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Abstract:

This study aims to develop a multi-preference based interval fuzzy-credibility constrained
programming (MIFCP) approach for planning the regional-scale water-resources management
system (RWMS) of Henan Province, China. This is the first attempt for planning RWMS through
combining interval parameter programming (IPP), fuzzy-credibility constrained programming
(FCP) and three diverse attitudes of decision makers with one framework. MIFCP cannot only
address uncertainties expressed by interval and fuzzy information but also present multiple
preferences of decision makers towards conservative, neutral and radical attitudes. Solutions of
multiple water resources, multiple water-receiving cities and multiple water-using departments in
association with multiple attitudes of decision makers and multiple credibility levels are
examined. Results reveal that over the planning horizon the total supplying water of radically
oriented decision maker can increase by 1.82 x10° m® compared to the conservatively oriented
decision maker. The obtained results also disclose that for the radically oriented decision maker,
the water allocation for agriculture, industry, life and ecology during the entire horizon can
respectively change by 0.24%, 0.37%, 0.67% and 0.44% as the a-cut level changes from 0.5 to 1.
These findings cannot only gain insights on some desired supports for Henan Province but also

provide theoretical suggestions for other study regions.

Keywords: fuzzy credibility-constrained programming; multi-preference; multiple water

resources; planning; uncertainty

1. Introduction
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Water is a unique fundamental resource for agriculture, industry, life and ecology (Yang et al.,
2018). Increasing water demand and limited water availability aggravate the contradiction of
water demand-supply owing to the population growth, industrial production and social progress
(Yan et al., 2018). Simultaneously, water scarcity is a significant factor for restricting economic
development and human’s living standard improvement in many cities (Chen et al., 2019).
Moreover, the over-exploitation and unreasonable utilization of surface water and groundwater
have resulted in destruction of ecological systems and waste of water resources (Ye et al., 2018).
Currently, numbers of organizations have made huge efforts to enhance efficiency for water
resources management and seek methods to provide reliable water supplies to each department
(Uche et al., 2015). However, for a regional-scale water-resources management system (RWMS),
there are multiple water resources, multiple water-receiving cities and multiple water-using
departments. Moreover, these water-receiving cities and water-using departments may have
diverse water resources demands in association with various factors from hydrogeological,
sociometric and environmental aspects and they can compete for water supplies at every period
(Ren et al., 2017). Therefore, it is desired for formulating high-efficiency management methods
that could not only improve the water efficiency but also coordinate the sustainable development

among of various departments (Li et al., 2016).

Previously, a number of research works were conducted for supporting water resources
management such as linear programming (LP), non-linear programming (NLP), dynamic
programming (DP) and genetic algorithm (GA) (Singh, 2012). For example, Martinsen et al.

(2019) presented a LP model for planning the Haihe River Basin’s water allocation issues, in
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which the spatial variation of water quality and quantity were considered. Garga and Dadhichb
(2014) conducted the NLP model for optimizing the deficit irrigation in the Lower Indus Basin.
Abdulbaki et al. (2017) proposed an integer LP model for optimizing the treatment and
allocation of water resources, where the cost of water treatment, transportation and waste water
discharge were considered as integer variables. Li and Majozi (2018) advanced a DP approach
for optimizing water networks, in which water-using units were sorted according to the
concentration of the entrance and every concentration were suited at a distinct gradation. Bi et al.
(2015) introduced the prescreened heuristic sampling method by improving the ability of GAs to
find optimal or near-optimal decision-making alternatives for the realistic-sized water allocation
optimization problem, in which hydraulic simulations were performed using EPANET 2.0.
Although the above studies could effectively handle problems in RWMS when their components
or parameters were deterministic (Wang et al., 2019). However, some ambiguous information in
RWMS could not be accurately expressed as deterministic values such as available water
resources, water demand, costs and benefits of water supply (Milan et al., 2018). In addition,
these studies also have difficulties in reflecting the uncertainties caused by the changes of
socio-economic, eco-environment and subjective judgements from various decision makers (Fu
et al., 2018). Therefore, effective optimization methods for planning RWMS and dealing with

kinds of complexities and uncertainties are desired (Kacimov et al., 2019).

Over the past decades, many effective methods were proposed to tackle complexities and
uncertainties in RWMS such as interval parameter programming (IPP), fuzzy programming (FP)
(Zhang and Guo, 2017). For instance, Magsood et al. (2005) adopted the IPP method to plan

water resources of an unregulated reservoir in a dry season, where water demand for agriculture
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and industry were regarded as interval numbers. Ren et al. (2017) formulated a FP approach to
optimize the Wuwei City’s irrigation water and land resources issues, in which the amount of
surface water and groundwater were considered as the fuzzy sets. Zhang et al. (2018) applied a
fuzzy-credibility constrained programming (FCP) method to optimize water resources allocation
in Yingke Irrigation District, in which monthly rainfall and inflow were presented as the fuzzy
sets. Singh (2015) developed a chance-constrained programming (CCP) model for the seasonal
optimal allocation of available land and water resources, in which the net irrigation demand was
solved as a random variable. Li et al. (2019a) proposed a fuzzy gradient chance-constrained
programming (FGCCP) to address different uncertainties in evacuation management and
planning, where decision makers’ subjective judgements were interpreted as fuzzy information.
In general, the IPP can deal with uncertain parameters in the format of interval numbers, but
cannot reflect the reliability of satisfying system constraints in an imprecise context (Li et al.,
2015). CCP and FCP are efficacious for reflecting the risk violation caused by uncertainty in the
system (Charnes and Cooper, 1959; Liu and Liu, 2002; Sun et al., 2019; Zhang et al., 2019a).
However, in the practical application, obtaining probability distribution couples with many
complexities and uncertainties in association with information quality, while fuzzy sets may be
relatively feasible when its membership function is determined (Zhang and Huang, 2010; Zhang
and Huang, 2011b; Dai et al., 2016). Besides, the traditional FCP methods are over-simplified
and they cannot fully present the decision makers’ subjective judments (Liu et al., 2017). The
FGCCP can reflect decision makers’ eclectic attitudes through introducing a linear combination
of possibility and necessity (Xu et al., 2017). However, in real-world water resources
management issues, it is difficult to exactly reflect preferences of different stakeholders towards

various perspectives in decision-making processes of water resources allocation (Zomorodian et



125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

al., 2018). For instance, water managers with a radically oriented attitude may prefer the smallest
credibility level with extremely high system benefits. While, the conservatively oriented water
manager prefers the largest value of credibility level and water resources demand constraints
satisfied thoroughly. Neutral oriented water manager usually secures the medium value of
credibility level, and the reasonable probability that the projected goals will be reached (Ji et al.,

2018).

Thus, this study aims at proposing a multi-preference based interval fuzzy-credibility constrained
programming (MIFCP) approach for multi-uncertainty reflection through combining IPP, FCP
and three diverse attitudes (i.e. conservative, neutral and radical attitudes) of decision makers.
MIFCP cannot only address uncertainties expressed by interval and fuzzy information but also
reflect multiple preferences of decision makers. Then, a MIFCP-RWMS model is developed for
water resources management of Henan Province, China. In the MIFCP-RWMS model, three
preferences towards three attitudes of decision makers and three satisfaction degrees of the water
demand in multiple departments (i.e. agriculture, industry, life and ecology) will be considered.
Summarily, the MIFCP-RWMS could help decision makers: (a) handle uncertainties presented as
interval values and fuzzy sets; (b) develop comprehensive water allocation schemes under
different attitudes of decision makers; (c) balance the contradiction among economic benefits,
water demand-supply, waste water discharge, chemical oxygen demand (COD) and ammonia

nitrogen (NHs-N) emissions.

2. Methodology
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The water managers are charged with allocating multiple water resources to meet the water
requirements for multiple water-using departments (Milan et al., 2018). However, in practical
water resources management problems, the water resources demand can vary from different
departments in each city at every period (Wang and Huang, 2012). FCP is effective for reflecting
the satisfaction degrees of the constraints using fuzzy sets (Li et al., 2013). A general FCP model

can be described as:

Min E :Zn:cjxj (1a)
=i
subject to:
Cr{iqjxj st?i/(}zﬂ,,, i=12,..,m (b)
i1
X;>0,]=12,..,n (1c)

]

where E is the objective function; X; are decision variables; and a;, B and c; are

coefficients. Fuzzy credibility was firstly proposed by Liu and Liu (2002) and was a measure of
confidence level in fuzzy environment to tackle uncertainties expressed as fuzzy sets (Zhang and

Huang, 2011a; Zhang et al., 2012). The credibility level ( 4, ) represent the satisfaction degree of

the associated constraint (Huang, 2006; Rong and Lahdelma, 2008).

The triangular fuzzy membership function is one of the most popular possibility distributions,
and it is adopted in this study due to its computational efficiency (Chang and Wang, 1997;
Sasikumar and Mujumdar,2000; Zhang and Huang, 2010). Let & be fuzzy variables with
membership function z and # be a fuzzy set (Huang, 2006). Thus, we have:
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r-t if t<r<t
t—t -
r-t . _
/J(I’): ﬁ If'[SI’St (2)
0 otherwise

where t, T,and t are the minimum, maximum, and most-likely values of , respectively,

ris real number (Li et al, 2013; Zhang et al., 2018).

According to the definition of credibility, the credibility of r <& can be depicted as (Zhang and

Huang, 2011b):

1 ifr<t
2&15r if t<r<t
Cr(r<é)= Al 3
— ift<r<t
2(t-1)
0 ifr>t

Let Zaijxj =s,. Thus Equation (1b) can be transformed into:
j=1

Cr{siglgﬁz/ll,izl,z,...,m (4)

Generally, the 4 varies from 0 to 1 (Zhang and Huang, 2010; Xu et al., 2017). However, in

real-world management issues, decision makers prefer that the constraint should be satisfied
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under a high necessity degree which is greater than 0.5 (Yu et al., 2016; Zhang and Guo, 2017;
Zhang et al., 2018). Thus, we have the following for each 1> 4, > 4 >0.5:

2b.—b -s
2(bi _b.)

> A (5)
By introducing 4 into the intricate system, decision makers can gain many feasible plans through
repeatedly modifying the tradeoffs among satisfaction constraints by shifting credibility levels
(Tu et al., 2015). Therefore, how to choose the credibility level (1) would have significant impact
on the optimal strategies in water resources management. Nevertheless, it is difficult to present
the multiple preferences of decision makers in the actual processes of water resources allocation.
The multi-preference based programming (MP) approach is useful for handling fuzzy credibility
levels of different decision makers (Ji et al., 2018). Generally, the conservatively oriented
decision makers prefer to select the larger credibility level with high water demand satisfaction,
the neutrally oriented decision makers usually take the middle credibility level to reach the
projected goal, and the radically oriented decision makers are willing to choose the smaller

credibility level with extremely high system benefits.

An o-cut is defined as the set of elements that belong to a fuzzy set }% at least to the degree of a

(Zhang and Huang, 2010; Ji et al., 2018). Based on the a-cut level, the value range of
corresponding credibility level under three different attitudes of decision makers can be obtained.
In fact, some system parameters can hardly be expressed as fuzzy sets when the information
quality is failed to create membership functions. However, these parameters can be presented as

intervals by knowing their lower and upper bounds (Li et al., 2008; Zhang and Huang, 2011b).
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Hence, through coordinating MP and IPP into FCP, a general MIFCP can be described as:

Min E* = Zn:cjixji (6a)
=i
subject to:
iajxf <b +@1-2)b -h),i=12, .., m (6b)
=
xji >0,j=12,..,n (6¢c)

mxn 1xn nx1
where aﬁe{Ri} , C e{R*} , X*E{Ri} : R* mean interval numbers (‘- is the lower

—

bound and ‘+’ is the upper bound); /% present ambiguous credibility levels with

multi-preference (Ji etal., 2018). xj present decision variables that are divided into two sorts:

continuous and binary variables. Since the follow-up developed MIFCP-RWMS model includes

more than 3,900 parameters and 600 decision variables, and there is no constraint violation

existing in the interval linear programming (ILP) solution space (i.e. the symbols of a; and c;

in MIFCP-RWMS model are simultaneously positive or negative) (Fan and Huang, 2012; Yu et
al., 2018). Therefore, the two-step method (TSM) that can effectively solve the ILP issues by its
high computational efficiency will be used for obtaining the lower and upper bounds of the
desired objective function values (Huang et al., 1992). Based on the simplex algorithm, the
resulting linear programming model (RWMS-MIFCP model) will be solved through Lingo
version 10.0 (Dantzig, 1955; Cottle and Dantzig, 1970; Dantzig, 1982; Huang and Loucks, 2000;

Singh and Yadav, 2015; Rani et al., 2016).
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The first sub-model of MIFCP correspondingto f* is:

Max f* =Zk:cj+xj+ + Zn: C/X; (7a)

j=1 j=k+1
subject to:

k n

> las| sion(a;)x; + > [a;| sign(a; )x; <b +(1-22) (b -b),i=12,..,m. (7b)

= j=k+1

X/ 20,j=12,..k (7¢)

X; 20, j=k+Lk+2,..,n (7d)

H +
Solutions of X,

(j=12,...k) and x;

jopt

(j=k+1k+2,..,n) can be obtained through solving

sub-model (7). Based on the solutions of model (7), the sub-model correspondingto f~ can be

formulated as follows (assume that b*>0 and f*>0):

k n

Max f~=>"c;x;+ > ¢X; (8a)
=L j=k+1

subject to:

k N n -

> la; Sign(aﬁ)x} + > lay Sign(aiji.)xj+ <h +(1— 2/?{*’)(bi -b),i=12,..,m. (8h)

=1 j=k+1

OSXJTSXJTOPt,j:l,Z,...,k (8c)

X{ > X, J=K+LK+2,...,n (8d)

From model (8), solutions of X, (j=12,...k) and X,

(i=k+1k+2,..,n) canbe

obtained (Huang and Loucks, 2000). Thus, the final solutions of f_ = [ fopts fo&] and

opt

11
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opt = [xj’opt, xj*opt] can be obtained for model (6).

3. Application

3.1 Statement of problems

Henan Province is located in the central part of China, which covers an area of around 167 <103
km?and has a population of 107.88 <108, as shown in Figure 1. With the rapid development of
socio-economy, the per capita gross domestic production (GDP) of Henan reached 42.58 <103
(¥, while the per capita water resources of Henan was merely 442.6 m? (less than 1/5 the
national average) (HSY, 2017; ND, 2017). Unbalanced spatial and temporal distributions of
water resources aggravated the contradiction between regional economic development and water
resources demand, particularly in the area of dense population and developed industry.
Confronting with these situations, the Middle Route of South to North Water Diversion Project
(MRSNWDP) would be of indispensability in alleviating tremendous pressure on water
resources and promoting sustainable development of Henan Province. Furthermore, the
excessive exploitation of groundwater caused the degradation of water-quality and the
exhaustion of rivers and lakes. These mentioned problems would not only restrict the sustainable
development of local socio-economic activities but also affect the protection of eco-environment.
Therefore, it is essential for local government to make decisions in a sustainable pathway for
allocation of multiple water resources for multiple water-using departments in order to alleviate
the contradictions among economic development, water demand-supply balance and

environmental pollution mitigation.

12
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3.2 MIFCP-RWMS modeling formulation

The detailed framework of the formulated MIFCP-RWMS model is shown in Figure 2. The first
part is the identification of complexity and uncertainty, including multiple water resources (i.e.
surface water, groundwater and other water), multiple water-using departments (i.e. agriculture,
industry, life and ecology), multiple water-receiving cities (i.e. Zhengzhou, Kaifeng, Luoyang,
Pingdingshan, Anyang, Hebi, Xinxiang, Jiaozuo, Puyang, Xuchang, Luohe, Sanmenxia, Nanyang,
Shanggqiu, Xinyang, Zhoukou, Zhumadian and Jiyuan), and multiple planning periods (i.e. years
of 2020, 2025 and 2030). In the second part, the MIFCP method was developed based on the IPP,
FCP and MP methods, which could not only resolve uncertainties presented as interval values

and fuzzy sets but also reflect multiple preferences of decision makers towards the conservative,
neutral and radical attitudes. The last part was the formulation of MIFCP-RWMS model and its

application to Henan Province, including the objective, constraints and solutions.

In this study, the objective of MIFCP-RWMS model is to maximize the total system benefits

over the planning horizon, including the benefits from four water resources demand departments

13
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and the cost of three supplying water resources (Fu et al., 2018). The objective function can be

formulated as follows:

Max f*=(1)+(2)+(3)+(4) (9a)

(1) Benefits for agriculture:

> ZslAWsi,t x(ABS,, —AC,) (9b)

s,ct
c=1 t=1

M.

]
UN

S

(2) Benefits for industry:

1

M.
M

s,c,t sct

W, x(1BS,, —1C,, ) (9¢)

Il
LN
Il
UN

S c t=

N

(3) Benefits for life:

1

M.
M

LW, x(LB;,, ~LCZ,,) (9d)

.t s.ct

Il
UN
Il
UN

t

'L

S c

(4) Benefits for ecology:

Zsl EW,, x(EB;,, ~EC;,,) (%e)

s.ct

where f* is the objective function reflecting system benefits in planning periods (¥; s
denotes water resource, with (s = 1, 2, 3); ¢ denotes city, (c =1, ..., 18); t denotes planning

period, (t = 1, 2, 3); AW ., IW,, LW, and EW,,, is the amount of water allocated to

s,Ct? s,Ct s,Ct

LB

s,ct

agriculture, industry, life and ecology in planning period (m®); AB; IB; and

s,c,t ! s,ct

EB;., are the benefits coefficient of agriculture, industry, life and ecology (¥md); AC:.,,
IC .., LC;,, and EC; , are the cost coefficient of agriculture, industry, life and ecology

14
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Constraints mainly consist of water resources demand-supply, pollutions discharge, water
resources for limitation constraint, policy constraint as well as nonnegative constraints. These

constraints can be depicted as follows:

(1) The total amount of water supply constraint:

18

(AW, + WS+ LW, +EW, ) < Zwsm (10)

s,c,t s,ct s,c,t
c=1

where constraint (10) is the supplying of water availability constraints. WS__, is the supplying
of available water (m®).
(2) The total amount of water demand constraints:
Cr{ZA = > AdiD, }z)?})
, (11a)
ZA o = AWD,, +(1-2x 2)( AWD, , - AWD, , )
Cr{z WS, > WD, }z/%ﬁ
(11b)
Z IW,,, > IWD,, +(1-2x 2)(IWD, - IWD, ,)
Cr{ZL = 2 LW, }z/ﬂ/@
(11c)

23: LW, = LWD,, +(1-2x #)(LWD,, - LWD, )

S=!

15
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341

342

3 (11d)
Y EW.;, > EWD,, +(1-2x #)(EWD,, —EWD,,)

where constraints (11a) - (11d) are the total amount of water resources demand constraints;

AWD;,, IWD;,, LWD;, and EWD;, are the amount of water resources demand for

ct?

agriculture, industry, life and ecology (m?3).

(3) Waste water discharge requirement constraints:

3
D AW, x ADS_, < ATS;, (12a)
=1
3
D IWS xIDS,, <ITS;, (12b)
s=1
3
> LWS xLDS,, <LTS;, (12c)
=1

where constraints (12a) and (12c) are the waste water discharge requirement constraints; ADS_,
IDS,, and LDS,, are the waste water discharge coefficient of agriculture, industry and life
(tonne/m3). ATS;,, ITS;, and LTS;, are the total volume of agricultural, industrial and

ct?

living waste water discharge permission (tonne).

(4) COD emission limitation constraints:

ct —

3
D AW, x ADS,, x ACO,, < ATCO, (13a)
=1

16
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3

Z IW,",, x DS, x ICO,, < ITCO;, (13b)
3

Z LW, xLDS,, xLCO,, < LTCO;, (13c)

where constraints (13a) - (13c) are the COD emission limitation constraints; ACO,,, ICO

c,t? c,t

and LCO,, are the concentration coefficient of COD discharge in agricultural, industrial and

living waste water discharge; ATCO;,, ITCO;, and LTCQ;, are the total volume of COD

discharge of agriculture, industry and life (tonne).

(5) NHs-N emission limitation constraints:

ZA . xADS x AAN_, < ATAN;, (14a)
ZI W, x IDS,, x AN, < ITAN, (14b)
3

z LW, xLDS,, x LAN,, < LTAN;, (14c)

where constraints (14a) - (14c) are the NH3-N emission limitation constraints; AAN IAN

c,t? c,t

and LAN,_, are the concentration coefficient of NHs-N discharge in agricultural, industrial and

living waste water discharge; ATAN;,, ITAN;, and LTAN, are the total volume of NHs-N

c,t?

discharge of agriculture, industry and life (tonne).

17
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(6) Water resources for limitation constraint:

AW, < AXU,  x AWD;,

s,ct —

N . (15a)
AW, = AXL, . x AWD_,
IWSiCt S IXUS ct X IWD(;rt

L - . (15b)
W, > IXL, . x IWD,
LW, <LXU,  xLWD,,

L - . (15¢)
LW, > LXL, , x LWD_,
EW,,, <EXU, , xEWD;,

L - L (15d)
EW, ., > EXL, , x EWD,

where constraint (15a) - (15d) is the water sources limitation constraint; AXU, ., IXU,_ ,

LXU and EXU are the maximum proportion of water resource allocation for agriculture,

s,C,t s,C,t

industry, life, ecology; AXL,_ ., IXL,.,, LXL ., and EXL

s,C,t

are the minimum proportion

of water resource allocation for agriculture, industry, life, ecology.

(7) Policy constraint:

3 18
ZZ(AWS%CJ + IWS,iC,t + LWS,iC,t + EWS,iC,'[ ) S PTVVI (16)
s=1 c=1

where constraint (16) is the policy constraint; PTW, is the total amount of allowed water

consumption in 2020 (m?3).

(9) Nonnegative constraints:

18
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AWS L IWE LW EWS

e W LW, EW, >0 (17)
Constraint (10) means that the amount of supplying water by three water resources in each city
are limited, and the total supplying water for each department should not exceed the available
water resources (Fu et al., 2018). Constraints (11a) - (11d) indicate that the water resources
demand of different departments should be satisfied in order to ensure the water supply security
(Tu et al., 2015). Among the water allocation schemes, the allocation for life should take the first
priority owing to the harmonious development of social economy as well as the huge economic
benefits when its water requirements are being met (Li et al., 2018; Chen et al., 2017).
Constraints (12a) and (12c) limit the discharge of agricultural, industrial and living waste water
in every city for protecting the ecological environment (Liu et al., 2018). Constraints (13a) - (13c)
and constraints (14a) - (14c) are used for ensuring that the amount of COD and NH3-N emissions
should be less than the maximum emission limit (Xie et al., 2018). Constraints (15a) - (15d) are
formulated to ensure that the proportion of the water resources should not exceed the
requirements (Zhang and Guo, 2017). Constraint (16) is established to ensure that the annual
water resources consumption should be controlled within the prescribed scope by 2020 (HWRB,

2017).

3.3 Data collection and analysis

The Appendix shows the specific abbreviation. The modeling data were mainly consist of
economic, social, water resources and environmental parameters. These data were obtained from

related literatures, site investigation, statistical yearbooks, and websites (Li et al., 2013; HWRB,
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2017; HSY, 2017; WPN, 2017; Xie et al., 2018; Wang et al., 2019). However, the modeling
coefficients could hardly be deterministic or offer enough precision due to poor information
quality, observation errors and subjective experiences (Xu et al., 2017). In this study,
uncertainties were depicted in various formats to present the complexities and uncertainties of
the MIFCP-RWMS model. In detail, the inputs of the optimization model (i.e. benefits, cost, the
supplying of surface water, groundwater and other water, the allowable emissions of waste water,
COD and NHs-H) were expressed as intervals based on the annual historical data (HWRB, 2017,
HSY, 2017; WPN, 2017). In addition, the water demands for agriculture, industry, life and
ecology were encoded as fuzzy sets based on expert consultations and estimations (Zhang and
Huang, 2011a; Xu et al., 2017). According to the survey among the decision makers in RWMS,
their preferences regarding water allocation tend to be different attitudes (i.e. conservative,
neutral and radical), which indicates that the credibility level (1) selection has great influence on
the optimal solutions (Ji et al., 2018). By introducing fuzzy set theory, the ambiguous credibility
level can be expressed as fuzzy number to reflect the fuzziness of decision maker's attitudes
(Zhang and Huang, 2010; Ji et al., 2018). The curves of a-cut level and relative credibility level
under the attitudes of three types of decision makers were depicted in Figure 3. Table 1 depicts
water supply in 18 cities of Henan Province in 2017. Table 2 illustrates department water demand

in 18 cities of Henan Province in 2017.

4. Result Analysis
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4.1 Solution of water supply

Figure 4 shows the allocated water for three attitudes of decision makers in Zhengzhou City
during the planning horizon under « = 0.5. Different attitudes of decision makers with diverse
credibility level (1) would have great influence on the supplying water. For example, the total
supplying water during the entire planning horizon would increase by [0.24, 0.25] < 10° m?
(conservative attitude), [0.22, 0.25] x10° m® (neutral attitude) and [0.23, 0.25] % 10° m? (radical
attitude), respectively. This is because the rapid population growth, the gradually increased
industrialization and urbanization would result in the growing demand for water resources; those
would urge the total supplying water to increase through improving the water utilization
efficiencies. Besides, different allocated water would be affected by three attitudes of decision
makers. Specifically, when the attitudes of decision makers were conservative, the total amount
of surface water during the planning horizon would increase by 24.42 %, the total amount of
groundwater would reduce by 12.41 %, and the total amount of other water would increase by
24.66 %, respectively. This phenomenon can be attributed to the construction and operation of
water conservancy projects such as the South to North Water Diversion Project. For the
groundwater, local government would formulate relevant policies to restrict the exploitation of
groundwater. For the other water, local government would advocate the adjustment of
water-saving industries, encourage the reuse of water and speed up the development of waste
water treatment technologies. Moreover, since the surface water has higher return compared to
other two types of water resources, the proportion of allocated surface water would be the largest.

Summarily, decision makers in different cities should select suitable water allocation schemes
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based on the realities of the local water resources and the requirements of various departments in

order to achieve the maximum system benefits.

Figure 5 presents the supplying water from three water sources under different a-cut levels
related to the three attitudes of decision makers. The water supply of different cities from three
water sources would vary greatly from each other. For example, under radical attitude of decision
makers, the supplying surface water in Xinyang city would be about 4.59 times more than that in
Zhumadian City. However, the supplying groundwater in Xinyang City would be about 3.28
times less than that in Zhumadian City. In addition, the amount of other supplying water would
be larger in Zhengzhou City and relatively smaller in other cities owing to the uneven
distribution and various utilization policies of water resources in different cities. Three attitudes
of decision makers with different a-cut levels would have great influence on the supplying water
from three water sources in different cities. For example, for conservative attitude of decision
makers, the lower bound of supplying water would not be affected by the change of a-cut levels,
its value would always be 2.93 x10° m3; while the upper bound of the supplying water would
lessen with the increase of a-cut levels. For neutral attitude of decision makers, the upper and
lower bounds of supplying water would be influenced simultaneously. For instance, the upper
value would be reduced from 2.99 x10° m? (« = 0.5) to 2.98 x10° m3 (a = 1), while the lower
value would be increased from 2.94 x10° m? (« = 0.5) to 2.95 x10° m® (a = 1). For radical

attitude of decision makers, the upper bound of supplying water would not be affected by the
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471  alter of a-cut level, which would be kept 3.00 %< 10° m?; while the lower bound of supplying
472 water would be increased with the augment of a-cut level. This is because different credibility
473 level (1) would make the water requirements of each department get different satisfaction

474  degrees. Generally, comprehensive water resources optimal distribution management strategies
475  (e.q., the attitude of decision makers, the advancement of irrigation modes as well as the

476  optimization of water sources allocation patterns) need to be implemented according to the

477  real-world conditions.

478  mmmmmmmmmmmemememememeeeeee

479  Place Figure 5 here

480  m-mmmmmmmmmmmmemememememeoee-

481

482 4.2 Solution of water allocation

483

484  Figure 6 presents the results of water allocation in different cities under three attitudes of

485  decision makers during the entire planning horizon. For the conservative attitude of decision
486  makers under o = 0.5, groundwater would account for 32.40 % of the total supplying water in
487  Zhengzhou City, while it would be 49.26 % of the total supplying water in Xuchang City. This is
488  because each city has unique geographical location and water resources utilization policies, the
489  supplying water would be diverse in different cities. Additionally, there would be significant
490  variances in the amount of water usage for different departments. For example, when the

491  attitudes of decision maker were conservative under a = 0.5, the surface water in Zhengzhou City
492  for agriculture, industry, life and ecology would be 53.83 %, 38.09 %, 54.11 % and 47.08%,

493  respectively. This is because different departments would require diverse water quantities owing
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to various social-economic development requirements. Furthermore, there was a significant
dissimilarity in the amount of water usage in different cities which suggested that decision
makers need to take both the actual availability of water resources and the related policy
requirements into account and balance the contradictions of water resources for various
departments. Besides, three attitudes of decision makers would give rise to markedly changes in
water distribution. For instance, the allocated water for life in Zhengzhou City would be 2.09 x
10° m® (conservative attitude), 2.12 x<10° m® (neutral attitude) and 2.15 < 10° m? (radical
attitude), respectively. This is because three attitudes of decision makers took different credibility
levels (1) into consideration, and the credibility levels (1) under conservative, neutral and radical
attitudes of decision makers would decrease successively. Moreover, different credibility levels
(4) would make the water requirements of each department get different satisfaction degrees, the
higher credibility level would bring about smaller allocated water resources in every department.
Therefore, decision makers should fully consider the characteristics associated with different
requirements of water demand and supply in each city and try to adopt various attitudes of

decision makers to identify effective water allocation schemes.

Figure 7 shows the allocated water under three attitudes of decision makers during the entire
planning horizon. Generally, the allocated water would be different with time for different
departments in each city toward different attitudes. For instance, when the attitudes of decision

makers were neutral, the share of agricultural water in period 1 would account for 53.92% of the
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total water consumption, which were higher than that of other departments in Anyang City;
comparably, the industry water in period 1 for Zhengzhou City and Xuchang City would take the
primary roles which occupied 25.16 % and 27.76 %, respectively. This phenomenon would be
caused by the water resources condition, industrial structure, living standard, and economic
development. Besides, for conservative attitude of decision makers under « = 0.5, the allocated
agricultural water in Xinyang City over the planning horizon would decrease by 57.05 x10° m?,
while the allocated water for industry, life and ecology would increase by 12.80x10° m?, 65.84 x
10% m® and 11.42 <10°® m3, respectively. This phenomenon would be attributed to the
development of industrialization, urbanization, the steady population growth, as well as the
significant improvement in human life. Since the exploitation of agricultural water-saving
irrigation technology and the adjustment of planting structure played significant roles in the
water consumption of agriculture, the distribution of agricultural water would decrease with time.
Generally, polices and strategies should be made not only to ensure basic water demand of
different departments, but also to improve water efficiency of each department, especially in

agriculture and industry.

4.3 Solution of waste water, COD and NHs3-N emissions

Figure 8 shows the volume of industrial waste water, COD and NHs-N emissions for three

attitudes of decision makers during the whole planning horizon under a = 0.5. There were
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obvious differences in the volume of discharged waste water for different cities. For example, for
the radical attitude of decision makers, the volume of industrial waste water in Zhengzhou City
and Xinxiang City were relatively large, which were 415.30 > 106 tonne and 128.19 < 10° tonne,
respectively. On the contrary, the industrial waste water in Hebi City and Jiyuan City were
relatively small, which were 36.83 < 10° tonne and 21.77 x10° tonne, respectively. This
phenomenon were the results of various industrial types, industrial development conditions and
industrial water usage status in different cities. Since the capacity of industrial waste water
treatment was altered from different cities, the concentration of major pollutants in waste water
were also distinct. The volume of discharged COD in Nanyang City would be 15.39 %102 tonne,
which were 18.43 times bigger than that in Jiyuan City. Additionally, it can be clearly seen that
the amounts of pollutants under radical attitude of decision makers are significantly greater than
that under the conservative attitude of decision makers. This is because the radical attitude of
decision makers would take smaller credibility level (1) into consideration, the water demand of
different departments would be more fully satisfied, then there would be more consumed water
in the industry. In contrast, the conservative decision makers would have a relatively small
amount of waste water. Results indicated that various attitudes of decision makers would lead to
the change of pollutant emissions. Moreover, the pollutants mitigation levels would correspond
to the city’s industrial system returns. The net benefits for industry would have a decreasing
tendency as the pollutant-reduction levels increasing. Results implied that effective water usage
attitudes should be desired to reduce pollutant emissions, improve water utilization efficiencies
and achieve the sustainable development of industry.

Place Figure 8 here
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4.4 System benefits

Figure 9 shows the system benefits under conservative, neutral and radical attitudes of decision
makers during the planning horizon. For conservative attitude of decision makers, the altered
o-cut levels would have no impact on the lower bound of system benefits, which would be
always equivalent to 19.26 x 10'2 ¥ while the system benefits in upper bound would be
decreased from 19.97 %102 ¥(« = 0.5) to 19.88 %102 ¥(a = 1). For neutral attitudes of
decision makers, when a was 0.5, 0.8 and 1, the upper bound of system benefits would be 20.23
x10%? ¥ 20.20 %102 ¥and 20.18 x10'? ¥ respectively. The lower bound of system benefits
would be 19.43 <10 ¥ 19.46 x10% ¥and 19.48 %102 ¥ respectively. For the radical attitudes
of decision makers, the upper bound of system benefits would not be affected by the change of
a-cut level, it would be always equivalent to 20.42 <102 ¥ As the increase of a-cut level, the
lower bound of system benefits would be increased from 19.67 %102 ¥(a = 0.5) to 19.75 %102
¥(a = 1). Generally, the reason was that diverse attitudes of decision makers took distinct
credibility level (1) into consideration, the credibility level (1) under conservative, neutral and
radical attitudes of decision makers would decrease successively. Different credibility levels (1)
would make the water resources demand of each department get different satisfaction degrees.
Results also indicated that the conservative decision makers with the higher credibility level (1)
would lead to a less system benefits and support smaller system risk; comparably, the radical
decision makers with a lower credibility level (1) would gain a greater system benefits and bear

larger system risk; the neutral decision makers would secure the medium value of credibility
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level (1), and the reasonable probability that the projected goals will be reached (Ji et al., 2018).

5. Discussion

5.1 Comparisons among three attitudes and practical water requirements

Generally, water resource managers should rationally utilize water resources (i.e. surface water,
groundwater and other water) and strengthen the unified dispatch of water resources in order to
alleviate the restriction of water resources shortage and protect the security of water-supply.
According to the requirement of “13™ Five-Year Plan (13" FYP)” in Zhengzhou City (i.e. Water
Resources Consumption Total and Intensity Dual Control Work Implementation Plan), the total
annual water consumption of Zhengzhou City would be controlled within 2.25 % 10° m® by 2020
(ZMSM, 2017). Figure 4 shows that the amount of water allocated to Zhengzhou City in period 1
would be [2.18, 2.22] < 10° m? (conservative attitude), [2.21, 2.26] % 10° m3 (neutral attitude)
and [2.23, 2.28] < 10° m? (radical attitude), respectively. This phenomenon illustrated that the
results under three attitudes would be diverse, and the amount of allocated water with the
conservative attitude would be smaller than that permitted in 13" FYP. As shown in Figure 10a,
when a = 0.8, the system benefits with the radical attitude (i.e. [19.73, 20.42] <102 ¥ would be
higher than that with the conservative attitude (i.e. [19.26, 19.91] <102 ¥ It is mainly because

the radical decision makers would prefer achieving the maximum system benefits and having
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more allocated water resources. Conversely, the conservative decision makers would tend to seek
the system benefits within the prerequisite of minimum water resources consumption.
Comparatively, the neutral decision makers would choose medium system benefits with
intermediate system satisfaction (Ji et al., 2018). For example, in the actual RWMS of Henan
Province, some cities (i.e. Puyang City and Jiaozuo City) would pursue the development of local
economy, which would prompt the rapid increase of water demand in each department. Therefore,
the local decision makers would be willing to adopt a radical attitude for allocating a larger
amount of water resources and meeting economic development requirements. On the contrary,
some cities (i.e. Zhengzhou City and Nanyang City) would be committed to building a
water-eco-civilized city, the local decision makers would choose conservative attitude to
implement strict water utilization programs, vigorously promote the construction of water-saving
society, and strictly control waste water discharge. In summary, water resources managers should
decide the appropriate attitude based on their own development status and economic goals

(HWRB, 2017).

5.2 Comparisons among MIFCP, LP, IPP and IFCP

The study case would turn into an interval fuzzy-credibility constrained programming (IFCP)
problem, when the fuzzy credibility levels under three attitudes were simplified into the assumed
credibility levels (Zhang et al., 2019b; Zhang et al., 2020). The study problem could also be
solved through an IPP method by transforming the fuzzy chance constraints into deterministic
constraints (Liu and Hang, 2013). Then, the study problem could be further addressed through

the conventional linear programming (LP) approach by simplifying the interval numbers as
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deterministic values (Karterakis et al., 2007). Figure 10 illustrates the compared results among
LP, IPP, IFCP and MIFCP (i.e. conservative, neutral, radical) methods. As shown in Figure 10b,
the amount of allocated water in Zhengzhou City during the whole planning horizon would be
7.14 <10° m® in LP, [7.06, 7.19] x<10° m3in IPP, respectively. Results indicated that values
obtained in LP would be within the water allocation range obtained by IPP with consideration of
observation error, price fluctuation and subjective inference. Nevertheless, as the scope of
interval values increased, the results by IPP would become more ambiguous and would not
reflect the system credibility (Ji et al., 2018). IFCP could overcome the above limitations and
improve the system effectiveness by conducting the tradeoffs among satisfaction of constraints
and different credibility levels (Li et al., 2013). However, in practical problems, decision makers
would have distinct attitudes towards their subjective preferences. MIFCP could reflect the
preferred credibility level of constraints based on three attitudes of decision makers, which
would produce a series of schemes for water resources allocation, system benefits and pollutant
emissions. For example, the conservative decision makers would prefer to allocate less water
resources for the sake of high system reliability. On the contrary, the radical decision makers
would tend to allocate more water resources for maximum system benefits. As shown in Figure
10b, the upper bound of water allocation in Zhengzhou City during the planning horizon under
= 0.8 would be 7.17 x10° m® (IFCP), 7.06 x10° m? (conservative), 7.15 x10° m® (neutral), 7.25
»x10° m3 (radical), respectively. Therefore, the proposed MIFCP method is superior to LP, IPP
and IFCP methods. It can provide more comprehensive and reliable choices for decision
managers and be applied to a wider range of problems. Summarily, the MIFCP-RWMS model
could effectively describe the multiple preferences of decision makers in the process of water

resource allocation among 18 cities.
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6. Conclusions

In this study, a MIFCP method has been developed by integrating FCP, IPP and attitudes of
decision makers into a framework. MIFCP can effectively deal with uncertainties expressed as
interval and fuzzy information and reflect multiple preferences of decision makers. Then, a
MIFCP-RWMS model has been established for planning the RWMS of Henan Province, China.
Solutions of multiple attitudes of decision makers associated with varied credibility levels have

also been obtained in the MIFCP-RWMS model.

Several findings related to water allocation, waste water discharge, COD and NHs-N emissions
as well as system benefits can be summarized as follows: over the planning horizon, a) the total
supplying water from the radically oriented decision maker can increase by 1.82 x10° m3
compared to that from the conservatively oriented decision maker; b) for the radically oriented
decision maker, the water allocation for agriculture, industry, life and ecology can respectively
change by 0.24%, 0.37%, 0.67% and 0.44% as the a-cut level changes from 0.5 to 1; and c)
uncertainties associated with different credibility levels and attitudes can result in varied
solutions of water allocation, pollutant emissions and system benefits, and uncertainties can

jointly make the system benefits change about 5.66%.
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The MIFCP-RWMS model can provide useful strategies for planning the RWMS by considering
uncertainties expressed as interval, fuzzy information and different attitudes of decision makers.
The MIFCP-RWMS model cannot only provide some realistic supports for the study area but
also supply series of theoretical suggestions for other study regions in terms of the regions’ scale,
complexity and uncertainty (Yu and Li, 2019; Li et al.,2019b). However, there are some potential
limitations that need to be addressed in future studies. Firstly, this study merely discusses the
model’s reasonability and applicability in the real case of Henan Province, it neglects the
verification in other study areas such as Zhangweinan River Basin, Shanxi Province and
Xinjiang Uygur Autonomous Region, thus some comparative analyses shall be further extended
(Liuetal., 2016; Wang et al., 2017; Luo et al., 2019). Secondly, in this study, three preference
attitudes of decision makers are only divided by the prediction of the future available water
resources, which are incapable of analyzing the decision makers’ preferences on water demand
estimation and economic development in the future. For instance, the domestic water demand
may subject to socio-economic factors (population, household size, income, education and life
style), climatic characteristics (temperature and humidity) and public water policies and
strategies (Makki et al., 2015; Koztowski et al., 2018). Hence, some sensitivity analyses towards
other key parameters (e.g. water demand, water price, water discharge requirement) shall be
further adopted in the MIFCP-RWMS model (Jiang et al., 2018; Poirier-Pocovi and Bailey,

2020).
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