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Abstract

Two major concerns over the chemical industrial park (CIP) operations are high consumption of water resources and large
amount of pollutant emissions. This study develops an interval chance-constrained programming model for industrial water
resources management (ICCP-IWM) with consideration of multi-uncertainty and multi-environmental constraints. Uncertainties
expressed as intervals and probability distributions are merged in the ICCP-IWM framework. The developed model is used to
solve a real-world water resource management problem in the Shenyang Chemical Industrial Park to demonstrate its capacity and
effectiveness, where the objective is to minimize the system cost of water pathways and pollutant-emission control under a series
of constraints. Interval solutions with respect to water resources allocation, wastewater management, and pollutant emissions
could be generated. Results indicate that a lower violation risk leads to an increased strictness of the constraints, then to a higher
system cost; conversely, a higher violation risk results in a lower system cost, at the expense of an increase in the risk. These
findings would be recommended by the decision-makers because of their applicability for practical decision process providing

the optimal strategy for sustainable water resource management under multiple uncertainties.
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Introduction

Scientific water resource management in the chemical industrial
park (CIP) has been increasingly important with intensification
of the global water crisis. Over the past decades, the controversial
and conflict-riddled issues in water resources, especially in water
shortage, mismanagement, and contamination, have become in-
creasingly serious (Davies and Simonovic 2011; Lu et al. 2016;
Kanakoudis et al. 2017). Also, these problems have been aggra-
vated by excessive exploitation of resources, inefficient industri-
al, agricultural and domestic utilization, and negative reactions of
nature to human activities (Shi et al. 2014; Ren et al. 2016;
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Nasiri-Gheidari et al. 2018). The conflict between limited water
resources and increased water demands has thus become a seri-
ous obstacle to the CIP’s sustainable development. Effective wa-
ter resource management strategies are thus significant for ad-
dressing water crisis and can contribute to the CIP’s sustainable
development (He et al. 2017; Geng et al. 2007; Komakech et al.
2011; Al-Ismaili et al. 2017).

Previously, a number of optimization techniques have been
developed for expressing uncertainties in the industrial water
resource management system. For example, Davijani et al.
(2016) focused on the effectiveness of an employment optimiza-
tion method by managing the allocation of water resources to the
agriculture and industry sectors in arid regions. Results revealed
that 1096 jobs could be created in the industry and agriculture
sectors by optimally allocating water resources in the central
desert region of Iran, which constituted an improvement of about
13% relative to the previous situation (non-optimal water utiliza-
tion). Tiu and Cruz (2016) developed a model for achieving
economic and environmental goals of an eco-industrial park,
where the economic concern considered piping and operating
costs together with freshwater, wastewater, and treatment costs,
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while the environmental concern mostly focused on the volume
and the quality of the water. Results indicated that the
considering water volume and quality in minimizing
environmental impact could give a better performance than
only considering water volume. Liu et al. (2017) proposed a
methodology for synthesis of inter-plant heat-integrated water
allocation network in the industrial parks, and they introduced
inter-plant integration strategies specific to industrial parks. Their
solutions showed that simultaneous design surpassed sequential
design, while regardless of the design routes, the method could
promote symbiotic utilization of resource within the industrial
parks and contribute to the sustainable development of process
industry.

However, little effort has been devoted to the use of program-
ming models for integrated water resource management in the
CIP especially form an environmental perspective (Geng and Yi
2006; Aviso et al. 2010; Liang et al. 2011). With an increase of
environmental awareness, the influence of pollutant emissions
from the CIP on water quality has become increasingly promi-
nent. Several problems with respect to water consumption and
pollutant control have not been substantially addressed (Li et al.
2017; Liu and Zhang 2013; Li and Ma 2015), such as (a) how to
cost-effectively allocate available water resources among multi-
ple enterprises and (b) how to simultaneously meet the goals of
both economic efficiency and environmental protection. It is thus
urgent to develop advanced mathematical programming methods
and to seek the optimal water resources management strategies
for the CIP’s pollution management (Niu et al. 2016; Cheng et al.
2016). Concurrently, there are multiple uncertainties in the water
resource management problems (Chen et al. 2017a; Chen et al.
2017b), resulting in a hardly identifiable system that are associ-
ated with natural, social, environmental, technical, and political
elements. These factors are plagued with unpredictable natural
processes, spatiotemporal heterogeneities, dynamic evolutions,
complicated communications, and interactions (Singh 2014).
The volatilities of natural conditions, such as climate change,
geographic features, and hydrological conditions, and the com-
plications of human activities, complexities of system operations,
and risk preference of policymakers as well as their interrelation-
ships are all possible sources of uncertainties (Sousa et al. 2013).
Inadequate consideration of such uncertainties probably leads to
inefficiencies of water management systems and further disturbs
the system balance. A number of studies have been conducted
for identifying, assessing, and planning water resource manage-
ment system with consideration of multiple uncertainties (Lu et
al. 2012; Rojas-Torres et al. 2015; Roach et al. 2016; Hu et al.
2016; Jabran et al. 2017). Uncertainties are usually expressed as
stochastic parameters and interval values, and they could help
seeking participatory and innovative policy and providing man-
agement options for water management system. Among the pro-
posed stochastic methods, the chance-constrained programming
(CCP) has been proved as an effective approach in tackling un-
certainties. There are three main advantages of CCP (Chen et al.
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2016): (a) it can notably reduce system complexities through
turning a stochastic programming into an equivalent determinis-
tic problem; (b) it can effectively handle uncertainties expressed
as probability distribution function at the model’s right-hand-
sides; and (c) it can incorporate other uncertain forms within an
overall framework, such as discrete intervals with deterministic
upper and lower bounds.

This study aims to develop an interval chance-constrained
programing (ICCP) model for industrial water resources manage-
ment (ICCP-IWM) to address the complexities and uncertainties
in the CIP. Through incorporating interval parameter program-
ming (IPP) and CCP within the decision-making framework, the
developed ICCP-IWM can effectively reflect multi-uncertainty
and multi-environmental constraints in the CIP, such as uncer-
tainties expressed as discrete intervals or stochastic parameters
and pollution loads involving chemical oxygen demand and am-
monia nitrogen (COD and NH;==N). Then, the developed
ICCP-IWM model will be applied to a real-world case study in
the Shenyang Chemical Industrial Park to demonstrate its poten-
tial capacities and effectiveness, where multiple strategies in as-
sociation with water resources allocation, wastewater manage-
ment, and pollutant emissions under different probability levels
will be generated to help the decision-makers guarantee regional
water quality and quantity.

Overview of the study region

The Shenyang Chemical Industrial Park is located in the north-
east of the industry corridor in the west region of Shenyang
(Fig. 1), which is the strategic focus of the Bohai Economic
Circle. The Shenyang CIP has achieved a completion of industry
agglomeration in a short period due to its rapid economic devel-
opment. It has created a regional development mode with petro-
chemical industry (PI), fine chemical industry (FCI), medicinal
chemical industry (MCI), and rubber machining industry (RMI)
as the cores. Specifically, there are five enterprises categorized
into the PI, including Huachen (HC, p = 1), Lahua (LH, p=2),
Gongyebeng (GYB, p=3), Xinrong (XR, p=4), and Shihua
(SH, p=5); another five into the FCI, namely, Dongxin (DX,
f=1), Zhongji (Z], f=2), Shenpan (SP, /= 3), Ziquang (ZQ, f=
4), and Dongrui (DR, f=5) companies; and still another five
major companies into the MCI, involving Tianfeng (TF, c=1),
Yirenbao (YRB, ¢ =2), Dongbei (DB, ¢ = 3), Dongbei 2 (DB2,
c=4), and Yanjiuyuan (YJY, ¢=5), and the RMI mainly in-
cludes the following companies, Shenyang (SY, r=1),
Shanfeng (SF, r=2), Shantai (ST, »=3), Pulisitong (PLST, »=
4), as well as Miqilin (MQL, »=5). There are two major rivers
(Hun River and Xi River) across the Shenyang CIP with a full
length of 415 and 78 km, respectively. According to a field
investigation, the main pollutants in this CIP are biological oxy-
gen demand, chemical oxygen demand, petroleum, total phos-
phorus, and ammonia nitrogen, which have significantly
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Fig. 1 A study area in Shenyang Chemical Industrial Park

exceeded the water quality standard of GB3838-2002 grade V.
Among them, the concentrations of ammonia nitrogen, chemical
oxygen demand, total phosphorus, and petroleum are at the max-
imum about 15.5, 6.8, 5.1, and 0.4 times higher than the stan-
dards. Currently, the water allocation problems arising from irra-
tional water resource management have been highlighted around
the CIP. Irrational utilization of water resources and unreasonable
excessive exploitation of underground wells have led to deterio-
ration of local water quality. Additionally, there is an intensifying
conflict between economic development and environmental con-
servation. With respect to the above problems, decision-makers
have made a detailed adjustment to the industrial layout and
established a unified sewage treatment plant. Moreover, in order
to save water resources, additional wastewater reuse facilities
have been set up to improve the utilization efficiency of water
resources.

Development of the ICCP-IWM model
Key assumptions

Some assumptions should be given before modeling formula-
tion, as follows:

The physics of water resource management, such as sur-
face water, groundwater, and water quality pollutant dis-
charge, are normally expressed as non-linear characteris-
tics, which are all mutually interacting. However, this
study reasonably simplifies the objective functions and
constraints to a linear decision model due to its easy for-
mulation and arithmetic.

According to the thematic mandate “Mater Plan of
Environment Development in Shenyang Environment and
Technological Development Zone” launched by the
China’s environment ministry, the year of 2020 is considered
as the planning target year, and the final outlook extends to
2030. Thus, a 10-year planning horizon is used for better
identifying the variations in water resource management
strategies from a long-term perspective. Additionally, the op-
erational design of water resources management system
should explicitly consider the supply-demand response, pol-
lutant emissions, and economic performance within the
multi-periods under uncertainties, rather than aggregating
the planning horizon in a single period. Accordingly, the
planning horizon is further divided into two planning periods
(i.e., the first period from 2020 to 2025 and the second period
from 2026 to 2030).
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* The required data for model solution are highly uncertain
because of the complexities in reality during the multi-
periods, although most of them are relatively accurate.
For example, the availability in treatment capacity of the
plant is assumed as normal distribution, which can help
the decision-maker identify the trade-offs between eco-
nomic efficiency and constraint violation risk.

Modeling formulation

The CCP is a critical method for dealing with uncertainties in
water resource management system based on Monte Carlo
simulation. In a practical water resource management system,
the trade-offs normally exist between the desire to manage
system cost and reduce the level of probability violating the
plant’s treatment capacity. A higher probability of satisfying
the facility-capacity level usually needs reduction of industry
production scale and adoption of more restrictive conservation

a~]

T
Recycle® = 21 RCti-oq <Z PW
t=

p=1 c=

strategies, resulting in a higher system cost. Consequently,
identification of the differences in strategies with a special
violation level could provide an effective manner for better
understanding the risk-based economic and environmental
performances of water resources management system. The
CCP could offer useful analyses for balancing the trade-offs
among objective function value, violation levels of con-
straints, and the preset probability. However, it can hardly
address independent uncertainties in parameters (e.g., A, B,
and C in Appendix A) of objective function and constraints.
One potential approach for better accounting for uncertainties
is to integrate the IPP method into the CCP modeling frame-
work (Chen et al. 2016). A general mathematical expression
of ICCP is shown in Appendix A.

The ICCP-IWM model focuses on conducting optimal wa-
ter allocation strategies with a minimum system cost as its
objective function, which involves costs for water supply
(Water), recycling water (Recycle), and wastewater treatment
(Treatment), given by:

Min Cost* = Water* + Recycle™ + Treatment™
T

Water® = T, | Y, WC;- ( T z FWi + z CWZ + z Rwi>
=1

+ZFWﬂ+ZCW +szi> ' (1a)

T P
Treatment™ z <z PF-PW, + z FFE-FW5 + z CFL-CWE + z RFZ. RWi>]

In this ICCP-IWM model, some modeling constraints
should be taken into account, such as constraints of water
supply, wastewater treatment, water recycling, and environ-
mental concerns.

(1) Constraint of water supply: it requires that the total
amount of water supply should not exceed the maximum
water availability.

P F C R
a,<z PW, + Y FWi+ Y CWo + % RWf,) <RCWF (1b)
p=1 f=1 c=1 r=1

(2) Constraint of wastewater treatment capacity: it indicates
that the amount of wastewater should not exceed the
plant’s capacity. However, uncertainties expressed as sto-
chastic characteristics widely exist in the range of treat-
ment capacity due to its great dependence on frequency
of external water, equipment maintenance, and reforma-
tion. Thus, it is expressed as stochastic inputs into this
model based on the CCP approach, where p; is a level of
probability violating the plant’s treatment capacity,
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implying a condition that the constraint is satisfied with
at least a probability of 1 — p;. For example, p;=0.05
represents the probability at which the constraint (1c) is
allocated to fail.

z PF-PWo + z FF;-FWi

"\

+ z CFL.CWE + z RF=. Rwi} <TWWi}>1 -
c=1

(Ic)

(3) Constraint of water recycling: the processed water that is
to be reused will be stored in a pool in the wastewater
treatment plant, and its amount should not exceed the
capacity of the total reservoir.

P F C
m(z PWy + ¥ FW; + ¥ CW z Rwi> <RCW? (1d)
p=1 f=1 c=1
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(4) Constraints of pollutant loads: the amount of discharged
pollutants (including COD, SS, and NH3;==N) should be
contained at a certain level.

P

P=

r=1

P F C R
(1=ay) (1=7,)- ( zl PCD,-PW>, + le FCDy;-FWy; + z] CCDE-CWE+ Y RCDi-RW,%;) <TCD¥
p= = c=

ct rt

F C R
(1-n,)-(1—ay)- ( zl PCR;-PW,, + le FCR;-FW; + zl CCR:-CWE + zl RCRi.RW,f—;> <APC} (1e)
= c= =

ct t

P F C R
(1-&)-(1—av)- ( Y PCN-PWy, + ¥ FCN;-FW; + Y CCN5-CWg + ¥ RCN?;-RW,.f) <APN*
p=1 f=1 ’ c=1 r=1

(5) Constraints of water supply: the requirements of water
supply should be between the maximum and the mini-
mum demands.

PW prmin PW 5, <PW py ma
FWﬁ,min SFW;;: SFWﬁ,max
CWct,min < CWi < CWctﬁmax

ct—

R Wrt‘min SR W,j; SR Wrt,max

(1f)

Detailed nomenclatures for variables and parameters are
listed in Appendix B.

Data collection

In this study, the economic, environmental, and technolog-
ical parameters with known their lower and upper bounds
were mostly acquired from the government documents,
research reports by relevant institutes, or derived from the
published papers survey questionnaire and expert consul-
tations. For example, according to the Integrated
Wastewater Discharge Standard (GB8978-1996), the sec-
ondary effluent standards of COD, SS, and NH;==N are
determined as 300, 30, and 50 mg/L, respectively.
Additionally, with the updating and improvement of treat-
ment technology in the Shenyang CIP during the planning
horizon, an increase in removal rate of pollutants should be
considered in the optimization process. For example,
the removal rates of COD were considered as 0.68 and
0.75 in the periods 1 and 2, that of SS were 0.88 and
0.95, and that of NH;3-N were 0.72 and 0.78, respectively.
Moreover, Tables 1, 2, and 3 list the economic and envi-
ronmental modeling inputs obtained from Refs. Chen et al.
(2017b), Li et al. (2015), and Lu et al. (2016). These im-
precise parameters could effectively describe modeling un-
certainties and present the real water system with a more
efficient manner. Uncertainties associated with wastewater

treatment capacity can be projected into a matrix and vec-
tors based on Monte Carlo simulation process, where each
execution produces a sample output and the output sam-
ples can then be examined stochastically to determine the
related cumulative probability distributions, and its proce-
dures can be summarized as follows: (a) generating some
random numbers for the treatment capacity; (b) using a
special statistical distribution model for transforming
there random numbers to random variables, and then for
each Monte Carlo run; (c) storing up these obtained var-
iables in an array; (d) generating a value from the array
for each parameter and using it as a deterministic input for
determining the treatment capacity; (¢) obtaining the al-
lowable treatment capacity based on the numerical model
and Monte Carlo run; and (f) analyzing the calculation
results and generating a cumulative probability distribu-
tion (Chen et al. 2017c). Figure 2 shows the probability
distribution of treatment capacity. The fitting simulated
treatment capacity could be used as important modeling
inputs of the ICCP-IWM model to achieve desired opera-
tion strategies.

Results
Water supply

Before modeling solution, the corresponding maximum and
minimum targets of water demand in terms of different com-
panies have been predetermined according to their historical
demand levels. Four probability levels (p;=0.01, 0.05,
0.10, and 0.15) are considered for identifying the variations
in decisions under multiple uncertainties. As shown in
Table 4 where only the solutions under p; =0.01 and 0.05
are presented, the optimal water allocation strategies fall
into the intervals. Results indicate that the amount of allo-
cated water generally decreases with an increased probabil-
ity level. For example, in the first planning period, the water
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Table 1 Unit cost for water

resources (RMB¥/m’) Price of per water (RMB ~ Price of recycling water (RMB ~ Treatment cost of per wastewater
¥/m?) ¥/m?) (RMB¥/m®)
t=1 [27,3.5] [0.1,0.2] [0.9, 1.6]
t=2 [3.1,3.8] [0.1,0.2] [1.3,1.8]

supply of HC company in the PI is [5.32, 6.36] x 10°> m?
(p;=0.01),and [5.00, 6.12] x 10°> m? (p; = 0.05), respective-
ly. Actually, an increase in violation level normally repre-
sents a gradual relaxation of the constraint and a gradual
increase in the acceptable risk of its violation. Conversely,
a reduction in the violation level represents a more restric-
tive constraint and a decrease in the acceptable risk of its
violation. Additionally, Fig. 3 summarizes the total water
flows of industries under different violation risks. Results
reveal that the amount of water consumption in the MCI is
the largest, which is significantly greater than those of other
industries. Apart from the freshwater supply, there are ap-
proximately [287.80, 303.25] x 103, [216.57, 273.05] x
10°, [196.75, 207.48] x 10>, and [173.50, 196.56] x
10° m® of recycled water from wastewater treatment plants
for supporting industrial production under p; =0.01, 0.05,
0.10, and 0.15, respectively.

Table2 Water consumption coefficient of each company (m*/m’)
Industry Company Periods
t=1 t=2

PI p=1HC) [0.58, 0.63] [0.59, 0.65]
p=2(LH) [0.53, 0.56] [0.55, 0.58]
»=3(GYB) [0.71, 0.77] [0.75, 0.79]
p=4XR) [0.20, 0.27] [0.21, 0.31]
p=5(SH) [0.29, 0.45] [0.36, 0.46]

FCI f=1(DX) [0.52, 0.76] [0.57,0.77]
f=2)) [0.32,0.42] [0.36, 0.42]
f=3(SP) [0.28, 0.38] [0.32,0.42]
f=4(ZQ) [0.69, 0.89] [0.72, 0.92]
f=5(DR) [0.48, 0.66] [0.52,0.72]

MCI c=1(TF) [0.16, 0.27] [0.25, 0.39]
¢=2 (YRB) [0.09, 0.15] [0.18, 0.26]
¢=3 (DB) [0.11,0.15] [0.24, 0.32]
c=4 (DB2) [0.32, 0.40] [0.47, 0.56]
c=5XJTY) [0.21, 0.28] [0.25,0.32]

RMI r=1(8SY) [0.21, 0.58] [0.22, 0.59]
r=2 (SF) [0.30, 0.49] [0.31, 0.50]
r=3(ST) [0.34, 0.55] [0.38, 0.58]
r=4 (PLST) [0.41, 0.60] [0.42, 0.60]
r=5(MQL) [0.34, 0.64] [0.38, 0.65]
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Trade-off between economic and environmental
performances

Figure 4 shows the system costs under different p; levels,
where the relationship between violation risk and economic
performance can be clearly presented. An increase in p; level
indicates a higher level of probability violating the plant’s
treatment capacity. Consequently, the right-hand treatment ca-
pacity (i.e., constraint 1c) is relaxed and the system cost drops,
reaching [18.95, 27.42] x 10°, [14.69, 24.92] x 10°, [12.18,
19.02] x 10°, and [11.42, 16.93] x 10° RMB¥ under p; =
0.01, 0.05, 0.10 and 0.15, respectively. Results indicate that
the changes in violation risks can result in different optimally
economic performances. A lower violation risk corresponds
first to an increased strictness of the constraints, then to a
higher system cost; conversely, a higher violation risk leads
to a lower system cost, which in turn increases the violation
risk. Therefore, there is a trade-off between system-constraint
violation and economic efficiency.

Figure 5 presents the detailed system costs generated from
different industries. Obviously, the highest cost is in the MCI
(e.g., under p; = 0.01, the total system cost of [10.59, 16.40] x
10° RMBY¥), and the lowest is in the PI (e.g., under p; = 0.01, the
total system cost of [1.88, 2.08] x 10° RMB¥). Three major
reasons accounting for such variations are summarized as fol-
lows: firstly, there are a small number of PI enterprises entering
into the CIP at present. Secondly, the MCI has the maximum
production scale among four industries. For example, the pro-
duction efficiencies of companies like DB and YRB in the MCI
are significantly higher than those of others. Thirdly, the water
demand of companies in the MCI is greater than that in other
industries (Table 4). In addition, with consideration of the char-
acteristic of IPP approach, the values of decision variables and
objective function can vary from the lower to upper bounds;
multiple alternatives can thus be obtained (Table 5). Taking the
violation level of 0.05 as an example, alternatives 1, 5, and 9
with lower-bound parameters input may lead to relatively lower
amounts of wastewater emission, water supply, and pollution
load. Their resulting system costs also become lower due to
their lower demands. On the contrary, when the majority of
parameters reach their upper bounds in alternatives 8, 12, and
16, they consequently achieve higher system costs with an in-
crease of system demand. Such variations can be also observed
under other violation levels, which support the in-depth analysis
on the interrelationships among system cost, wastewater
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Table 3 COD and SS emissions

of each company (kg/m®) Industry Company COD emission intensity (kg/m®) SS emission intensity (kg/m?)
t=1 t=2 t=1 t=2

PI p=1HC) [1.47,1.67] [131, 1.61] [0.18, 0.20] [0.16, 0.17]
p=2(LH) [0.97, 1.05] [0.95, 1.08] [0.15, 0.16] [0.14,0.15]
p=3(GYB) [0.18,0.21] [0.16, 0.18] [0.15,0.16] [0.14,0.14]
p=4 (XR) [0.75, 0.98] [0.71,0.92] 0 0
p=5(SH) [1.20, 1.85] [1.12,1.72] [0.15,0.17] [0.11,0.12]

FCI f=1(DX) [0.12,0.24] [0.17,0.21] [0.13,0.15] [0.12,0.14]
f=2(2)) [0.31, 0.40] [0.30, 0.37] [0.05, 0.08] [0.04, 0.07]
f=3(SP) [0.14, 0.20] [0.11, 0.18] [0.07, 0.09] [0.06, 0.08]
f=4(2Q) [0.19, 0.25] [0.18, 0.16] [0.12,0.14] [0.11,0.13]
f=5(DR) [0.15,0.21] [0.14, 0.20] [0.08, 0.09] [0.06, 0.08]

MCI c=1(TF) [0.41, 0.50] [0.39, 0.42] [0.27,0.3] [0.22, 0.24]
c¢=2 (YRB) [0.48, 0.56] [0.44, 0.45] 0 0
c¢=3(DB) [0.11,0.13] [0.09, 0.11] [0.097,0.1] [0.08, 0.09]
c=4(DB2) [0.40, 0.50] [0.35, 0.42] [0.17,0.20] [0.14, 0.15]
c=5YIY) [0.45, 0.52] [0.41, 0.50] [0.02, 0.03] [0.02, 0.03]

RMI r=1(SY) [0.18, 0.22] [0.17,0.21] [0.17,0.18] [0.16, 0.17]
r=2 (SF) [0.15,0.21] [0.14,0.17] [0.13,0.14] [0.12, 0.13]
r=3(ST) [0.16, 0.27] [0.13,0.15] [0.21, 0.23] [0.19, 0.21]
r=4 (PLST) [0.20, 0.29] [0.18, 0.16] [0.31,0.35] [0.30, 0.34]
r=5 (MQL) [0.59, 0.78] [0.40, 0.50] [0.21, 0.23] [0.19, 0.21]

emission, and system risk. Generally, a lower violation risk
results in a lower probability of system-constraint violation
and a higher system cost; conversely, a higher violation risk
corresponds to a decreased strictness of the constraints, then
to a lower system cost. However, decision-makers are willing
to take a neutral attitude towards the trade-off between system
cost and violation risk. Therefore, alternatives 7 and 10 would
be more comprehensive for them.

Fig. 2 The probability

distribution of treatment capacity
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wastewater treatment. However, there is a slight variation in
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Table 4  Water-supply strategies for each company (10° m?)

Industry Company pi=0.01 pi=0.05 Target (t=1) Target (=2)
Solution (¢=1) Solution (¢=2) Solution (r=1) Solution (¢=2)

PI p=1HC) [5.32, 6.36] [5.51, 6.60] [5.00, 6.12] [5.50, 6.24] [4.38, 6.45] [4.50, 6.70]
p=2(LH) [6.99, 8.40] [7.80, 9.36] [7.09, 8.21] [7.16,9.04] [6.30, 8.60] [6.50, 10.80]
p=3(GYB) [4.02, 4.80] [4.99, 6.00] [4.41, 4.62] [5.02, 5.42] [3.60, 4.90] [3.80, 6.05]
p=4(XR) [21.08, 25.20] [21.45, 25.74] [21.59, 23.48] [22.00, 24.8] [20.00, 26.00] [20.80, 25.95]
p=5(SH) [6.87, 8.16] [7.02, 8.40] [6.89, 8.01] [7.15,8.21] [5.80, 8.21] [6.40, 8.50]

FCI f=1(DX) [5.00, 5.83] [6.01, 6.25] [4.82, 5.10] [5.59, 6.00] [4.00, 6.00] [4.20, 6.50]
f=22)) [38.01, 39.85] [38.50, 40.19] [34.90, 38.00] [36.44, 38.50] [32.00, 40.10] [32.50, 40.50]
f=3(SP) [7.99, 8.13] [8.61, 8.81] [7.81, 8.03] [8.12, 8.60] [7.00, 8.25] [7.80, 8.90]
=42ZQ [3.22, 3.54] [3.91, 4.07] [3.15, 3.20] [3.20, 3.90] [2.70, 3.60] [3.20, 4.90]
f=5(DR) [2.80, 2.98] [3.11, 3.16] [2.79, 2.80] [2.94, 3.10] [2.40, 3.00] [2.50, 3.20]

MCI c=1(TF) [41.09, 42.58] [45.78, 51.00] [39.80, 41.05] [40.90, 48.15] [38.00, 46.40] [39.00, 52.10]
c¢=2 (YRB) [247.10, 252.58] [168.41, 178.93] [69.70, 130.70] [72.0, 174.80] [65.61,257.20] [66.20, 179.50]
¢=3(DB) [65.15, 68.11] [70.20, 73.11] [64.50, 67.45] [65.89, 70.15] [63.00, 72.50] [63.85, 75.40]
c=4(DB2) [24.58,27.20] [30.19, 33.15] [24.10, 25.80] [29.05, 30.18] [24.00, 31.00] [24.70, 35.00]
c=5YJY) [22.15, 23.85] [25.11, 26.35] [20.18, 22.15] [21.78, 25.16] [20.00, 24.32] [21.78, 26.60]

RMI r=1(SY) [2.20,2.41] [2.32,2.76] [1.98,2.16] [2.06, 2.58] [1.20, 2.50] [1.10, 3.30]
r=2 (SF) [20.16, 26.52] [30.05, 31.20] [20.15, 21.55] [24.56, 25.48] [20.00, 26.70] [22.49, 32.00]
r=3(ST) [55.89, 60.08] [59.82, 61.14] [50.17, 55.25] [52.46, 58.10] [40.00, 60.10] [41.59, 62.95]
r=4 (PLST) [8.84, 9.60] [9.03, 10.56] [8.60, 9.10] [9.06, 9.90] [5.00, 9.70] [5.98, 10.20]
r=5 (MQL) [25.98, 27.60] [26.48, 28.19] [23.60, 25.80] [24.19, 26.40] [21.08, 28.00] [21.96, 28.49]

that the RMI produces a relatively larger amount of wastewa-
ter at a lower treatment efficiency. Thus, the RMI needs to
strengthen management to improve water use efficiency and
wastewater treatment efficiency. Furthermore, the production
scale of the MCI needs to be reduced appropriately, and the
corresponding recycling facilities should be strengthened to
enhance reuse efficiency.

Figure 7 shows the COD emissions from various industries
when p;=0.05. The amount of COD emissions depends on

many factors, such as the product type and quantity, as well
as pros and cons of the water treatment facility. Results indicate
that the CMI has higher COD emissions, which is [21.52,
24.82] tonnes in the first period, and the emission of the RMI
is [21.11, 25.23] tonnes, with [19.14, 23.00] tonnes and [20.56,
24.86] tonnes in the second period, respectively. In comparison,
the COD emissions of the PI and the FCI are relatively lower.
Generally, the COD emissions of the CMI and RMI are six or
seven times higher than those of the PI and FCI. There are two

Fig. 3 Summary of water flows
under different p; levels (10° m®)
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Fig. 4 System cost under different p; levels

reasons for these changes: the large-scale production of the
CMI itself and the higher COD emissions in the RMI due to
chemical reactions. Results show that NH3-N emissions (Fig. 8)
of the MCI are more sensitive to the changes in p; values than
those of other industries. However, the NH;==N emissions of
all industries basically increase with the rise in p; values.
Among them, the MCI has the most obvious change (e.g.,
under ¢= 1, the emissions correspond to [2169.02, 2769.89]
kg when p;=0.01; [2543.54, 3914.85] kg when p;=0.05;
[2783.52, 3932.12] kg when p;=0.10; and [4977.83,
5600.69] kg when p;=0.15). It indicates that the increase in
p; leads to relaxation of constraints and a higher violation risk.
The NH;==N emissions are directly affected by the change of

water discharge. In addition, the NH;==N emissions of the MCI
and RMI are generally larger than those of the PI and FCI,
mainly due to their larger production scale. According to the
solutions of COD emissions, it can be concluded that the RMI
has a large production scale, strong capability of producing
wastes but relatively lower capacity of pollution treatment,
which may lead to excessive pollution. It is necessary to
strengthen the control over the RMI, as well as admission and
emission standards. Moreover, Fig. 9 shows the total SS emis-
sions under different planning periods. Results indicate that the
SS emissions in the first period are generally higher than those
in the second period, while a small portion of enterprises also
emits higher amounts of SS in the second period. This is be-
cause most enterprises tend to update their processing technol-
ogies, while there are a few companies (such as GYB) that have
a lower processing efficiency. Another reason may be that the
second period requires more water supplies and thus leads to
more wastewater emissions. Compared with other industries,
the MCI and RMI generate more SS emissions, which arise
from the relatively larger production scale and water demand
in these two industries. Therefore, it is critical to tighten the SS-
emission standards of the MCI and RMI and to improve pollu-
tion treatment efficiency.

Summarily, since p; levels are used for reflecting the
probability violating the treatment capacity, different p;
levels bring about varied environmental and economic
performances. A higher probability level of treatment ca-
pacity (i.e., p;=0.15) results in a decreased reliability in
fulfilling the system demand requirement, leading to low-
er amounts of wastewater emission and pollutant emis-
sions with a decreased system cost; conversely, decisions
at a lower probability level of treatment capacity (i.e.,
pi=0.01) correspond to large amounts of wastewater
emission and pollutant emissions with an increased sys-
tem cost, but the risk of violating the treatment capacity
abates. Additionally, modeling inputs, especially the eco-
nomic data, presented as intervals are used for reflecting
the volatility of interest rates and inflation rates because

Fig. 5 Detail system cost from 18 1
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Table 5 Solutions from the ICCP-IWM model under p; = 0.05
Alternatives PI FCI MCI RMI Cost for water consumption(1 0° RMBY¥) Wastewater emission (10° m®)

t=1 t=2
1 - - - [12.58, 15.83] [102.44, 150.21] [140.18, 236.28]
2 - - + [12.87,16.18] [105.58, 155.5] [170.24, 213.21]
3 - - + - [15.36, 19.29] [109.42, 161.37] [162.9, 224.96]
4 - + + [15.64, 19.65] [157.19, 166.67] [166.63, 230.94]
5 - + - - [12.69, 15.96] [103.68, 151.86] [141.90, 194.56]
6 - + - + [12.98, 16.32] [106.82, 157.15] [145.64, 200.54]
7 + + - [15.46,19.43] [110.66, 163.02] [164.62,227.11]
8 - + + + [15.75,19.78] [113.79, 168.32] [168.35, 233.09]
9 + - - [12.77,16.05] [104.58, 152.69] [142.98, 195.61]
10 + - + [13.05,16.41] [107.71,157.98] [146.72,201.59]
11 + - + - [15.54,19.52] [111.55, 163.85] [165.70, 228.15]
12 + + + [15.82, 19.87] [114.69, 169.14] [169.43, 234.13]
13 + + — - [12.87,16.19] [105.82, 154.34] [144.70, 197.75]
14 + + - + [13.16, 16.55] [108.95, 159.63] [148.44, 203.73]
15 + + - [15.65, 19.65] [112.79, 165.50] [167.42, 230.30]
16 + + + [15.93,20.01] [115.93, 170.79] [171.15, 236.28]

Note: — denotes the lower-bound value, and + denotes the upper-bound value

of the effects from several factors, such as socio-economic
and political aspects. When the decision-makers have a
neutral attitude towards the water system, both the
lower- and upper-bound modeling inputs should be equal-
ly considered. Alternatives 7 and 10 in Table 5 thus would
be more comprehensive strategies.

Discussion and conclusions

The reasons for driving this study are twofold. Firstly, a gen-
eral water resource management frequently focuses on a

Fig. 6 Costs of water supply, 300
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macro-scale system (e.g., municipal and provincial) or a
micro-scale problem (e.g., small reservoir). This study puts
more emphasis on a medium-scale system for a CIP, which
is responsible for sustainable development of economy and
control of pollutant discharge. Secondly, the uncertainties in
water resources management system are comprehensively
considered for enhancing the robust of modeling solutions.
Indeed, there are multiple uncertainties during the optimiza-
tion process due to spatial and temporal variations in
economic/environmental parameters, which not only place
them beyond the traditional deterministic optimization
methods but also strengthen the conflict-laden water resource
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Fig. 7 The detailed COD 30 ~
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allocation among various enterprises. For addressing such is-
sues, it is significantly desired to allocate water resources un-
der multiple uncertainties based on this modeling approach.
In this study, an interval chance-constrained programming
model for industrial water resources management (ICCP-
IWM) has been formulated for addressing multi-uncertainty
regarded as interval, probability distributions, and their com-
binations. The ICCP-IWM has been applied for planning wa-
ter resources in the Shenyang CIP, where Monte Carlo tech-
nique was used for simulating the treatment capacity, and the
probability levels symbolized the reliability in fulfilling the
water system requirement (i.e., a higher probability level cor-
responding to a decreased treatment capacity and leading to a
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high risk of the water-supply security). Generally, the ICCP-
IWM has the following advantages. Firstly, it could effective-
ly deal with the uncertainties in the water resource system,
which are characterized by interval and probability distribu-
tion. Secondly, it could effectively obtain the optimal water
resources management strategy through balancing the trade-
off between system cost and violation risk. Thirdly, uncertain-
ty analysis is used to examine robustness of the model solu-
tions. Interval analysis based on ILP approach is applied for
reflecting inexact modeling inputs with known the upper- and
lower-bounds. Stochastic analysis in used for addressing pa-
rameters expressed as stochastic characteristics. Such uncer-
tainty analysis can mathematically deal with inexact and
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Fig. 9 The detailed SS emissions

uncertain information within the water resource management
system and avoid the drift of the model solutions off the real
ones subject to inexactness. Moreover, the decision-making is
not kept static but improved by repeatedly communicating
with different alternatives. Through such a communication,
the robustness of the model solutions can further be enhanced.
The model solutions can thus be regarded as mature and used
to support final decision-making.

The ICCP-IWM model optimizes system costs with respect
to water supply, water recycling, and wastewater treatment
with consideration of the impact of uncertainty in treatment
capacity on the final decisions. Results disclosed that the al-
location of water resources in the four industries has a signif-
icant impact on their economic performance. Among them,
the MCI and RMI had a relatively larger amount of water
demand, which were identified as the major contributors to
COD, SS, and NH;==N emissions. Therefore, it was neces-
sary to strengthen the adjustment to its industrial structure,
improve the efficiency of wastewater treatment, and develop
more stringent emission standards for pollutants. Additionally,
results demonstrated that the changes in violation risks could
lead to varied economic performances. A higher violation risk
led to a lower system cost but a higher violation risk.
Conversely, a lower violation risk resulted first in higher strict-
ness of the constraints, then in a higher system cost. Moreover,
the optimal objective and decision variables were obtained by
analyzing the relationship between system cost and violation
risk. Alternative 7 with system cost of [15.46, 19.43]x 10°
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RMBY¥ and alternative 10 with system cost of [13.05,
16.41] x 10° RMB¥ might be the optimal choices, because
their system risk levels were at the medium level, which might
correspond to higher stability and reliability as compared to
another alternatives. The feasible ranges for decision variables
under different p; levels were useful for decision-makers to
justify the obtained alternatives directly.

This study is the first attempt to apply the ICCP-IWM
model for supporting water sustainable development in the
Shenyang CIP under multiple uncertainties. This study sug-
gests that the ICCP can be considered as an effective tool in
addressing other regional environmental management prob-
lems, such as air emissions reduction and energy resource
management. For instance, the advanced ICCP method could
be applied for reflecting the performance risk of pollutant-
mitigation strategies in compliance with the environmental
targets and assisting the decision-makers in conducting de-
sired management policies under uncertainties. However,
two concerns should be considered for the improvement of
the current ICCP-IWM model. Firstly, the ICCP approach
has a powerful capacity in dealing with the violation risk of
a special constraint with a single-objective modeling frame-
work, but it hardly addresses the trade-offs, especially when
multiple objectives have been merged into the decision-
making process (Chen et al. 2018a, b). Thus, further studies
should be focused on reducing such limitations. Secondly,
future efforts should be concentrated on developing a novel
multi-level water-resource management model through
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establishing the input-output relationships among the higher,
medium, and lower levels (Chen et al. 2017a).
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Proposed ICCP method

A general mathematical expression of CCP can be given by:

Max f = C(1)X (A1)
subject to

A(H)X<B(1) (A2)
xi>0,xjeX j=1,2,...,n (A3)

where X denotes a vector of decision variables, and A(?), B(?),
and C(f), respectively, denote the sets with random element
defined on a probability space 7, ¢ € T. Based on the solution
algorithm of CCP, it presents a certain level of probability
pi € [0, 1] for each constraint i and requires that this constraint
should be satisfied with at least a probability of 1 — p;, given
by:

Pr{A ()X <Bi()})2 1pi, AD)eA(), i
(Ad4)

However, the above inequalities are usually non-linear, and
the set of feasible constraints is convex only for some partic-
ular distributions and certain levels of p;. Then, the constraint
(A4) can be transformed as follows:

A(O)X<Bi(t)®), Vi (AS)

where bi(7)(p;) :Fi_l(pi), given the cumulative distribution
function of b; and the probability of violating constraint i.
Then, the CCP can be transformed into a deterministic model,
as follows:

Max [ =CX
s.t.
AX<B()P AeA, i=1,2,...m

B()"™ = {Bi(t)(pi)|i: 1:2,0,m
)CJEO7 xJEX J:17277n
p;i€l0, 1]

(A6)

CCP can effectively handle the stochastic uncertainties at
the right-hand sides (i.e., B;) with probability density function

available. However, it can hardly address independent uncer-
tainties in ¢; and communicate them into the constraints. One
potential approach for better accounting for uncertainties in A,
B, and C is to incorporate the ILP within the CCP framework,
where intervals are used for reflecting uncertainties in A and
C, as follows:

Max f* = C*x* (A7)
subject to:

AXE<B (O™, i=1,2,....m (A8)
+ + + P

X720, xjeX™, j=1,2,...,n (A9)

pi€l0,1]. (A10)

An interactive algorithm can be given to solve the ICCP
model. The above model can be divided into the upper- and
lower-bound submodels, expressed as:

n
Max T = Zc+x++ > J+J
j=ki+1
St
Z’au| Szgn( U>x + Z }au| Szgn( >x <B()( )7 Vi
X5 20, V)

(Al1)

where x;* (j=1, 2, ..., ky) represents the upper-bound vari-
ables, while x; (j=/k, + 1, k; +2, k; + 1, ..., n) represents the
lower-bound variables. According to the above upper-level
submodel, the lower-level one can be stated as follows:

ki

Min f~ = Ye;x; + Z cix;l
j=1 j=ki+1

S.t.

ki N

+ ] - - 7 - ..

Z’aij‘ Slgn(aij*)xj +j kZ-H‘aij’ Szgn(aij)foSBi(t)(pl)’ Vi
=k

0<x <xt . j=12 ...k

- J_ j.opt?
j=k +1, k1+2

+
Xj 2 X opt>

(A12)

Through solving the above two submodels, the optimal
solution can be obtained (i.e., [f opt, /*op] aNd [X opt X opel)-
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Nomenclatures for parameters and variables

Variables

CWs  Water supply for the MCI (m®)
FWy  Water supply for the FCI (m3)

PW, Water supply for the PI (m®)

RWy  Water supply for the RMI (m?)
Parameters

APC,; Total SS emissions in planning time ¢ (kg)

APN,
AW, Water availabilities in planning time t (m®)
CCD. COD emission rate in the MCI (kg/m3 )

Total NH;==N emissions in planning time t (kg)

CCNy  NH;-N emission rate in the FCI (kg/m3 )
CCR. SS emission rate in the MCI (kg/m3)
The maximum water supply for the MCI companies (m”)
CW-
ct,max
The minimum water supply for the MCI companies (m®)
CW-
ct,min
FCDg COD emission rate in the FCI (kg/m3)
FCN, NH;=N emission rate in the MCI (kg/m3)
FCRy  SS emission rate in the FCI (kg/m3)
The maximum water supply for the FCI companies (m?)
FWe
t,max
The minimum water supply for the FCI companies (m®)
FWe
t,min

PCD,,; COD emission rate in the PI (kg/m3)

PCN,; NH3-N emission rate in the PI (kg/rn3)
PCR,,;  SS emission rate in the PI (kg/m3)
PF, ~ Water consumption coefficient for the PI (m*/m>)

The maximum water supply for the PI companies (m?)
PW,.
t,max

The minimum water supply for the PI companies (m?)

PW,.

t,min
RCD,; COD emission rate in the RMI (kg/m3)
RCN,; NH;==N emission rate in the RMI (kg/m3 )
RCR,; SS emission rate in the RMI (kg/m3)

RC; Unit cost for recycling water treatment (RMB¥/m®)
RCW,  Capacity of the impounding reservoir (m®)

The maximum water supply for the RMI companies (m”)

RW,.
t,max
The minimum water supply for the RMI companies (m®)
RW,.
t,min
TCD, Total COD emissions in planning time t (kg)
TC, Unit cost for wastewater treatment (RMB¥/m>)
T; Planning time (year)
TWW, The minimum treatment capacity for the wastewater treatment

plant (m%)

@ Springer

(continued)

Variables

WC, Unit cost for water use (RMB¥/m?)

o Treatment efficiency for recycling water (%)
T COD removal rate (%)
i SS removal rate (%)
& NH;=N removal rate (%)
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