, 7.0) (6.5, 6.8, 7.0, 7.2)
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In the above-mentioned water planning model, the procedure for converting from the T2 fuzzy
linear programming model to the BOLP model can be re-written as Equations (15) to (16), which are
mathematically rigorous because they ingeniously combine the fuzzy order relation with the objective
program. By this mathematical transformation, this newly developed model can solve both the
trapezoidal and triangular fuzzy linear programming models. This implies that the wider application
process can increase the diversity and accuracy of the decision supports.

f (1) =
3

∑
t=1

5

∑
i=1

(IWit + IRWit) · IBit +
3

∑
t=1

2

∑
a=1

AWat · ABat +
3

∑
t=1

(MWt + MRWt) ·MBt︸ ︷︷ ︸
Indutrial, agriculture and municipal water revenues

(15a)

f (2) =
3

∑
t=1

3

∑
h=1

ph(
5

∑
i=1

QIWith · ICit +
2

∑
a=1

QAWath · ACat + QMWth ·MCt)︸ ︷︷ ︸
Water shortage penalties

(15b)

f (3) =
3

∑
t=1

5

∑
i=1

IRCit · IRWit +
3

∑
t=1

MRCt ·MRWt︸ ︷︷ ︸
Reused water cost

(15c)

f (4) =

3
∑

t=1

5
∑

i=1
ISRit · ISTCit · (IWit+IRWit −

3
∑

h=1
ph ·QIWith)+

3
∑

t=1
MSRt ·MSTCt · (MWt + MRWt −

3
∑

h=1
ph ·QMWth)︸ ︷︷ ︸

Water treatment cost

(15d)

According to the processes in Equation (13) and objective functions in (15), the first objective
function can be rewritten as

maxz =
3
∑

t=1

5
∑

i=1
(IWit + IRWit) ·

1
2 (IBit1+IBit2) +

3
∑

t=1

2
∑

a=1
AWat · 1

2 (ABat1 + ABat2)

+
3
∑

t=1
(MWt + MRWt) · 1

2 (MBt1 + MBt2)

−
3
∑

t=1

3
∑

h=1
ph


5
∑

i=1
QIWith · 1

2 (ICit1 + ICit2)

+
2
∑

a=1
QAWath · 1

2 (ACat1 + ACat2)

+QMWth · 1
2 (MCt1 + MCt2)


−

3
∑

t=1

5
∑

i=1

1
2 (IRCit1 + IRCit2) · IRWit −

3
∑

t=1

1
2 (MRCt1 + MRCt2) ·MRWt

−
3
∑

t=1

5
∑

i=1
ISRit ·

1
2 (ISTCit1 + ISTCit2) · (IWit+IRWit −

3
∑

h=1
ph ·QIWith)

−
3
∑

t=1
MSRt · 1

2 (MSTCt1 + MSTCt2) · (MWt + MRWt −
3
∑

h=1
ph ·QMWth)

(16a)
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Thus, the second objective function can be rewritten as

maxy =
3
∑

t=1

5
∑

i=1
(IWit + IRWit) ·

1
4 (IBit1+IBit2 + IBit3 + IBit4)

+
3
∑

t=1

2
∑

a=1
AWat · 1

4 (ABat1 + ABat2 + ABat3 + ABat4)

+
3
∑

t=1
(MWt + MRWt) · 1

4 (MBt1 + MBt2 + MBt3 + MBt4)

−
3
∑

t=1

3
∑

h=1
ph


5
∑

i=1
QIWith · 1

4 (ICit1 + ICit2 + ICit3 + ICit4)

+
2
∑

a=1
QAWath · 1

4 (ACat1 + ACat2 + ACat3 + ACat4)

+QMWth · 1
4 (MCt1 + MCt2 + MCt3 + MCt4)


−

3
∑

t=1

5
∑

i=1

1
4 (IRCit1 + IRCit2 + IRCit3 + IRCit4) · IRWit

−
3
∑

t=1

1
4 (MRCt1 + MRCt2 + MRCt3 + MRCt4) ·MRWt

−
3
∑

t=1

5
∑

i=1
ISRit ·

1
4 (ISTCit1 + ISTCit2 + ISTCit3 + ISTCit4) · (IWit+IRWit −

3
∑

h=1
ph ·QIWith)

−
3
∑

t=1
MSRt · 1

4 (MSTCt1 + MSTCt2 + MSTCt3 + MSTCt4) · (MWt + MRWt −
3
∑

h=1
ph ·QMWth)

(16b)

5

∑
i=1

(IWit −QIWith) +
2

∑
a=1

(AWat −QAWath) + (MWt −QMWth) ≤ TAWth3 + TAWth4, ∀h, t (16c)

5
∑

i=1
(IWit −QIWith) +

2
∑

a=1
(AWat −QAWath) + (MWt −QMWth)

≤ (1− α)(TAWth1 + TAWth2) + α(TAWth3 + TAWth4), ∀h, t
(16d)

QIWith ≤ IWit, ∀i, h, t (16e)

QAWath ≤ AWat, ∀a, h, t (16f)

QMWth ≤ MWt, ∀h, t (16g)

IWit −QIWith + IRWit ≥ IDWit, ∀i, h, t (16h)

AWat −QAWath ≥ ADWat, ∀a, h, t (16i)

MWt −QMWth + MRWt ≥ MDWt, ∀h, t (16j)

IRWit + MRWt ≤ (IWit −QIWith) · ξ + (MWt −QMWth) · θ, ∀i, t, h (16k)

5

∑
i=1

(IWit −QIWith) · αit + (MWt −QMWth) · βt ≤ ST3t + ST4t, ∀h, t (16l)

5

∑
i=1

(IWit −QIWith) · αit +(MWt −QMWth) · βt ≤ (1− α)(STt1 + STt2)+ α(STt3 + STt4), ∀h, t (16m)

IWit ≥ 0, IRWit ≥ 0, (16n)

AWat ≥ 0, ARWat ≥ 0, (16o)

MWt ≥ 0, MRWt ≥ 0. (16p)

Based on the superiority of the novel methods, the model can be solved by a linear programming
software through the following process: (1) the acceptance degree for the DMs is selected; (2) the
optimal results of the model are obtained; (3) the optimal values of the objective function as well as
the coefficients are captured; (4) the global optimal solution of the water planning for Xiamen city
is derived.
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4. Results and Discussion

4.1. Bi-Objective Water Model Solutions

Table 4 lists the predicted entire advantages for each end-user of Xiamen city based on the
application of the bi-objective pseudo interval T2 linear programming method with different acceptance
degrees. The results exhibit that the total profit of water consumption is calculated to be (442,784,
462,602.6, 503,821.3, 522,116.7) × 106 CNY with acceptance degree = 0. At acceptance degree = 0.75,
which is the most common case for FSs, the total profit is estimated as (483,695.5, 505,357.3, 552,043.6,
572,003.8) × 106 CNY for the next 15 years for Xiamen. Figure 4, which is plotted based on Table 4,
shows that the higher acceptance degrees match the higher system profits, suggesting that the DMs
could receive total profits that are dependent on the a degree. The result data apparently contain four
points from Z1 to Z4, which correspond to four points of a single-interval T2 FS. The findings clearly
show the advantage in relation to the real-world problem of water systems. The flexibility of the
decision process is improved by the use of the interval T2 FS rather than using two interval boundaries.
The comparison of the average and standard deviation of the acceptance degrees, which is illustrated
in Figures 5 and 6, exhibits the reliability and stability of the results of the optimal value. The results
also indicate that the profit value can be closer to (491,303.5, 536,161.5) × 106 CNY with a lower limit
of 470,247.9 × 106 CNY and upper limit of 555,563.4 × 106 CNY, for example, when the acceptance
degree = 0.5. According to the analysis method of the effects of the uncertainty degree, the advantages
presented in Figure 7 show that the lowest and highest uncertain degree that can contribute to an
effective solution are less than 4.34% and no more than 8.29%, respectively. Correspondingly, the
solutions demonstrate that the interval T2 FSs can really reflect the uncertainties.

Table 4. Water profit for different acceptance degrees (106 CYN).

Acceptance Degree α Z = 1 Z = 2 Z = 3 Z = 4

α = 0.00 442,784.0 462,602.6 503,821.3 522,116.7
α = 0.25 456,804.5 477,254.1 520,284.2 539,127.9
α = 0.50 470,247.9 491,303.5 536,161.5 555,563.4
α = 0.75 483,695.5 505,357.3 552,043.6 572,003.8
α = 1.00 494,742.1 516,920.9 564,739.2 585,211.6Water 2018, 10, x FOR PEER REVIEW  16 of 32 
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4.2. Water Demands of End-Users

Table 5 lists the water supply quantity for industrial, agricultural, and municipal users at
different acceptance degrees. The result shows the required water consumption, which is expected to
significantly increase because of the rapid economic activities in the three five-year planning periods.
From the perspective of the water level, when the water supply is high, there is a fluctuation in the
water demand of the information technology industry in both periods 2 and 3. The water demand
of the information technology industry is (223.1, 218, 218, 218, 218) × 106 cubic meters in the second
five-year period, and it remains the same in the third five-year period. The results indicate that the DMs
can achieve different optimal solutions by choosing different acceptance degrees according to their
risk preference. The group of results indicates that such an industry has certain risk preferences for
consuming water, which implies that the information technology factories face higher water treatment
costs than other industries. This group of results also clarifies that the water volume remains at 223.1
× 106 cubic meters only in the case of zero acceptance degree; it is not constant at other acceptance
degrees, including 0.25, 0.5, 0.75, and 1. This trend suggests that this category of industry requires the
necessary wastewater treatment to significantly reduce the risk preferences.

When the water level is medium, the results of the petrochemical and biotechnology industries
include the results of the interval T2 FSs, which can be dealt with the acceptance degrees by the DMs.
The results reveal that there is (230.6, 257.4, 267.8, 278.2, 288.7) × 106 cubic meters of water consumption
by the petrochemical industry over the three planning periods, respectively. This indicates that this
industry achieves a certain balance by controlling the water quality, water recycling, and wastewater
treatment requirements with a relatively medium water supply. By applying a 0.5 acceptance degree,
DMs can obtain the optimal solution of 267.8 × 106 cubic meters, which is the common selected result
with the fuzzy theory and it largely enhances the flexibility of decision-making. In the biotechnology
industry, the water supply is stable in the first period at all acceptance degrees; however, during the
second and third planning periods, the demand water is (218.1, 213, 213, 213, 213) × 106 cubic meters.
This demand of water implies that the DMs can sufficiently consider the different acceptance degrees
when the fuzzy constraints can be violated. It also clearly shows that the starting data of this set of solution
is larger than the ending segment data, which implies that the different water volumes correspond to
different acceptance degrees. For example, 218.1× 106 cubic meters water is at acceptance degree = zero,
which corresponds to a higher system violation risk. At other acceptance degrees, 213 × 106 cubic meters
water is allocated to this industry regardless of the period. The lower quantity of water indicates that
there may be a water consumption risk owing to the increasing cost of water treatment, which is very
good for the local ecosystem as it is saving the water and reducing the waste of water resources.
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Table 5. Water demands for users under acceptance degrees (106 m3).

Periods

Water Levels t = 1 t = 2 t = 3

Industrial Consumers
i = 1 Low 291.2, 302.5, 314.1, 325.5, 337 291.2, 302.5, 314.1, 325.5, 337 291.2, 302.5, 314.1, 325.5, 337
i = 2 Low 317.1, 328.2, 339.3, 350.4, 361.5 317.1, 328.2, 339.3, 350.4, 361.5 317.1, 328.2, 339.3, 350.4, 361.5
i = 3 Low 491.2, 496.3, 496.3, 496.3, 496.3 496.3 496.3
i = 4 Low 245 245 245
i = 5 Low 267 267 267
i = 1 Medium 230.6, 257.4, 267.8, 278.2, 288.7 235.7, 257.4, 267.8, 278.2, 288.7 235.7, 257.4, 267.8, 278.2, 288.7
i = 2 Medium 265 265 265
i = 3 Medium 303 303 303
i = 4 Medium 213 218.1, 213, 213, 213, 213 218.1, 213, 213, 213, 213
i = 5 Medium 205 205 205
i = 1 High 200 200 200
i = 2 High 218 223.1, 218, 218, 218, 218 223.1, 218, 218, 218, 218
i = 3 High 210 210 210
i = 4 High 206 206 206
i = 5 High 207 207 207

Agriculture Users
a = 1 Low 362.1, 606.7, 851.3, 1095.8, 1140 1140 1140
a = 2 Low 285.1, 575, 864.9, 1154.7, 1260 1260 1260
a = 1 Medium 273, 618.9, 981.9, 1344.8, 1350 1350 1350
a = 2 Medium 245, 245, 245, 245, 445.4 500 500
a = 1 High 331, 331, 331, 331, 515.6 560 560
a = 2 High 372, 329.5, 287, 244.5, 559.7 248, 620, 620, 620, 620 248, 620, 620, 620, 620

Municipal Users
m = 1 Low 152 152 152
m = 1 Medium 163 163 163
m = 1 High 175 175 175
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When the water level is low, the risk of violation of the fuzzy constraints could increase and
be affected by the uncertain results of the water supply. The petrochemical, information technology,
and machinery industries are individually allocated water supply of (291.2, 302.5, 314.1, 325.5, 337) ×
106 cubic meters, (317.1, 328.2, 339.3, 350.4, 361.5) × 106 cubic meters, and (491.2, 496.3, 496.3, 496.3,
496.3) × 106 cubic meters, respectively. Owing to the high profit of the machinery industry in Xiamen
city, its water consumption is also gradually increased with a lower risk of constraint violation, and it
maintains a maximum water supply during the second and third periods. The FS of the results is mostly
obtained from the wastewater treatment cost with water recycling activities, which help improve the local
environment. Under the constraints of the local environmental regulations. For example, the treatment
rate of recycling water, the risk of water consumption would be particularly taken by the petrochemical
and information technology factories, and the balance of profit will increase the usage by the industries.

A comparison of the actual water consumption and planned water supply in the three periods
is shown in Figure 8. The results indicate that the water demand of all the industries at Xiamen
city is estimated to be less than the planned water volumes. This confirms that the cost of water
treatment, including fresh water and wastewater treatment, is an effective tool for reducing the water
supply of factories. This implies that a higher usage of water is associated with more responsibility.
The remaining amount of water can be returned for usage by the municipal bodies, which would
reduce the daily living cost of the population in this city. In this figure, for example, when the DMs
take 0.5 acceptance degree for the entire water system, the water demand by agriculture is obviously
higher than the planned water volume, except for the water usage in the first period. The first period of
this water model is based on the assumptions of the beginning year. However, in the second five-year
period, the water demand increases to the volume of planned water. This is owing to the lower cost
of water supply. For agricultural water, individual water treatment and recycling of water are not
required. Therefore, the quantity of water that can be supplied to this sector is naturally increased.
Moreover, the reduction in the industrial water demand leads to a lower cost of sharing of the excess
water. Similar to an industrial user, the municipal water supply is much lower than planned. This is
not only caused by the level of natural water but also by the cost of the wastewater treatment. This will
encourage citizens in this area to save more water, which will definitely have a positive effect on the
population development. However, the results of water supply would be changed with the violation of
the constraints. Consequently, the DMs should take more steps to evaluate the system risk and make a
practical decision based on the regulation of the local environment. To complete such requirements,
it is a remarkable feature of method under different acceptance degrees.
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Figure 8. Comparison of actual water and planned water under acceptance degrees.

This study also discussed the effect of water shortage on each end-user at different acceptance
degrees and water levels. The variations in water shortage are mostly caused by the water quality
control, water treatment cost, and water level. Figure 9 as an example shows that the industrial users
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contribute the most to water shortage at each water level, particularly at a high-water level. This implies
that although the industrial users are high-profit producers, they also encounter a high-water cost,
and so, only reduce the water consumption to reduce the costs and increase the profits for each
unit. The water that is planned for the industrial users is supplied to the agricultural and municipal
users. Therefore, according to the modeling results, agricultural users have the least water in any
period or at any acceptance degree. The agricultural users only face a shortage of water in period
1, but have a sufficient supply in periods 2 and 3. For the municipal users, the water shortage is
37 × 106 cubic meters and 75 × 106 cubic meters, which is common at medium and high water
levels. However, at a low water-level, a municipal user is confronted with water shortage. This is
because of the high cost of purchasing water from other cities. Additionally, major results of water
shortage at the acceptance degree of 0.5 are presented in Table 6, which includes the water shortage
for three types of users: industrial, agricultural, and municipal consumers. Compared with the other
results at different acceptance degrees, the main difference is in the supply of water to the industrial
users. Specifically, with a higher acceptance degree, a smaller quantity of water is supplied to the
industrial users, except the machinery industry, which is accompanied by a large profit of water usage.
This scenario is also consistent with the actual requirement of the local area.

Table 6. Water shortage under 0.5 acceptance degree (106 m3).

Periods

Water Levels t = 1 t = 2 t = 3

Industrial Consumers
i = 1 Low 88.1 88.1 88.1
i = 2 Low 102.7 102.7 102.7
i = 3 Low 0 0 0
i = 4 Low 113.4 113.4 113.4
i = 5 Low 130.5 130.5 130.5
i = 1 Medium 162.8 162.8 162.8
i = 2 Medium 92.4 92.4 92.4
i = 3 Medium 96.7 96.7 96.7
i = 4 Medium 201.6 201.6 201.6
i = 5 Medium 185.4 185.4 185.4
i = 1 High 224.1 224.1 224.1
i = 2 High 242.6 242.6 242.6
i = 3 High 126.4 126.4 126.4
i = 4 High 164.3 164.3 164.3
i = 5 High 186.4 186.4 186.4

Agriculture Users
a = 1 Low 288.8 0 0
a = 2 Low 395.1 0 0
a = 1 Medium 368.2 0 0
a = 2 Medium 255 0 0
a = 1 High 229 0 0
a = 2 High 333 0 0

Municipal Users
m = 1 Low 0 0 0
m = 1 Medium 37 37 37
m = 1 High 75 75 75
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Figure 9. Water shortage for industrial users under different acceptance degrees.

4.3. Recycled Water Demands

Recycled water is an important part of water consumption and supply. In this case, it accounts
for one-third of the industrial water usage. Table 7 presents the details of the recycled water for each
industrial user at different acceptance degrees. It shows that when the acceptance degree is 0.5, the
petrochemical industry requires 97.21333 × 106, 106.9806 × 106, and 141.25 × 106 cubic meters water
from period 1 to period 3, respectively. This accounts for 47.4% demand of the water supply at a
medium water level. Because of the lower cost of recycling water, it should be the important part of
this city. Effective usage of recycled water by this modeling results is a major strategy for reducing the
industrial costs. However, for agricultural users, the cost of recycling water is high and the produced
recycled water is difficult to collect during the fertilization process. Similarly, for the municipal users,
there is a high process fee for recycling water compared to transferring the water from industrial users.
However, the recycled water for either municipal or agricultural users should be increased for the
purpose of flushing toilets and landscape water application. For this, the processing costs are very
low if the recycled water rate is further increased by the industrial users. Overall, in this modeling
process of the Xiamen water system, there are many uncertainties, which can cause a conflict between
the water supply and treatment cost. The right use of this new uncertain method is the main route
for resolving such issues. However, this modeling process has limited calculation power, because of
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which many factors or indices, such as population factors, are still not considered in the simulation,
which will be further revised in future modeling.

Table 7. Recycled water usage for industrial users under acceptance degrees (106 m3).

Industrial Category a = 0.0 a = 0.25 a = 0.50 a = 0.75 a = 1.0

Petrochem 1 92.63 94.92167 97.21333 99.505 101.7967
Petrochem 2 102.5452 104.7629 106.9806 109.1984 111.4161
Petrochem 3 141.25 141.25 141.25 141.25 141.25

Infotech 1 83.4 83.4 83.4 83.4 83.4
Infotech 2 92.52 92.52 92.52 92.52 92.52
Infotech 3 89.14156 93.47917 95.5625 97.64583 99.72917

Machinery 1 87.4 87.4 87.4 87.4 87.4
Machinery 2 99.72 99.72 99.72 99.72 99.72
Machinery 3 85.61697 84.6 84.6 84.6 84.6

Biotech 1 75.4 75.4 75.4 75.4 75.4
Biotech 2 79.12 79.12 79.12 79.12 79.12
Biotech 3 86.61697 85.6 85.6 85.6 85.6

Marine tech 1 76.4 76.4 76.4 76.4 76.4
Marine tech 2 80.32 80.32 80.32 80.32 80.32
Marine tech 3 83.4 83.4 83.4 83.4 83.4

4.4. Comparative Analysis

By comparison of previous methods, the advantages of developed method can easily find that the
transformation process of previous methods can cause great distortion of uncertain information.
Some methods linked possibility distribution or dynamical features [39] can make too many
objective functions or/and constraints in the actual model, which increased the calculation force
and complexity of the solution process. For example, the dynamical modeling method [40,41] converts
the multiple-dimensions regulation into a complex fuzzy characteristic. Similarly, some methods
referred to degree of fuzzy constraints but missed to considered the dissatisfaction degree of fuzzy
sets. Some fuzzy methods used triangular fuzzy sets/number to instead of trapezoidal membership.
These methods are one-sided and do not represent the majority of fuzzy situations. To cover
such disadvantages of previous works, the focus of this demonstrated approach is a proposed
novel programming method to solve general fuzzy linear programming issues for water resources
management considering the fuzzy acceptance degree and it may be violated under realistic conditions.
With the order relation of general fuzzy sets, a new bi-objective linear program is developed. The order
relationship for proposed approach is defined through the interval expectation. Because of its
order relation of interval T2 fuzzy sets, the general fuzzy linear programming is transformed into
interval objective programming method [31]. Thereby, this method can be further transformed into
a bi-objective LP by employing the ranking relation. Therefore, this developed method contains the
advantages of mathematical rigor and logic in combination with uncertain programming theories.

5. Conclusions

This study proposed a novel bi-objective interval T2 programming model, in which the objective
function and technological coefficients resources are all fuzzy sets, for the water planning of Xiamen
city. Optimal solutions were provided for three water users by the modeling process, in which the
uncertain impact factors were included and quantified. Based on the given order relationship of the
interval fuzzy sets, this interval T2 linear programming model was transformed into a bi-objective
linear programming model and solved by a goal programming approach. The method enhanced the
flexibility of the optimal processes and offers decision-makers a better support with realist scenarios,
where this violation of the constraints. This was achieved by fully considering the acceptance degree
of the local environmental requirements of water treatment. In addition, recycled water usages were
presented for industrial users at each acceptance degree. Moreover, the comparison between actual
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supplied water and planned water was used to represent the real water distribution of Xiamen city
and also illustrate the advantage of the development algorithm.

This was this first application of a bi-objective pseudo-interval T2 linear programming method
to a real water system in Xiamen, China. The solution obtained from this novel model indicates that
(a) the quantify of water supplied to the industrial users in this region needed to be reduced owing to
the water processing cost; (b) local factories should increase the quantity water supply from recycled
water; (c) municipal and agricultural users should get priority for water supply; (d) with the increase in
the acceptance degree, the quantity of recycled water should be increased, i.e., to increase the recycling
water by industrial factories should reduce the risk of insufficient water supply in this area. This study
also developed a new method for a pseudo-interval type-2 fuzzy set programming. By the application
of the ranking order relation of the pre-defined interval expectation method, this model can transform
into a bi-objective linear program. The solutions from this model completely exhibited the acceptance
degree of the system, which significantly increases the flexibility of the decision process and improves
the optimal results of real engineering problems. The highlights of the proposed method can be
concluded as follows: (1) propose a new reliable arithmetical model for water systems; (2) process
uncertainty based on α-cuts and α-planes (z-slices) algorisms; (3) tackle type-2 fuzzy sets without loss
of generality; (3) refine decision spaces for the linear programming under uncertainty; (4) provide
decision makers with better options for the Southern Min area of China. However, one correction was
required in the future studies. A comprehensive systematic water model with systematic constraints
including population and more economical factors should be added to the modeling process in a
future study. Thus, with the high complexity of the uncertainties, the advantages of the abilities of
this method, including the objective functions and technological and recourse coefficients in the linear
programming, could be better displayed.
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Abbreviations

The indices in Equations (14a–m) represent the following:
Notation

i
five subcategories of industrial classification, namely, petrochemical industry, information
technology industry, machinery industry, biotechnology industry, and marine technology
industry;

a two categories of agricultural classification, namely, crop agriculture and animal husbandry;
t three five-year plans of China;
h water inflow level (h = 1, 2, and 3 for low, medium, and high level, respectively);
IWt industrial raw water volume, m3;
IRWit industrial reuse water volume, m3;
IBit industrial unit water profit, yuan/m3;
AWat agricultural raw water volume, m3;
ABat agricultural unit water profit, yuan/m3;
MWt municipal water consumption, m3;
MRWt municipal reuse water volume, m3;
MBt municipal unit water profit, yuan/m3;
QIWith water shortage for the industrial categories, m3;
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ICit
unit reduction in the net benefit when the water supply target is not delivered to the industrial
categories, yuan/m3;

QAWath water shortage for the agricultural categories, m3;

ACat
reduction in the net benefit when the water supply target is not delivered to the agricultural
categories, yuan/m3;

QMWth water shortage for the municipal bodies, m3;

MCt
reduction in the net benefit when the water supply target is not delivered to the municipal
bodies, yuan/m3;

IRCit industrial reuse water unit water supply cost, yuan/m3;
MRCt municipal reuse water cost, yuan/m3;
ISTCt industrial sewage treatment cost, yuan/m3;
ISRit industrial sewage production rate;
MSTCt municipal sewage treatment cost, yuan/m3;
MSRt municipal sewage production rate;
MWt municipal water consumption, m3;
TAWth total water available in the area, 104 m3;
IDWit amount of water demand for the industrial categories, m3;
ADWat amount of water demand for the agricultural categories, m3;
MDWt amount of water demand for the municipal bodies, m3;
RWt reduced rainfall, 108 m3;
αit industrial wastewater discharge rate;
βt municipal wastewater discharge rate;
STt capacity of the sewage treatment, m3
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