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Abstract. The increasing water demand due to human ac-
tivities has aggravated water scarcity, and conflicts among
stakeholders have increased the risk of unsustainable de-
velopment. Ignoring the effects of trade-offs leads to mis-
guided policy recommendations. This study highlights the
concept of synergy among different aspects of the water
allocation process. A process-based three-layer synergistic
optimal-allocation (PTSOA) model is established to integrate
the interests of stakeholders across sub-regions, decision lev-
els, and time steps while simultaneously coupling reclaimed
water to establish environmentally friendly solutions. A syn-
ergy degree index is constructed by applying network anal-
ysis for optimization. PTSOA is applied in Yiwu, southeast
China, and is shown to be able to improve the contradictions
among different dimensionalities in a complex system. Over-
all, 2.43×107–3.95×107 m3 of conventional water is saved,
and notable improvements in management are achieved. The
application demonstrates the efficiency and excellent perfor-
mance of the PTSOA model.

1 Introduction

Water scarcity has become one of the major impediments to
sustainable development of cities (Yue et al., 2020). Emerg-
ing water scarcity concerns in cities are associated with lim-
ited available water, severe water pollution, and relentlessly
growing demand for water as driven by industrial growth,
population growth, and higher living standards; these fac-
tors have lead to intense competition for freshwater among

stakeholders of interest (Dai et al., 2018; Wu et al., 2023).
However, the heterogeneous distribution of water resources
at both spatial and temporal scales is common and results in
water shortage risks and conflicts, which often require the op-
timization of water resource allocation (Friesen et al., 2017).
Moreover, some satisfactory alternatives for individual stake-
holders may result in negative externalities for others. Nowa-
days, the water resource system is becoming more and more
complex and often has multiple sources and users, as well
as infrastructure for the reuse of water. This kind of water
resource system is called a complex system. Therefore, it is
critical to develop a synergistic optimal-allocation model to
alleviate conflicts and ensure the security, efficiency, equal-
ity, eco-environmental sustainability, and sustainable devel-
opment of complex water resource systems simultaneously.

As equitable access to water resources is closely related to
social stability, several qualitative and indirect methods have
been developed to assess water allocation equality (D’Exelle
et al., 2012). In cases with limited water resources, more wa-
ter would be allocated to users with better economic condi-
tions to achieve more economic benefits. Thus, stakeholders
with poor economic status are ignored, resulting in imbal-
anced development. Consequently, actions are often needed
by local government managers to avoid such situations. The
Gini coefficient has been widely used to evaluate equality
and enhance the optimization of water allocation in water
use sectors (Xu et al., 2019; Hu et al., 2016; D’Exelle et
al., 2012). However, it is unable to reflect the dynamic inter-
actions among objectives, i.e., how objectives interact with
each other and impact the equity of a system in cases with
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diverse alternative decisions. From the perspective of coor-
dinated allocation, multiple goals are simultaneously consid-
ered to avoid negative effects as much as possible. There-
fore, in addition to equity, coordination should be considered
in water allocation systems, and these two concepts can be
combined to promote systemic synergy. By identifying the
dynamic interactions among objectives, the internal mecha-
nisms of a water system can be clarified, and synergy can
be achieved in cases with different potential decisions. It is
also helpful to identify the hurdles and opportunities associ-
ated with sustainable development for cities and to establish
specific action priorities for cities based on a comprehensive
understanding of the interactions among objectives. To ad-
dress this knowledge gap, a correlational network approach
is applied in this study, and a synergy degree index is pre-
sented to consider both equity and coordination of water sys-
tems. Moreover, systemic analysis is used to assess the level
of coordination of complex objective interactions in city wa-
ter systems.

Network analysis, which has been widely used in stud-
ies of complex systems (Ball et al., 2000; Saavedra et al.,
2011; Bond, 2017), is a holistic approach for exploring
the characteristics of interactions among objectives. It pro-
vides clear visualization and conceptualization of the interac-
tions among variables to fully characterize those interactions
(Bali Swain and Ranganathan, 2021). An array of network
metrics (for example, degree centrality, betweenness central-
ity, eigenvector centrality, closeness centrality, and commu-
nity) can be applied to quantify the importance of objectives
or targets in an interaction network (Zhou and Moinuddin,
2017) and reveal the strongly connected pairs of goals or tar-
gets in the network (Allen et al., 2019). A key network metric
in such analysis is connectivity, which reflects the degree of
coordination among different objectives in a system; in syn-
ergy networks, high connectivity indicates that many objec-
tives can be achieved simultaneously and that the negative
effects of interactions are mild (Wu et al., 2022). Thus, to
facilitate the discovery of high-quality decision alternatives,
alleviate negative conflicts among multiple utilities, and in-
form decision-making, a synergy degree evaluation index is
established and applied to the network analysis of this study.

Due to negative externalities of individual decisions, con-
flicts occur not only across different users or objectives but
also across hierarchical decision levels. Water use contradic-
tions and inconsistent decision-making by multiple managers
inevitably results in trade-offs, including positive and neg-
ative water resource feedback in cases with limited water
availability (Wang et al., 2022). In practice, district admin-
istrators allocate water to each sector in each sub-region, and
sub-region managers then make decisions based on the allo-
cated amount of water resources (Safari et al., 2014). Since
each decision-maker places emphasis on different targets,
feedback and coordination among different decision-makers
are of great importance. Therefore, synergistic hierarchical
water allocation that achieves coordination among different

decision-makers is imperative to avoid conflicts, save water,
and maintain social stability.

To address these hierarchical problems, bi-level program-
ming (BLP) has been widely used, wherein objectives at two
hierarchical levels, namely, an upper level and a lower level,
are co-optimized (Zhang and Vesselinov, 2016; Jin et al.,
2018). The upper-level decision may be affected by actions
of the lower-level decision-makers (Arora and Gupta, 2009).
Yue et al. (2020) formulated a bi-level programming (BLP)
framework to gain insight into the whole water allocation
process with district administrators and sub-regional farm-
ers. Li et al. (2022) built a two-level model with the overall
interests of system managers at the top and the individual in-
terests of water supply departments at the bottom. The multi-
level programming problem (MLPP) was derived from the
bi-level programming problem (BLPP) and is more applica-
ble to real-world practices (Baky, 2014). However, limited
studies have explored applying MLPP (more than two lev-
els) for water resource allocation, especially in cases with
unconventional water supplies.

To satisfy both long-term and short-term water needs and
avoid unnecessary administration costs and water resource
use caused by lack of coordination among different alloca-
tion steps, temporally synergistic allocation and optimiza-
tion are needed (Haguma and Leconte, 2018). In annual
water resource planning, the monthly variability of hydro-
logic regimes and non-stationarity of the daily water demand
must be considered. As an alternative example of synergis-
tic allocation at different time steps, Vicuna et al. (2010)
used a monthly nonlinear programming model and an an-
nual sampling stochastic dynamic programming (SSDP)
model to establish a monthly operating policy. Haguma and
Leconte (2018) constructed deterministic and stochastic opti-
mization models with two time steps (intra-annual and inter-
annual) and two levels of inflow variability: seasonal and
inter-annual. The purpose of their short-time-step model was
to derive aggregate performance functions associated with
potential long-time-step decisions in these studies. However,
short-term benefits should not be overlooked due to their ap-
preciable impact on long-term effects. Accordingly, syner-
gistic allocation that enhances both long-term and short-term
allocations is of great importance for water resource manage-
ment in cities. However, optimizing the structure of a model
to achieve maximized benefits and balancing the trade-offs
among time steps are tasks that have rarely been studied. The
synergy among different time steps is addressed with a new
innovative framework and a corresponding algorithm in our
study.

Most of the abovementioned traditional models are based
on a benefit-oriented mechanism, which leads to a high de-
gree of satisfaction in high-benefit regions and large water
shortages in other regions. The existence of high-benefit re-
gions in a city during the allocation process often exacerbates
regional disparities and heterogeneous development. More-
over, spatial factors influence allocation results, especially
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when there is spatial hierarchical heterogeneity among water
resource allocation elements (Li et al., 2022). It is thus appro-
priate to conceptualize water allocation problems in a multi-
stage framework that fully considers the interests of not only
the regional authority but also sub-regional managers (Yao
et al., 2019). Hence, the synergy among sub-regions must be
considered to optimally allocate water resources. Ideally, the
benefits of all sub-regions should be integrated equally in the
model, and the weights of hyper-parameters should be ad-
justed to best support flexible policies.

The optimal allocation of conventional and unconven-
tional water resources also significantly impacts water se-
curity and aquatic ecosystems. The reuse of reclaimed wa-
ter is beneficial for alleviating high water supply pressure
on conventional water resources and reducing the emission
of pollutants. To effectively integrate conventional and un-
conventional water resources, Yang et al. (2008) and Han et
al. (2008) introduced unconventional water resources as crit-
ical factors in water management. Avni et al. (2013) inves-
tigated the mixing of unconventional water resources with
other conventional water sources to meet the magnesium re-
quirements for drinking water and irrigation water. Yu et
al. (2017) developed a cost–benefit-analysis-based utilization
model for externally transferred water and desalinated water.
The allocation of both conventional and unconventional wa-
ter has been widely studied, but there remains a lack of meth-
ods to guide the synergistic allocation of conventional and
unconventional water resources and embed reclaimed water
supply systems in allocation schemes. The overexploitation
of conventional water resources is not conducive to sustain-
able development, while extensive use of unconventional wa-
ter could ultimately result in high economic burden. To syn-
ergistically integrate conventional and unconventional water
resources and guide the coordinated allocation of these two
types of water resources, corresponding mechanisms must be
implemented. As a result, our study aims to couple the allo-
cation of conventional water resources and unconventional
water resources to establish synergistic solutions.

In summary, as insufficient water supplies and increas-
ing water demands intensify competition for water resources
and lead to conflicts among different stakeholders in differ-
ent dimensions, water allocation must be optimized in cities
and regions to achieve synergistic decision-making at vari-
ous levels and time steps considering the value of reclaimed
water. Therefore, a new process-based three-layer synergis-
tic optimal-allocation (PTSOA) model is developed here to
generate numerous candidates or Pareto solutions and iden-
tify several desirable decision alternatives. The synergy of
time and space optimization is achieved in the new model to
avoid waste and promote balanced spatial development. Fur-
thermore, in the PTSOA model, reclaimed water is used to
replenish conventional water resources in water-scarce areas.

The remainder of this paper is organized as follows. The
mathematical model is formulated in Sect. 2. Section 3 gives
a numerical example for Yiwu to demonstrate the effective-

ness and efficiency of the proposed methods. The results are
shown in Sect. 4; different water allocation strategies under
varying inflow conditions are explored, and policy implica-
tions are discussed. Section 5 presents conclusions.

2 Modeling

With water resources becoming increasingly scarce, multi-
dimensional synergistic optimal allocation in a hierarchical
system is crucial for ensuring sustainable development in
water-scarce cities. There are three dimensions of synergy
in the established allocation model, as shown in Fig. 1: pro-
cess synergy, decision-level synergy, and timescale synergy.
The synergy of the process refers to synergistic water allo-
cation among the three stages throughout the whole alloca-
tion process to reduce waste in bridging processes, which has
rarely been considered. In the three stages, first, the original
water is released from reservoirs or diverted from external
water transfer projects to water works; then, the water stored
in water work infrastructure is supplied to different depart-
ments that need different types of water, including both con-
ventional and reclaimed water. Finally, water is supplied to
different users. Decision-level synergy refers to synergistic
water allocation considering the interests of decision-makers
at different levels, namely, the city, water department, and
regional levels, to coordinate solutions and avoid conflicts
among decision-makers. The city level represents the over-
all interests of a city from the perspective of government,
the water supply department level represents the interests of
water supply corporations, and the regional level focuses on
the comprehensive benefits of each region in the city and
mitigates development imbalance among regions. Optimal
decision-making at the department level is constrained by the
allocation results at the city level, and so on, and the final
solution should satisfy the needs of decision-makers across
all levels. The timescale synergy involves the coordination
of the daily configuration goal with the monthly goal, the
monthly goal with the yearly goal, and so on. Synergistic
temporal allocation can largely alleviate time conflicts dur-
ing configuration operations, ensuring that all configuration
periods serve the same final configuration objectives to save
water resources and improve efficiency. However, timescale
synergy mainly depends on artificial operations rather than
automated intelligent operations in practice. In-depth explo-
ration has yet to be demonstrated. Consequently, the PTSOA
model is constructed here to fully consider these three di-
mensionalities of synergy. The dimensionalities are coupled
in this model to achieve the efficient maximization of com-
prehensive benefits at all levels under the premise of sav-
ing water resources. In Fig. 1, the gray boxes indicate the
three different allocation dimensions, the green boxes indi-
cate the three different decision levels coupled with spatial
scales, the bright-yellow boxes indicate every key node in the
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Figure 1. Conceptual map of the PTSOA model.

whole allocation process, and the buff boxes indicate nested
timescale.

In water-scarce cities, using reclaimed water as an alter-
native water source has proved to be useful in efficiently im-
proving the environment by reducing sewage discharge. The
quality of inland tributaries has deteriorated in many water-
scarce cities due to limited consideration of the water envi-
ronment and the large-scale emission of pollutants. Transfer-
ring reclaimed water and main river water to urban inland
tributaries for ecological water replenishment is a promising
approach for improving the quality of urban water environ-
ments and areas with water shortages. However, there has
been a lack of studies on the integration of reclaimed water
reuse systems and inland water distribution systems in allo-
cation modeling. Therefore, in addition to saving water re-
sources and improving efficiency through multi-dimensional
synergistic allocation, the model encompasses reclaimed wa-
ter reuse systems and ecological water distribution systems
for inland tributaries.

Finally, the PTSOA model is constructed to solve the
multi-dimensional synergistic allocation problem involving
complex water resource networks that couple reclaimed wa-
ter reuse systems and inland ecological water distribution
systems with multiple sources, processes, and regions to
guarantee the sustainable development of water-scarce cities.
To select the most synergistic solution of the PTSOA model,
a new evaluation index named the synergy index (TSI) is pro-
posed to assess the synergy degree of different decision al-
ternatives. System entropy (H(S)) can describe the evolution
direction of a water resource system and was used to promote
the coordination of water supply departments in a water re-
source allocation system (Li et al., 2022). So, it is used for
comparison to evaluate the validity of this proposed index.
Furthermore, the network analysis method is applied for the
first time to analyze dynamic interactions in water optimal
allocation. This method visually depicts the dynamic interac-
tions and conflicts among different subareas in a city, which
is helpful for system managers to realize how the water al-
location scheme in one region influences that of other ar-
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Figure 2. Framework of the PTSOA model.

eas; consequently, more reasonable and flexible measures are
established based on dynamic regional development targets.
The detailed framework developed in this study is shown in
Fig. 2. In this figure, there are three layers in the framework,
and each layer has two parts: multi-objective optimal water
resource allocation and collaborative water resource alloca-
tion for objectives. In the multi-objective optimal water re-

source allocation, sub-layers contain key nodes in the allo-
cation process and relevant objectives and constraints. In the
collaborative water resource allocation for objectives, sub-
layers contain the optimization algorithm and decision selec-
tion method.
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2.1 First layer of the PTSOA decision-making process

Three dimensionalities of synergistic water resource allo-
cation are coupled in the first layer of the PTSOA model.
The first stage of the process (original water is released
from reservoirs or external water transfer projects to water
works) is optimized in the first layer. This stage demon-
strates a strong constraint effect on the later stages. To sat-
isfy the overall development goals of the city, the first-layer
processes involve city-level decision-making. The city man-
ager focuses on the overall goal of the complex water re-
source system in the city, which is the first and most impor-
tant phase of the decision-making process. The established
allocation scheme highly influences decision-makers at other
levels, and optimal-allocation schemes at other levels must
align with this overall goal. Additionally, since water re-
source planning in most Chinese cities is based on an annual
planning period and monthly planning unit, the time step of
the first layer is set as months. Finally, the monthly decision
alternatives for the volume of water allocated from reservoirs
to water works is obtained at the city decision level.

2.1.1 Objective functions of the first layer

Social objective function: minimization of total water
supply shortages

The social objective function is established by the city man-
ager to minimize the total water supply shortages in a water
system. The objective is established to sufficiently meet the
water demands of users in a water resource system. The water
deficit is considered, and this objective can reflect the ability
of the water supply to meet the water demand, as shown in
Eqs. (1)–(3):

minf11(x)=D− S, (1)

D =

R∑
r=1

T∑
t=1

Dtr , (2)

S =

T∑
t=1

I∑
i=1

J∑
j=1

xtijαij +

T∑
t=1

E∑
e=1

J∑
j=1

xtejβej , (3)

where D (1× 104 m3) is the total water demand of the sys-
tem; Dtr (1× 104 m3), . . . ,R, where R is the total number of
sub-regions in the area; t = 1, 2, . . . , T , where T is the total
number of months in the period; S (1× 104 m3) is the to-
tal water supply of the water system for all waterworks; xtij
(1× 104 m3) is the amount of water supplied from ith reser-
voir to the j th waterworks in the t th month of the configu-
ration period; i = 1, 2, . . . I , where I refers to the total num-
ber of reservoirs; j = 1, 2, . . . J , where J is the number of
total water works; xtej (1× 104 m3) is the amount of water
supplied from the eth external-transfer water source to the
j th water works in the t th month of the configuration pe-
riod; e = 1, 2,. . . ,E, where E is the total number of external-

transfer water sources in the city; αij is the water supply rela-
tionship coefficient between the ith reservoir and the j th wa-
ter works, where 0 indicates no supply and 1 indicates a wa-
ter supply; and βej is the water supply relationship coeffi-
cient between the eth external-transfer water source and the
j th water works, where 0 indicates no supply and 1 indicates
a water supply.

Economic objective function: maximization of the total
water supply benefit

A city manager operates a water allocation system to max-
imize the overall economic benefit by establishing an eco-
nomic objective function, as shown in Eqs. (4)–(7):

max f12(x)= B −Crs−Ces, (4)

Crs = k×

T∑
t=1

I∑
i=1

J∑
j=1

xtijαij +

T∑
t=1

I∑
i=1

J∑
j=1

(
xtijαij × ci

)
, (5)

Ces =m×

T∑
t=1

J∑
j=1

E∑
e=1

xtejβej +

T∑
t=1

E∑
e=1

(
ne×

J∑
j=1

xtejβej

)
, (6)

B =

J∑
j=1

bj ×

(
T∑
t=1

I∑
i=1

xtijαij +

T∑
t=1

E∑
e=1

xtejβej

)
. (7)

The overall economic benefit is the difference between the
total benefit and total cost at the city level. In the equations,
B (CNY – Chinese Yuan) is the total direct water supply ben-
efit (mainly considering the income from water charges for
the city). The total water supply cost consists of the reservoir
water supply cost Crs and the external water supply cost Ces,
k (CNY per cubic meter) denotes the water resource fees paid
to the government, ci (CNY per cubic meter) denotes the wa-
ter fees paid to the ith reservoir authority, m (CNY per cu-
bic meter) is the charge to an external administrative district
per unit of externally transferred water, ne (CNY per cubic
meter) is the charge associated with the eth external water
source per unit of transferred water, and bj (CNY per cu-
bic meter) is the unit price of water supply revenue for the
j th user.

Sustainable development objective function:
maximization of the total amount of reserved water in
reservoirs

In water-scarce cities, the problem of water scarcity is a se-
rious challenge that prevents sustainable allocation of water
resources. A prominent feature of most water-scarce cities is
that water inflows are limited, and the fluctuations in water
availability are large. Therefore, to reduce the risk that the
inflows in the next configuration period are too short to meet
the basic demand of the city, a sustainable development ob-
jective function is developed. The sustainable development
objective function seeks to maximize the amount of water
remaining in the reservoir at the end of a configuration pe-
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riod to hedge against drought risk and guarantee water use in
the next period, as shown in Eqs. (8)–(10):

max f13(x)=

N∑
i=1

(
V max
i −Vi

)
×p

(
V max
i −Vi

)
, (8)

p
(
V max
i −Vi

)
=

{
2×Vi/V max

i 0< Vi < V max
i /2

−2×Vi/V max
i + 2 Vi ≥ V

max
i /2 (9)

Vi =

T∑
t=1

(
Ri,initial+ I

t
i +P

t
i −A

t
i −E

t
i −EPti

)
,

−

T∑
t=1

J∑
j=1

xtijαij , (10)

where V max
i (1× 104 m3) is the maximum allowable storage

capacity of the ith water source, which is expressed based on
the limited storage capacity of a reservoir in the flood sea-
son, and Vi (1× 104 m3) is the water storage capacity of the
ith water source at the end of the scheduling period. As much
water as possible but less than V max

i is reserved. However, a
reserved water volume in the reservoir that is too high at the
end of the scheduling period may lead to considerable pres-
sure on reservoirs to urgently release water if a flood event is
forecasted. The reserved water volume should be neither too
large nor too small. Thus, the benefits of reservoir reserve
stock must be thoroughly evaluated. Based on the character-
istic of the benefit of residual water, we propose a boundary
benefit function p(V max

i −Vi) for different reserved water
volumes in a reservoir. The benefit function is a piecewise
function, and when Vi is less than V max

i /2, p increases as
Vi increases. When Vi is equal to or greater than V max

i /2,
p decreases as Vi increases. When Vi = V max

i , p decreases
to 0.Ri,initial (1×104 m3) is the initial storage of the ith water
source, I ti (1× 104 m3) is the inflow of the ith water source
at the t th time step, P ti (1× 104 m3) is the precipitation as-
sociated with the ith water source at the t th time step, Ati
(1× 104 m3) and Eti (104 m3) are the agricultural and eco-
logical water supplies associated with the ith water source
at the t th time step respectively, and EPti (1× 104 m3) is the
evaporation from the ith water source at the t th time step.

2.1.2 Constraints of the first layer

The layer includes six main constraints: the reservoir water
supply constraint, water demand constraint, reservoir storage
constraint, water balance constraint, external water transfer
constraint, and nonnegative constraint.

Reservoir water supply constraint

The maximum water available to supply from an individual
reservoir is determined by the difference between the total
input and total reservoir output. The inputs include inflow
and precipitation, and the outputs mainly involve agricultural
and environmental water supplies, evaporation, water sup-
plied for water works, and reservoir leakage loss. All these

factors directly affect the decision-making process and are
incorporated into the model-building process, as shown in
Eqs. (11)–(15):

V ti ≤ V
t
i,max, (11)

V ti =

J∑
j=1

xtijαij , (12)

V ti,max =

t−1∑
t=1

(
Ri,initial+ I

t
i +P

t
i −A

t
i −E

t
i −EPti

−

J∑
j=1

xtijαij −L
t
i

)
−Vi,d, (13)

EPti = epti × s
t
i /1000, (14)

V ti = ξ
t
i ×

(
Rt−1
i +Rti

)
, (15)

where V ti (1× 104 m3) denotes the total water supply from
the ith reservoir at the t th time step, V ti,max (1× 104 m3)
is the maximum water available to be supplied from the
ith reservoir at the t th time step, epti (mm) is the water surface
evaporation from the ith reservoir in the t th month, sti (m2)
is the monthly average surface area of the ith reservoir in
the t th month, Vi,d (1× 104 m3) is the dead storage of the
ith reservoir, Lti (1× 104 m3) is the reservoir leakage loss
from the ith reservoir at the t th time step, Rt−1

i (1× 104 m3)
is the storage of the ith reservoir at the t–1th time step, Rti
(1× 104 m3) is the storage of the ith reservoir at the t th time
step, and ξ ti is the t th monthly leakage coefficient for the
ith reservoir.

Water demand constraint

The high-quality water demand of each subarea in a city
should be satisfied in the water allocation process. High-
quality water in this model refers to water that satisfies the
relevant primary (surface water can be used for drinking af-
ter simple purification treatment, such as filtration and disin-
fection) and secondary (water is slightly polluted and can be
used for drinking after routine purification treatment, such as
flocculation, precipitation, filtration, disinfection, and other
processes) water quality requirements according to the Chi-
nese Standard (GB5749), as shown in Eq. (16):

0.8×Dr ≤
T∑
t=1

I∑
i=1

J r∑
j=1

xtijαij +

T∑
t=1

E∑
e=1

J r∑
j=1

xtejβej

≤ 1.2×Dr , r = 1, 2, . . ., R, (16)

where Dr (1× 104 m3) is the high-quality water demand in
the rth sub-region, and there are a total of R sub-regions in
the city. J r is the number of water works in the rth sub-
region. To ensure that the water supply guarantee in each area
is greater than 80 %, the total water supplied to every subarea
is greater than 80 % of its demand.
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Reservoir storage constraint

RTi ≤ Vi,f (17)

RTi =

T∑
t=1

(
Ri,initial+ I

t
i +P

t
i −A

t
i −E

t
i −EPt1i

−

J∑
j=1

xtijαij −V
t
i

)
(18)

In the above equations, RTi (1× 104 m3) is the storage of the
ith reservoir at the end of the configuration period, and Vi,f
(1× 104 m3) is the flood-limit storage capacity.

Water balance constraint

Rt+1
i = Rti + I

t
i +P

t
i −A

t
i−EPti−E

t
i −V

t−1
i −

J∑
j=1

xtij (19)

External-transfer water constraint

T∑
t=1

J∑
j=1

xtejβej ≤ Ee,max (20)

In the above equation, Ee,max refers to the maximum water
supply capacity of an external water source over the whole
configuration period.

Nonnegative constraint

xij ≥ 0 (21)

2.2 Second layer of the PTSOA decision-making model

Similarly, the second layer of the PTSOA model fuses all
three dimensions of the synergistic water resource allocation
mentioned previously. The second stage of the process (the
water stored in water works is supplied to different depart-
ments needing water volumes of different quality) is opti-
mized in the second layer. After city-level decision-making, a
conflict of interest inevitably occurs between traditional wa-
ter supply departments and unconventional water supply de-
partments. Because conventional and unconventional water
supply departments compete for limited water demand mar-
ket shares, the stability of the water allocation system may be
jeopardized if excessive competition is not controlled. Thus,
the second layer is implemented at the department level.
Decision-making at the department level seeks to guide the
two water supply departments to partake in benign competi-
tion and avoid conflicts to realize synergy. In this case, the de-
cision plan of the first layer in the hierarchy is followed. Tem-
porally, short-term allocation changes are needed, as men-
tioned above; hence, the timescale of the second layer is
daily. Thus, the daily decision alternatives for the volume of
water allocated from water works to different water depart-
ments are obtained to make relevant decisions.

2.2.1 Objective functions of the second layer

Conventional water supply department objective
function: minimization of the total amount of water
retained in water works

The managers of conventional water supply departments
strive to operate conventional water systems efficiently and
achieve the most equitable water share possible. The amount
of conventional water (of high quality) retained in a water
works system is a crucial factor affecting the efficiency and
benefits of conventional water supply departments. There-
fore, the benefit of conventional water departments is estab-
lished by minimizing the total amount of water retained in
water works at the end of a configuration period, as shown in
Eq. (22):

minf21(x)=WL =

T∑
t=1

I∑
i=1

J∑
j=1

xtijαij +

T∑
t=1

E∑
e=1

J∑
j=1

xtejβej

−

T∑
t=1

M∑
m=1

J∑
j=1

Z∑
z=1

q
t,m
jz χjz, (22)

where WL (1× 104 m3) is the total amount of water retained
in a water works system at the end of a configuration pe-
riod; q t,mjz (1× 104 m3) is the water supply from the j th wa-
ter works system to the zth water user on the mth day in the
t th month in the period of configuration; m= 1, 2, . . . ,M;
and M is the total number of days in the t th month (28, 29,
30, or 31). Additionally, z= 1, 2, . . . Z, and Z is the total
number of water users. χjz is the water supply relationship
coefficient between the j th water work and the zth water
user, where 0 indicates no supply and 1 indicates water sup-
ply.

Unconventional water supply objective function:
maximization of the amount of unconventional water
supplied

The reclaimed water reuse system and ecological water dis-
tribution system for inland tributaries are incorporated into
the PTSOA model; these are associated with unconventional
water supply departments. The managers of unconventional
water supply departments seek to supply as much unconven-
tional water as possible to promote their interests. Thus, the
objective of unconventional water departments is established
to maximize the amount of unconventional water supplied.
Unconventional water mainly includes reclaimed water and
river water, which is of low quality (i.e., not meeting the qual-
ity standard mentioned in Sect. 2.1.2) and is mainly used for
industrial production, ecological water replenishment for in-
land rivers, and municipal road sprinkling.
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Unconventional water departments operate reclaimed wa-
ter reuse systems and ecological water distribution systems
to supply unconventional water, and the associated equations
(Eqs. (23)–(26)) are as follows:

max f22(x)=Wr+EWr, (23)

Wr =

T∑
t=1

N∑
n=1

J∑
j=1

r tnjp(bc,bu)θnj , (24)

p(bcbu)=
1
3
×
bc

bu
−

2
3
, (25)

EWr =

T∑
t=1

N∑
n=1

Z∑
z=1

rnzθnz, (26)

where Wr (1× 104 m3) is the total amount of reclaimed wa-
ter supplied for all water users; EWr (1× 104 m3) is the total
amount of river water supplied to maintain ecological flows
in inland tributaries; r tnj (1× 104 m3) is the amount of water
supplied to the j th user from the nth reclaimed water source
at the t th time step; n= 1, . . . ,N ; N is the total number of
reclaimed water sources; p(bc,bu) is a function expressing
the willingness of residents to use reclaimed water; bc (CNY
per 1×104 m3) is the price per unit of conventional water; bu
(CNY per 1×104 m3) is the price per unit of unconventional
water; and θnj is the water supply relationship between the
nth reclaimed water source and the j th user. In this case,
θnj = 1 indicates a water supply relationship, and θnj = 0
indicates no water supply relationship. rnz (1× 104 m3) is
the amount of water supplied from the nth reclaimed water
source to the zth inland tributary; z= 1, 2,. . . ,Z; Z is the
total number of inland tributaries requiring ecological flow
compensation; and θnz is the water supply relationship be-
tween the nth reclaimed water source and the zth inland trib-
utary.

2.2.2 Constraints of the second layer

Conventional water supply constraint

According to conservation of mass, the total daily amount
of conventional water allocated in the second layer should
be less than the total monthly amount of conventional water
allocated in the first layer, as described in Eq. (27):

T∑
t=1

I∑
i=1

J∑
j=1
xtijαij +

T∑
t=1

E∑
e=1

J∑
j=1

xtejβej

≥

T∑
t=1

M∑
m=1

J∑
j=1

Z∑
z=1

q
t,m
jz χjz, t = 1, . . ., T . (27)

Unconventional water constraints

The two types of unconventional water have separate con-
straints. For reclaimed water supplied to water users, the
amount should satisfy the relevant water-recycling standard.

The ecological water used to replenish inland tributaries is
mainly pumped from reclaimed water works and main rivers.
Therefore, this replenished volume is limited by the pumping
capacity. The constraints for unconventional water are shown
in Eqs. (28) and (29):

T∑
t=1

N∑
n=1

J∑
j=1

r tnj θnj +

T∑
t=1

N∑
n=1

Z∑
z=1

rnzθnz

=

T∑
t=1

I∑
i=1

J∑
j=1

xtij δijηij +PU, (28)

PU=
T∑
t=1

M∑
m=1

P∑
p=1

Q
p,s
t,m/104, (29)

where δij is the sewage discharge coefficient, which is the
proportion of the water supplied from sewage discharge;
ηij is the sewage water reuse rate, which is the propor-
tion of reused water in the total volume of sewage water;
PU (1× 104 m3) is the amount of water pumped from the
main river; andQp,s

t,m (t d−1) is the flow through the sth pump-
ing station on the mth day at time step t .

Pumping constraints

Q
p
t,s ≤Q

P
max,s (30)

QP
t =

Np∑
s=1

r
p
t,s (31)

In the above equations,QP
max,s (t d−1) denotes the upper flow

boundary of the sth pumping station, rst (t d−1) is the power
of the pth pump installed at the sth pump station, and Np is
the number of pumps installed at the sth pump station.

Water quality constraint

To control the impacts of various point and nonpoint sources
on receiving waterbodies in cities, water authorities impose
water quality standards for the management of river basins.
These standards seek to maintain the water quality at a de-
sired target level by defining discharge limits for conven-
tional, specific, or priority pollutants. To satisfy the relevant
standards, the following water quality constraint is estab-
lished:

T∑
t=1

N∑
i=1

M∑
j=1

(
xtij δijψijh

u
j − x

t
ij δijηijh

u
j

)
× 10≤H u, (32)

where ψij is the sewage water treatment rate, which is the
proportion of sewage water that is treated; huj (mg L−1) is the
concentration of the uth contaminant per unit treated water
required by the j th user; and H u (kg) is the upper limit of
the uth contaminant allowed to be discharged in the study
area.
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2.3 Third layer of the PTSOA decision-making model

After obtaining the results for the former two stages of the
allocation process and the two levels of decision-making, the
third model layer is constructed to achieve regional synergy.
It refers to the collaborative allocation of water resources in
different sub-regions of a city, and it is intended to balance
and maximize the interests of each sub-region as much as
possible. Additionally, the needs of different kinds of wa-
ter users in different sub-regions can be met to the greatest
extent possible with this approach. Therefore, the three di-
mensions of synergy are also fused in this layer. The third
stage of the process (the water in different departments is
supplied to different kinds of water users, namely, residential
users, industrial users, and municipal users, in different sub-
regions) is optimized in this layer. After department-level
decision-making, conflicts of interest inevitably occur among
various water users in different sub-regions of a city. There-
fore, the third layer considers regional-level decision-making
to coordinate water needs and avoid conflicts between sub-
regions in the city. Moreover, the various development pri-
orities of sub-regions are emphasized by adjusting certain
hyper-parameters in the third layer. This layer is established
based on the allocation scheme obtained in the second layer
of the hierarchy, and the timescale of this layer is the same as
that of the second.

Although water pollutants are controlled in the second
layer, the detailed spatial distribution of pollutants remains
unknown. If one of the sub-regions emits a greater pollu-
tion load than others such that the river pollution limit is
exceeded, it constrains sustainable development and under-
mines the fairness of the allocation. To ensure the coordina-
tion of water quality among regions, the representative pol-
lutant concentration of the main reach in each sub-region af-
ter configuration should meet the relevant environmental ca-
pacity requirements. If these requirements are not met, the
objective function for this sub-region will call for a pun-
ishment, and more environmentally friendly plans will be
searched. After sewage with pollutants is transported from
outlets to waterbodies, advective transport, longitudinal dis-
persion, and transverse mixing will occur. At the same time,
physical, chemical, and biological interactions will occur in
the waterbody. To objectively describe the degradation of
pollutants in water, it is necessary to use mathematical mod-
els to simulate physical dynamics. Due to the heterogene-
ity of pollutants entering waterbodies and the uncertainty of
hydrological processes, it is usually of little practical signif-
icance to calculate the change in river water capacity over
time. A steady-state model is therefore used to calculate the
water capacity of the target waterbody (Cetintas et al., 2009;
K. Zhang et al., 2019). When water quality changes are stud-
ied at the annual scale and complete mixing is assumed, the
following equation (Eq. (31)) can be used to describe the wa-
ter quality change:

V dc
dt
=Q(Ce−C)+ Sc+ r(c)V , (33)

where V (m3) is the volume of water, Q (m3 a−1) is the flow
in and out of the system at equilibrium, Ce (g m−3) is the
contamination concentration in the inflow (g m−3), C is the
pollutant concentration, Sc denotes other external pollution
sources (m3 a−1), and r(c) is the reaction rate of pollutants in
water (g m−3 a−1). The above equation can be defined as the
basic mass balance of a waterbody in a completely mixed
system. Because the pollutants are evenly mixed in each
small interval, the horizontal and vertical concentration gra-
dients of pollutants can be neglected. Therefore, the model of
water quality in mixed rivers under steady-state design con-
ditions is adopted (Yue et al., 2021):

Wc = 31.54 ·
[
Cs ·

(
Qp+QE+QS

)
−Qp ·CP

]
, (34)

where Wc represents the water environmental capac-
ity (t a−1),Qp is the flow in the reach (m3 s−1), CP is the pol-
lutant concentration in the river (mg L−1), QE is the sewage
discharge (m3 s−1), QS is the total flow of nonpoint sources
into the reach above the control section (m3 s−1), and Cs is
the target concentration of river pollutants (mg L−1). The re-
sult calculated based on the total hydrological capacity stan-
dard is often relatively large, which is generally referred to as
nonconservative. To conform to real conditions, the concept
of a nonuniform coefficient is introduced for correction:

W ′c = α ·Wc = 0.6 ·Wc. (35)

This coefficient is used to assign a punishment if the wa-
ter quality exceeds the relevant value in a given sub-region.
Based on the coefficient value, the objective functions and
constraints are adjusted accordingly. Finally, the daily deci-
sion alternatives for water allocation from water departments
to water users are obtained at the regional decision level.

2.3.1 Objective function of the third layer

Regional objective function: maximization of the
comprehensive benefits of each sub-region

max f3(x)=

T∑
t=1

I∑
i=1

J r∑
j=1

xtijbij −

J r∑
j=1

(
Dj −

T∑
t=1

I∑
i=1

xtijαij

)

×ωj −Pr (rnz)−Gr

(
xtij

)
× q (36)

Pr (rnz)= ei ×

Pr∑
p=1

P
pump
p ×∇tr + x

t
ij δijψijωij (37)
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∇tr =

T∑
t=1

N∑
n=1

Zr∑
z=1

{(
lnz+

(
r tnzθnz/CASnz

)
/CASnz

)/
(
Qmax
nz /CASnz

)}
/3600 (38)

Gr
(
xij
)
=

Zr∑
z=1

U∑
u=1

(
Qfinal
z,u,r −Q

0
z,u,r

)
(39)

In the above equations, bij (CNY per m3) is benefit per unit
of water supply for the j th user; ωj is the penalty coef-
ficient per unit of water deficiency; j = 1, 2, . . . , J r; J r is
the number of water users in rth sub-region; r = 1, 2, . . . ,R;
Pr(rnz) is the penalty function for cost in the rth sub-
region; ei (CNY per kW h−1) is the unit electricity fee;
P

pump
p (kW h−1) is the electrical power consumed by the
pth pump at a pump house in each hour; p ranges from 1
to Pr; Pr is the total number of pumps in the rth sub-
region; ∇tr (h) is the time required for water transfer to
provide support for the inland river flow in the rth sub-
region; ωij (CNY) denotes the fee paid for sewage treat-
ment; lnz (m) is the length of a water diversion pipe from
the reclaimed water source n to the zth inland river; z ranges
from 1 to Zr; Zr denotes the number of inland rivers in the
rth sub-region; CASnz (m2) is the cross-sectional area of a
pipe from the nth reclaimed water source to the zth inland
river; Qmax

nz (m3) is the maximum overflow capacity of the
diversion pipe from the nth reclaimed water source to the
zth inland river; Gr(xij ) is the penalty function for substan-
dard water quality in the rth sub-region; Qfinal

z,u,r (mg L−1) is
the final concentration of the uth pollutant in the control sec-
tion of the zth inland river in the rth sub-region after optimal
configuration; Q0

z,u,r (mg L−1) is the initial concentration of
the uth pollutant in the zth inland river in the rth sub-region;
and q is the penalty coefficient for substandard water quality
in the rth sub-region. The number of objective functions in
this layer depends on the number of sub-regions divided in
the city, which is based on local conditions.

2.3.2 Constraints of the third layer

Water quality constraints

Mathematical models are often developed to help satisfy the
water quality standards at monitoring points (W. Zhang et al.,
2019; Pourshahabi et al., 2020; Friesen et al., 2017). How-
ever, for some cities with very few monitoring points, such
approaches may lead to good water quality in the monitored
sections and poor water quality in other sections. In these
circumstances, the quality of waterbodies in each sub-region
of a city is not simultaneously maintained. To maintain the
water quality in all sub-regions of a city at the desired target
level, the water quality constraint in Eq. (38) is established:

Qfinal
z,u,r ≤Q

control
z,u,r , (40)

where Qcontrol
z,u,r (mg L−1) denotes the control standard for the

uth pollutant in the control section of the zth inland river in
the rth sub-region.

2.4 Model solution

2.4.1 Synergy degree evaluation

Enhancing the understanding of the synergy among water al-
location alternatives to achieve broad coordination and equi-
librium is crucial. The evaluation of the synergy of a complex
water resource system is strongly related to multiple complex
interactions, such as the interactions among different pro-
cesses, users, and regions. However, these interactions have
rarely been explicitly captured in prior evaluations of water
allocation. One of the key network metrics used in network
analysis, connectivity, is a promising measure of the degree
of coordination among different objectives in complex sys-
tems (Weitz et al., 2018). Connectivity reflects the connect-
edness of a given link to all possible links in the network,
and the strength of each link is weighted, reflecting the num-
ber and strength of correlations (Felipe-Lucia et al., 2020).
In this study, connectivity is used to embody coordination
in the context of synergy, as shown in Eq. (26). Due to the
limited supply of water resources, competition among dif-
ferent objectives is unavoidable, and the objectives cannot be
fully optimized to equal extents, i.e., an increase in one target
output may decrease another output. Therefore, equilibrium
is integrated as another vital part of the synergy devoted to
maintaining a balance among the satisfaction of each goal in
a system. The equilibrium based on the principle of infor-
mation entropy (Gao et al., 2013; Zivieri, 2022) is shown in
Eq. (27). Information entropy is a measure of the uncertainty
associated with a random variable and is used to quantify the
information contained in a message, usually in bits or bits
and symbols; furthermore, it has been widely used to rep-
resent the fairness or equilibrium of a system (Chen et al.,
2022; Zhao et al., 2022). When H is low, the level of equi-
librium in the system is high. This factor is also used to be
compared with the proposed index. By combining the quan-
tification of coordination and equilibrium, the synergy degree
is appropriately determined (Eq. 29). Notably, the total syn-
ergy index (TSI) of a system is used for both generating can-
didate management alternatives in the generation phases of
PTSOA and performing assessments of the associated level
of synergy, as shown in Eqs. (41)–(44):

SSIobi =

N∑
j=1

cij ×
(
obi + obj

)
N∑
j=1

(
obi + obj

) , i 6= j, (41)

uobi =
obi − obi,min

obi,max− obi,min
, (42)
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TSI=

N∑
i=1

SSIobi

H(S)
, (43)

where SSIobi is the connectivity of the ith object; cij is the
Pearson correlation between the ith object and the j th ob-
ject; obi and obj are the values of the ith and j th objective
functions respectively; H(S) is the overall equilibrium of all
objects based on the principle of information entropy, and it
is abbreviated as H in the following; uobi is the standardized
value of the ith object;N is the total number of objects in the
system; and obi,min and obi,max are the minimum and max-
imum critical thresholds of the parameter obi respectively.
SSI ranges from 0 to N , approximately, and higher SSI indi-
cates higher connectivity of the objects in the system, which
means it is easier for them to promote each other. H ranges
from 0 toN ·log(1/N), approximately, and lowerH indicates
better overall equilibrium from an objective perspective. TSI
is greater than 0. When a water resource system’s TSI value
is higher, the degree of synergy is higher. In our application,
based on actual evaluation, we define TSI≥ 5 as an indica-
tion that the degree of synergy is satisfactory; 5> TSI≥ 3 is
defined as moderate, and 3> TSI is defined as low.

2.4.2 Hierarchical optimal algorithm design for the
PTSOA model

Based on the algorithm design with a hierarchical objective
function proposed by Li et al. (2022), a new level is added to
the original two levels of the algorithm, and the alternative
generation phase is improved for better synergy. In this algo-
rithm, the objective functions in the upper decision level are
first satisfied, and then the lower-level objective function pro-
vides an optimal result based on the results of optimal alloca-
tion in the upper level. To provide solutions that are as com-
prehensive as possible, the decision alternatives need to be
classified into different sets for further selection. In addition,
the synergy degree of the result of each layer is calculated
to select optimal decisions among all Pareto front solutions.
The detailed steps of the hierarchical optimal algorithm are
as follows.

I. In the first level, calculate the objective-function (city-
level) values for the social, economic, and sustainable-
development components and sort the results with
NSGA-III (Pourshahabi et al., 2020; Chen et al., 2017)
to obtain each Pareto front F1,F2, . . . ,Fi .

II. Classify the Pareto fronts intoK (K is determined based
on the diversity of policies) elements with the K-means
algorithm (Liu et al., 2022), which is used to partition
a data set into K distinct and non-overlapping clusters.
To performK-means clustering, we first specify the de-
sired number of clusters K . Then, the K-means algo-
rithm is used to assign each observation to exactly one
of the K clusters.

III. Calculate the synergy degree of each individual in the
front, and select the solution that yields the greatest syn-
ergy in each cluster.K solutions are obtained in the first
layer.

IV. Use the selected K solutions in the first layer to estab-
lish constraints in the second layer. Solve the objective
function of the second layer with NSGA-III.

V. Calculate the synergy degree of each individual in the
front and select the solution that yields the greatest syn-
ergy, as well as the two solutions that maximize the con-
ventional and unconventional water supply department
objective functions in all Pareto fronts with K precon-
ditions.

VI. The three selected solutions in the second layer are used
to establish constraints in the third layer. Solve the ob-
jective function of the third layer with NSGA-III under
the three preconditions.

VII. The synergy degree of each individual in the front is
calculated, and the solution that yields the greatest syn-
ergy in the third layer is selected. Three solutions are
obtained considering the synergy in the former two lay-
ers. Finally, the synergistic configurations optimal for
all stages in the whole process are identified consider-
ing the synergy among decision levels, processes, and
timescales.

3 Application

3.1 Study area

Yiwu is selected as a case study to validate the applicabil-
ity of the PTSOA model. This city is in southeast China, lo-
cated at 29°02′13′′–29°33′40′′ N and 119°49′–120°17′ E and
covering an area of 1105 km2. The area is characterized by
a scarcity of water resources, and the conventional water
supply is under severe stress. The regional water consump-
tion depends heavily on transported water and external water
transfer. The per-capita water resource is, in total, 622 m3,
which is only 22.6 % of the provincial average and 19.1 %
of the national average. Moreover, the problem of water pol-
lution has become a bottleneck constraint for the develop-
ment of Yiwu. Therefore, it represents a typical water-scarce
city with limited conventional water. Notably, water qual-
ity in Yiwu has been subjected to significant environmental
stress because of the negative effects of wastewater discharge
with the rapid development of industry. The current water
quality is poor, classified as Class V, and the main pollutant
concentrations exceed the corresponding standards (Zhejiang
Provincial Bureau of Natural Resources, 2020). As shown
in Fig. 3, the Yiwu River crosses the city from northeast to
southeast. Additionally, there are six ecological water com-
pensation outlets in six main tributaries in the Yiwu River. In
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Figure 3. Map of the study area.

Fig. 3, the white labels indicate five sub-regions in the city,
the black labels near the reservoirs are their names, the black
labels named O1–O6 indicate the name of the water distribu-
tion outlets, and the labels near the lifting pump station are
their names.

3.2 Generalization of the complex water resource
system

An initial multi-source, complementary, and mutually regu-
lated system has been developed for Yiwu, and this system
spans the entire urban water cycle (water source – water sup-
ply – water use – drainage – drainage collection – recycling
and reuse). To apply the optimal water allocation model to
the complex real-world water system, all stakeholders in the
complex water resource system should be schematized into
a topological system, as shown in Fig. 4. The diagram com-
prises five modules: water sources, water supply, water use,
water drainage, and external discharge for all stakeholders.

The first module includes seven main reservoirs, two wa-
ter diversion projects, the Central Sewage Treatment Plant,
and the Yiwu River. The seven reservoirs and two water di-
version projects (as shown in Table 1) supply high-quality
water. There are complex connections between the first and
second modules. For example, two reservoirs supply water
to one water work, or one reservoir feeds two or three wa-
ter works simultaneously. The reservoirs also supply some
of the agricultural and ecological waters to subareas of the
city. The Yiwu River, with a total length of 38.39 km and
21 first-class tributaries in the city, and the Central Sewage
Treatment Plant, as shown in Table 2, are low-quality water

Table 1. Water demands of various regions in Yiwu in 2020 (1×
104 m3).

Sub-region Yibei Yidong Zhucheng Yixi Yinan

Water demand 1695 572 11 813 2198 2045

sources. There are no data available for agricultural irriga-
tion water, and most agricultural irrigation water is supplied
from surface water stored in hundreds of small reservoirs and
mountain ponds (Yiwu Ecological Environment Status Bul-
letin, 2020). So, this water volume is ignored in the model.

For the second module, high-quality water piped from
reservoirs is transported to nine urban and rural centralized
waterworks (as shown in Table 2). The Yiwu River dis-
tributes low-quality water to the Yijishan Ecological Water
Plant and Sufu Industrial Water Plant through the Yijishan
and Baisha water pump stations respectively. The water dis-
charged at the Central Sewage Treatment Plant is transferred
to the Choujiang Industrial Water Plant. Based on the wa-
ter supply project distribution and the economic and social
development levels, Yiwu is divided into five districts, as
shown in Table 3: the Central District, Yidong District, Yibei
District, Yinan District, and Yixi District. The third module
comprises both high-quality water users (high-quality water
users consist of urban and rural domestic water users and
some industrial water users in the water supply network of
urban and rural public water plants) and low-quality water
users (low-quality water users include other industrial water
users, municipal water users, and ecological water replenish-
ment for inland rivers) in each district. There are nine sewage
treatment plants in the fourth module (which focuses on the
drainage stage), as shown in Table 2. The non-reused water
from sewage treatment plants is discharged to the external
environment. Reuse processes are also considered in the sys-
tem.

3.3 Parameter determination

According to the flow duration curve of the annual natural in-
flow data for 51 years (1963–2014), 3 years with exceedance
probabilities of 50 %, 75 %, and 90 % are selected to repre-
sent normal (January 1984–January 1985, annual mean in-
flow: 1.33× 108 m3), dry (January 2008–January 2009, an-
nual mean inflow: 1.11× 108 m3), and extremely dry (Jan-
uary 1971–January 1972, annual mean inflow: 0.63×108 m3)
scenarios respectively. In addition to inflow, the data used in
the PTSOA model mainly include the data for the parameters
in each layer. Water demand values were calculated using the
Yiwu City Water Resources Comprehensive Plan 2020, as
shown in Table 1.

The water resource fees paid to the government are, in to-
tal, CNY 0.3 per m3. The parameters of the reservoirs and
external water division projects in Yiwu are listed in Table 2.
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Figure 4. Schematic diagram of Yiwu.
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Table 2. Parameters of the reservoirs and external water division projects.

Reservoirs and Water fee Initial Dead Flood Absolute
external sources (Chinese storage storage limit storage

CNY (1× 104 m3) (1× 104 m3) storage capacity
per m3) capacity (1× 104 m3)

(1× 104 m3)

Badu 0.99 1359 49 2688 2639
Qiaoxi 1.30 1505 77 2933 2856
Weixin 0.37 500 17 483 466
Baifeng 1.05 1013 15 2010 1995
Fengkeng 1.15 778 55 1501 1446
Yankou 1.49 1820 499 3140 2641
Changyan 0.70 491 41 940 899
Pujiang Project 1.00 0 0 3000 3000
Dongyang Project 1.00 0 0 5000 5000

Table 3. Area and environmental capacity of tributaries.

Name of Area Class III

tributary (km2) COD TN TP
(t a−1) (t a−1) (t a−1)

Chengdong 3.4 188.1 4.7 0.4
Chengzhong 8.7 432.7 31.5 3.8
Chengxi 6.3 302.5 9.5 2.3
Chenganan 7.1 318.8 0 3.6
Hongxi 12.5 778.8 138.8 7.9
Dongqingxi 38 1271.4 221.5 12.7

The Tennant method is applied to calculate the ecologi-
cal water demand. In this method, the relationship between
the annual average discharge and habitat quality is consid-
ered, and the percentage of the annual average natural runoff
is used as the recommended value of the ecological water
demand for a given river channel. According to the recom-
mended values, the percentage of runoff required for the fish-
spawning period from April to September is 30 %, and the
percentage runoff in the general water consumption period
(October to March) is 10 %.

Based on observations obtained with the F601 evaporator
(a standard evaporation instrument widely used in China),
evaporation is calculated as follows:

EP= E× k, (44)

where EP (mm) is the evaporation of a reservoir, E (mm)
is the observed evaporation, and k is a reduction coefficient.
According to observations, the difference in this coefficient
is quite slight within a small watershed (Zhao, 2014). Thus,
k is simplified to the same value of 0.88 for every reser-
voir and varies throughout the year according to expert ex-
perience (Zhao, 2014). The prices of conventional water and
reclaimed water are CNY 1.7 and 2.6 per m3 respectively.

In our application of the model, this precipitation compo-
nent associated with the water sources was calculated by
the Thiessen polygon method (Liu et al., 2014) based on
the measured data of seven rainfall stations (Shi Caotou,
Suxi, Yiwu, Fotang, Baifeng, Fengkeng, Changfu) in the
basin in the normal (January 1984–January 1985), dry (Jan-
uary 2008–January 2009), and extremely dry (January 1971–
January 1972) scenarios.

The monthly mean monitoring data for effluent pollutant
concentrations and the daily maximum processing capaci-
ties of sewage treatment plants were obtained from the mon-
itoring systems of the sewage treatment plants. For exam-
ple, the concentrations of COD, NH3-N, TN, and TP in the
sewage of the Jiangdong Sewage Treatment Plant are 13.80,
0.22, 6.02, and 0.13 mg L−1 respectively. The daily maxi-
mum processing capacity of Jiangdong Sewage Treatment
Work is 12× 104 t d−1. The effluent quality of sewage treat-
ment works satisfies the Class-A standard used in China. The
maximum capacities of the Baisha pump station, Yijiashan
pump station, Choujiang pump station, and water treatment
center pump station are 13, 13.5, 10, and 4.5 t d−1 respec-
tively.

Additionally, the environmental capacities of the six trib-
utaries that are replenished with ecological water are calcu-
lated according to Eqs. (31)–(33), and the results are listed
in Table 3. COD, TP, and TN are major pollutants in Yiwu
(Yiwu Ecological Environment Status Bulletin, 2020), and
they are also the major controlled pollutants of all the moni-
toring sections. So, they were selected as representative pol-
lutants in the tributaries to guarantee the water environmen-
tal quality of inland rivers. The water quality goals for the
tributaries must conform to the Class-III standard accord-
ing to GB 5749-2006 in China. The unit electricity price of
pump stations in Zhejiang Province is CNY 0.41 per kW h−1.
GB50014-2006 (2014 edition) stipulates that the comprehen-
sive urban domestic sewage quota should be 80 %–90 %, and
the urban comprehensive domestic sewage quota should be
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90 % in areas with extensive drainage facilities. There are
many influencing factors in the model, and the most impor-
tant ones among them are the value of water demand, the
value of available water, and some key hyper-parameters. Ac-
cording to the Jinhua Water Resources Bulletin (2020), the
urban comprehensive domestic sewage quota is set to 90 %,
and the sewage treatment rate is set to 100 %. The benefits
per unit water supply for different users in different sub-
regions are determined from the Yiwu Water Supplies Bu-
reau (2020).

4 Results and discussion

By solving the PTSOA model for Yiwu, synergistic optimal
water allocation results for different layers (across differ-
ent decision levels, water use sectors, and sub-regions) are
obtained under normal, dry, and extremely dry conditions.
Pareto sets are obtained across 500 runs and 1000 iterations
(in most cases) of the PTSOA model with the proposed hi-
erarchical optimization algorithm. If the feasible solutions
could not be found in some cases, the number of iterations
would be increased. It took approximately 34 h of CPU time
on a computer with 32 GB memory and an Intel Core i7
(3.4 GHz) CPU. Therefore, in this study, each iteration for
a single trial solution takes 0.24 s of CPU time on the com-
puter with the named specifications.

4.1 First layer of the PTSOA model for synergistic
optimal water allocation

To demonstrate the relationship among conflicting objec-
tives, sets of Pareto solutions for the first layer under normal,
dry, and extremely dry conditions are shown in Fig. 5. In
each of the figures, the total water supply shortage, total wa-
ter supply benefit, and total amount of water retained in reser-
voirs in Yiwu are plotted. The color of the markers indicates
the classification of the solutions of the K-means method,
as described in Sect. 2.4.2. All of the decision alternatives
are classified into six groups marked in different colors for
broad-scale decision-making. The names of the classes are
marked in the figure in red (for example, K1-1 represents
the first class of solutions in the normal scenario, and K3-2
represents the second class of solutions in the extremely dry
scenario). The red arrows indicate optimization directions.
The ideal solution is located at the top-right corner (low total
water supply shortage, high total water supply benefit, and
relatively high total amount of reserved water in reservoirs)
of the plot. The geometries of the trade-offs vary significantly
across the applications, as is expected given different hydro-
logical conditions. Generally, the total water supply shortage
and the total amount of water retained in reservoirs show an
inverse relationship. In contrast, the total water supply ben-
efit shows a direct and positive influence on the total water
supply shortage. The water shortage varies in the ranges of

−1.2× 106–0.8× 105 m3, −0.5× 105–2.0× 106 m3, and 0–
3.5× 106 m3 in normal, dry, and extremely dry scenarios re-
spectively. The average water demand is around 1.8×108 m3,
and water shortages of the selected decision alternatives are
all less than 9× 106 m3. So, the water supply reliability of
the selected decision alternatives is greater than 95 % under
normal, dry, and extremely dry conditions with the consid-
eration of water demand. The total amount of reserved wa-
ter in reservoirs under normal scenarios varies in the range
of 2.91× 107 m3 to 6.14× 107 m3, which is much higher
than that under the extremely dry scenario, with a value of
1.44× 107 m3 to 2.93× 107 m3. This finding demonstrates
that the optimal allocation is able to reconcile the present de-
mand and future needs, even in extremely dry scenarios. The
total water supply shortage in all scenarios is less than 5 % of
the water demand, which indicates that the guaranteed water
supply is greater than 95 %.

We further present the TSI, SSI (total connectivity), and
H (overall equilibrium) values for different classes charac-
terized based on the optimal PTSOA solutions under three
scenarios, as shown in Fig. 6. In the PTSOA model, the
Pareto solutions with the best TSI values are input to the
second layer for further optimization. Thus, the red points
in Fig. 6 represent the selected schemes for all classes. We
observe that the variation in the TSI is consistent with that in
the SSI in some but not all cases. In some cases, differences
are mainly caused by the influence of H , which influences
the optimal hydrological equilibrium, especially in dry con-
ditions. These results suggest that, when water is very lim-
ited, equally limited water is supplied to all users, thus en-
hancing the overall equilibrium. We note that the SSI value
is higher in the normal scenario than in the other two sce-
narios. We attribute this to relatively abundant water being
useful for stakeholders to achieve synergy due to the reduced
competition compared to other cases. The TSI values reach
maximums of 5.36, 7.37, and 10.82 under normal, dry, and
extremely dry conditions respectively.

In Fig. 6, the values of TSI are significantly diverse among
different scenarios and different solutions. H is widely used
to evaluate the equality of different solutions (Gao et al.,
2013; Li et al., 2022). As a contrast, the values of H , which
are used for comparison and construction of TSI, show slight
differences among solutions and are even the same in some
classes. Therefore, it is difficult for decision-makers to select
the best solution among all candidates if we only use H for
evaluation and selection in the decision process. Compared
to H , TSI introduces SSI into evaluation, and the difference
in the coordination relationship between different schemes
is distinguished by SSI. However, H only pays attention to
the equity among the stakeholders. So, TSI is more effective
and valid than H to some extent. Additionally, since TSI is
used to illustrate the synergy of allocation plans under certain
conditions, the three kinds of TSI values are not comparable.

As an example, Fig. 7 provides the specific water supply
decision alternatives for the first layer that maximize syn-
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Figure 5. Sets of Pareto solutions after 500 model simulations with the hierarchical optimal algorithm under (a) normal, (b) dry, and
(c) extremely dry scenarios. F1: total water supply shortage, 1×104 m3; F2: total water supply benefit, CNY 10 000; F3: the total amount of
reserved water in reservoirs, 1× 104 m3. The red arrow indicates the direction of optimization. K1− n, K2− n, and K3− n represent the
nth class of solutions in the normal, dry, and extremely dry scenarios respectively; n= 1–6.

ergy in each cluster under normal conditions. The water al-
location plans for the seven main reservoirs and two external
water diversion projects in every month of the configuration
period are displayed. All reservoirs and water works are rep-
resented by abbreviations based on their full names in Fig. 7.
For example, QX-CB is the label for the water supplied from
Qiaoxi Reservoir to Chengbei Water Works. The water vol-
umes supplied by Qiaoxi Reservoir to Chengbei Water Works
(ranging from 1.78×107 m3 to 3950×104 m3) and from the
Pujiang External Water Division Project to Chengbei Water
Works (ranging from 2.57× 107 m3 to 3× 107 m3) are rela-
tively high in all clusters. This result is consistent with the
fact that Chengbei Water Works is one of the main conven-
tional water sources for the central city area, a region that
accounts for more than 50 % of the total water demand of
Yiwu. The water supplied by the two external water diversion
projects from August to December is higher than that in other
months. The mean monthly precipitation in these months is
only 58 %–74 % of the mean annual precipitation in Yiwu, so
more external water is supplied for replenishment. Baifeng
and Fengkeng reservoirs supply similar volumes of water to
their two connected water works.

4.2 Second layer of the PTSOA model for synergistic
optimal water allocation

The 6× 3 decision alternatives selected in the six clusters
of the optimal first-layer results in the scenarios are inputs
into the second layer for further optimization. As shown in
Fig. 8, the total amount of water retained in water works and
the amount of unconventional water supplied show a nega-
tive correlation. In the alternative generation phase of game
bargaining between the two objectives, the greater the to-
tal amount of water retained in water works is, the greater
the amount of unconventional water that will be supplied,
which indicates that more conventional water will be saved
when more unconventional water is supplied. Conversely, the

amount of unconventional water supplied is affected by the
total amount of water retained in water works.

In the second layer, three alternatives in each scenario are
selected as prior conditions for further optimization. In addi-
tion to the two individual extrema of the two objectives, the
alternative that yields the best synergy is also identified, and
it is similar to that in the first layer. In the normal scenario,
the TSI values are −0.90, −1.02, and −0.88 in the cases
with the optimal conventional water supply, unconventional
water supply, and synergy respectively. The most synergis-
tic approach includes 7.08× 104 m3 more conventional wa-
ter retained than that in the conventional water supply cases
and 9.72× 104 m3 more than that in the optimal unconven-
tional water supply case. Therefore, the best TSI value is ob-
tained, and the requirements of both conventional and uncon-
ventional water supply departments are also met.

Overall, the total amount of water retained in the water
works ranges from 3.95× 107 m3 to 5.75× 107 m3, 3.12×
107 m3 to 5.31×107 m3, and 2.43×107 m3 to 3.96×107 m3

for the three types of conditions. The total amount of uncon-
ventional water supplied ranges from 5.95×107 m3 to 7.48×
107 m3, 6.34×107 m3 to 7.56×107 m3, and 6.28×107 m3 to
7.37× 107 m3 in the normal, dry, and extremely dry scenar-
ios respectively. Moreover, by selecting the solution with the
highest TSI, 7.35×107 m3, 7.56×107 m3, and 7.37×107 m3

of unconventional water would be supplied as an effective
supplement to conventional water. In other words, conven-
tional water would be saved by our proposed model and in-
dex in the three scenarios. It is notable that the drier the con-
ditions are, the lower the amount of water retained in wa-
ter works and the greater the amount of unconventional wa-
ter supplied are. Thus, this approach is useful for cities to
mitigate the risk of drought. Additionally, based on the con-
straints regarding the contaminants allowed to be discharged,
more than 1272.21 and 48.81 t of COD and ammonia nitro-
gen emissions are avoided per year.
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Figure 6. Comparison of TSI (total synergy index), SSI (total connectivity), and H (overall equilibrium) values among various Pareto
solutions in different classes for the (K1) normal, (K2) dry, and (K3) extremely dry scenarios. K1− n, K2− n, and K3− n represent the
nth class of solutions in the normal, dry, and extremely dry scenarios respectively; n= 1–6.
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Figure 7. Water supply from each reservoir to connected water works in each month in the normal scenario 1× 104 m3. K1− n represents
the nth class of solutions in the normal scenario; n= 1–6.

4.3 Third layer of the PTSOA model for synergistic
optimal water allocation

Figure 9 shows the trade-offs among the five objectives in the
third layer of the PTSOA model for the (S1) normal, (S2) dry,
and (S3) extremely dry scenarios (these abbreviations are
used to distinguish these results from those of the above two
layers). The number following “–” represents the selected so-
lution from the second layer. For example, S1–1 represents
the normal scenario with the minimum total amount of wa-
ter retained in water works, S1–2 represents the normal sce-

nario with the maximum unconventional water supply, and
S1–3 represents the normal scenario with the maximum syn-
ergy degree in the second layer. In each of these plots, the
abscissa denotes the identifier for the objective functions,
which ranges from 1 to 5, and the ordinate gives the objective
values in the Pareto fronts (CNY 10 000). The five dimen-
sions include the comprehensive benefits of the Yibei (1.0 di-
mension), Yidong (2.0 dimension), Yixi (3.0 dimension), Yi-
nan (4.0 dimension), and central city (5.0 dimension) sub-
regions. As shown in the figure, the central city achieves
the most comprehensive benefit among the five sub-regions.
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Figure 8. Pareto fronts of the second layer in the PTSOA model after 500 simulations with the hierarchical optimal algorithm in the normal,
dry, and extremely dry scenarios. F1 represents the total amount of water retained in water works (1× 104 m3); F2 represents the amount
of unconventional water supplied (1× 104 m3). The direction of optimization is from the top-right corner to the bottom-left corner. K1− n,
K2− n, and K3− n represent the nth class of solutions in the three scenarios respectively; n= 1–6.
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This is primarily attributed to the large population and inten-
sive industry in this area. However, the benefits in the other
four sub-regions are also high compared to recent levels and
those achieved with traditional allocation methods, as shown
in Table 9. Interestingly, the comprehensive benefits in the
sub-regions are greater in the scenario with the maximum
synergy degree under normal conditions than in the other
two scenarios. The total comprehensive benefits in the five
sub-regions in this scenario are approximately CNY 230–
510 million higher than those in other cases, which indicates
that the solution with the highest synergy degree in the sec-
ond layer is the best choice for managers in normal years.

Figure 10 presents the optimal comprehensive benefit in
each sub-region. In all scenarios, the central city is asso-
ciated with the highest comprehensive benefit, followed by
Yixi and Yinan, and the comprehensive benefit in Yidong is
relatively low. This result may be related to Yidong, which
has the smallest area (72.2 km2) and the smallest population
(7.7× 104). Among the three normal decision alternatives,
F1, F2, and F5 are highest in S1–3, with values of CNY 30.3
billion, CNY 990 million, and CNY 11.2 billion respectively.
This indicates that considering the synergy degree could in-
crease the comprehensive benefit in most sub-regions in the
normal scenario. Among the alternatives in the dry and ex-
tremely dry scenarios (excluding F4 and F5), other objec-
tives are highest in S2–2, with values of CNY 2.84 billion,
CNY 963 million, and CNY 267 million respectively. It sug-
gests that maximizing the unconventional water supply is
beneficial for the system in dry conditions. Additionally, F4
is highest, with a value of CNY 2.29 billion, in S2–3 among
the three solutions in the dry scenario, and F5 is highest, with
a value of CNY 9.17 billion, in S3–1 in the extremely dry
scenario.

4.4 Discussion

To assist policymakers in understanding the complex and
systemic nature of complex water resource systems and re-
veal the dynamic interactions among objectives, network
analysis and optimization were applied. Complex network
analysis helps reveal the interactions among three layers with
different dimensions. We determine the level of synergy in
complicated water systems, identify the challenges and op-
portunities for sustainable development of water systems in
cities with various sub-regions, and provide valuable insights
and specific action priorities for these regions. In the net-
works shown in Fig. 11, each node represents an individ-
ual objective (F1, F2, F3, F4, and F5 represent the com-
prehensive benefits in Yibei, Yidong, Yixi, Yinan, and the
central city, respectively), and pairwise objectives that are
significantly (P < 0.05) correlated are connected by a link,
where the strength of each link is related to the Pearson cor-
relation coefficient. The obtained networks with five nodes
were weighted and undirected (directionality can be esti-
mated only if the direction of causality is known). The size

of the circles in the figure indicates the connectivity of each
objective. We considered trade-offs (i.e., negative correla-
tions wherein one objective improves while the other wors-
ens) among the objectives. In most scenarios, F5 was the
relatively dominant objective, signifying that other objec-
tives disproportionately deteriorated as progress was made
towards the benefit of the central city, as shown in Fig. 11.
It is evident that the trade-offs are more balanced in the
scenarios with the highest degrees of synergy (S1–3, S2–3,
and S3–3), which indicates that the trade-offs and compe-
titions among the objectives are alleviated when synergy is
considered. The links show that the conflicts of interest be-
tween F4 and F5 in scenarios S1–1 and S2–2 are extremely
notable, suggesting that the comprehensive benefits in Yinan
and the central city correspond to strong negative interac-
tions in these cases. The connectivity of most objectives was
relatively low in the trade-off network in the extremely dry
scenario, but F5 played a dominant role in terms of nega-
tive interactions among objectives. Moreover, as the scenario
varied from normal to extremely dry, the impact of individual
regional targets on the whole system diminished.

For comparison, we applied six widely used MOEAs,
namely, NSGA-II, SPEA-II, ε-MOEA, IBEA, MOEA/D, and
Borg MOEA, to solve cases with 3+2+5 mathematical ob-
jectives (three objectives in the first layer, two objectives
in the second layer, and five objectives in the third layer)
with the same constraints given previously for Yiwu under
normal, dry, and extremely dry conditions. The constraints
and common parameters, such as the maximum number of
model simulations and the simulated binary crossover (SBX)
rate, are set to those used in the PTSOA model. How-
ever, it is difficult to determine feasible decision alternatives
with MOEAs even though the number of iterations is in-
creased to 20 000 (which is far beyond that considered in
the previous modeling) because the complexity of the sys-
tem overshadows the optimization capabilities of these tra-
ditional models. These results reconfirm the superiority, effi-
ciency, and decoupling capability of the proposed model for
optimal-allocation cases involving complex water resources
systems with multiple stakeholders, multiple sources, multi-
ple decision-makers, and embodied reused systems. By em-
bedding the targets into hierarchical layers, the excessive
abandonment of some promising alternatives is avoided, and
optimal allocation is progressively achieved. In general, the
hierarchical structure of the PTSOA model can simulate
complicated systems with multiple complex objectives and
constraints.

In addition, the six MOEAs were used to solve the equa-
tions in the third layer of the PTSOA model, and the overall
targets in the first layer were determined based on these solu-
tions. The necessary parameters and hyper-parameters were
consistent with those used in the third layer of the PTSOA
model. Additionally, the benefits in the current case with no
optimization calculated based on the actual water supply are
given for comparison. The current situation was categorized
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Figure 9. Illustration of parallel-reference Pareto sets from the third layer in the PTSPOA model attained across all runs for the (S1) normal,
(S2) dry, and (S3) extremely dry scenarios S1–1 represents the normal scenario with the minimum total amount of water retained in water
works, S1–2 represents the normal scenario with the maximum unconventional water supply, and S1–3 represents the normal scenario with
the maximum synergy degree in the second layer.

as a normal scenario, and other models were established with
the same conditions to facilitate further comparison and anal-
ysis. There were distinct decision alternatives generated by
each model, and the relevant results are listed based on their
value ranges. As shown in Table 4, although NSGA-II and ε-
MOEA yield slightly higher F2 values than PTSOA and F3
generated by IBEA (CNY 480–720 million) is higher than
those obtained with PTSOA, PTSOA performs better than
other models in most cases. The PTSOA model is shown
to be the best model for obtaining comprehensive benefits
for the sub-regions in Yiwu in the normal scenario, demon-
strating that the PTSOA model offers advantages includ-
ing identifying the best alternatives and achieving greater

sub-regional benefits than the other models. The proposed
model yields CNY 1.76–15.67 billion total comprehensive
benefit improvement and can save approximately 3.2× 107–
4.7× 107 m3 of conventional water compared to the current
values. It is also evident that the proposed model yields the
highest TSI values, reflecting the improvement achieved by
considering the synergy of the system. In terms of the tar-
gets in the first layer, except for MOEA/D, other traditional
models fail to retain enough water (water requirements for
living under extreme drought conditions of the next configu-
ration period) in the reservoirs to meet future basic needs. For
MOEA/D, although it generates a slightly higher total water
supply benefit with a value of CNY 281–312 million, the to-
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Figure 10. Comprehensive benefit in five sub-regions after the re-
gional collaborative allocation of water resources (S1 represents
normal scenario, S2 represents dry scenario, and S3 represents ex-
tremely dry scenarios; S1–1 represents the normal scenario with the
minimum total amount of water retained in water works, S1–2 rep-
resents the normal scenario with the maximum unconventional wa-
ter supply, and S1–3 represents the normal scenario with the maxi-
mum synergy degree in the second layer).

tal water supply shortage and the total amount of reserved
water in the reservoirs are worse than the amounts obtained
with the proposed model. Borg MOEA, as an efficient and
robust many-objective optimization tool, is characterized by
its use of auto-adaptive multi-operator search and other adap-
tive features (Reed et al., 2013).
The TSI value of Borg MOEA is lower than PTSOA. There-
fore, in the TSI dimension, its performance is slightly worse
than the PTSOA model. However, it is noticed that the Borg
MOEA algorithm could save around one-fifth of the comput-
ing time of the model (around 7 h). In the future, it would be
interesting to figure out how to couple the Borg MOEA al-
gorithm with our PTSOA model in a more efficient and syn-
ergetic way. In this study, our main focus is to find the most
synergetic solution through optimization in a complex sys-
tem. Thus, PTSOA has accomplished superior performance
in this respect. It trades some economic benefits for enhanced
water supply reliability and sustainable development, result-
ing in a decrease in the water supply from conventional water
plants.

Figure 11. Network analysis of the results of layer 3. The circles
of F1, F2, F3, F4, and F5 represent the connectivity of each compre-
hensive benefit of Yibei, Yidong, Yixi, Yinan, and the central city,
respectively: S1 represents the normal scenario, S2 represents the
dry scenario, and S3 represents the extremely dry scenario; Sm− 1
represents the normal scenario with the minimum total amount of
water retained in water works, Sm− 2 represents the normal sce-
nario with the maximum unconventional water supply, and Sm− 3
represents the normal scenario with the maximum synergy degree
in the second layer; m= 1–3.)

The consideration of reclaimed water in the proposed
model effectively reduces the use of traditional water and
improves the quality of the water environment by reducing
sewage discharge, and other benefits are also achieved (such
as meeting the quality standards for river water and guaran-
teeing that the ecological water demand of inland rivers is
met). The results obtained by the PTSOA model may help
guide both the government and general public. Our proposed
model is superior to traditional models. It can not only opti-
mize water resource utilization and secure water supplies but
also enhance the synergy and environmental quality of water
systems. Considering synergy across various timescales, the
proposed model ensures the synergistic allocation of water
resources at yearly, monthly, and daily scales while securing
both present and future water supplies.
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Table 4. Comparison of the comprehensive benefits of the five objectives (F1, F2, F3, F4, and F5) and the TSI values in the current situation
and those obtained using NSGA-II, SPEA-II, ε-MOEA, IBEA, MOEA/D, Borg MOEA, and PTSOA in the normal scenario. The bold fonts
are the results of PTSOA model.

Comparison Comprehensive benefits (CNY 1 billion) TSI

F1 F2 F3 F4 F5

NSGA-II 2.72 to 2.86 0.91 to 1.03 2.57 to 2.60 3.21 to 3.37 7.38 to 9.95 −3.13 to −2.82
SPEA-II 2.84 to 2.97 0.93 to 0.99 2.58 to 3.15 3.02 to 3.68 8.22 to 9.99 −2.39 to −2.46
ε-MOEA 2.47 to 2.33 0.85 to 1.12 2.21 to 2.32 3.05 to 3.18 9.23 to 9.91 −3.41 to −3.06
IBEA 2.57 to 2.88 0.87 to 0.92 3.05 to 3.11 3.20 to 3.32 5.27 to 8.28 −3.28 to −3.11
MOEA/D 2.55 to 2.90 0.99 to 1.02 3.15 to 3.20 3.34 to 3.36 9.82 to 10.11 −2.37 to −1.54
Borg MOEA 2.95 to 3.56 0.80 to 0.98 1.19 to 2.23 3.11 to 3.82 12.88 to 13.90 −2.51 to −1.67
Current situation 2.05 0.83 2.49 3.11 9.87 −3.20
PTSOA 2.63 to 3.03 0.95 to 0.99 2.39 to 2.67 3.84 to 4.11 10.30 to 11.22 –1.66 to –0.89

5 Conclusions

Applying optimal water allocation models to simultaneously
enable economic benefits, water preferences, and environ-
mental demands at different decision levels, timescales, and
regions is a challenge. In this study, a new process-based
three-layer synergistic optimal-allocation model (PTSOA)
was developed and applied to a real and complex water al-
location system. The model was divided into three layers to
coordinate conflicts of interest among decision-makers at dif-
ferent levels and timescales. Furthermore, the allocation of
reclaimed water was embedded in the proposed model for
synergistic optimal allocation of both conventional and un-
conventional water. A synergistic index based on network
analysis was put forward to reduce competition among dif-
ferent stakeholders and facilitate the positive effects of stake-
holder interactions. A hierarchical optimal algorithm was de-
signed to solve the PTSOA model.

The proposed model was applied to a typical city in south-
east China with scarce water resources and developed indus-
try. Achieving the optimal allocation of water resources in
this kind of water scarcity offers a valuable reference for
other counties in China. The key findings of this study are
as follows. Firstly, the results demonstrated that the PTSOA
model achieved synergistic allocation among hierarchical
decision-makers across various timescales and in different
regions, yielding the highest TSI (−1.66 to −0.89) among
the contrast models. Secondly, with a synergistic approach, a
reasonable amount of conventional water is retained for fu-
ture use in cases with potentially high risk, with volumes of
3.95× 107 m3, 3.12× 107 m3, and 2.43× 107 m3 retained in
normal, dry, and extremely dry scenarios respectively. More-
over, 7.35×107 m3, 7.56×107 m3, and 7.37×107 m3 of con-
ventional water can be saved in the three scenarios. Thirdly,
considering both reclaimed water and conventional water in
the optimization process efficiently improves the quality of
municipal water, and more than 1272.21 and 48.81 t yr−1 of
COD and ammonia nitrogen emissions are mitigated com-
pared to those in the current situation. Lastly, distinct from

previous models, the proposed optimal model was imple-
mented with the consideration of spatial dimensions, which
are important but often neglected. The results show that spa-
tial allocation yields an improvement of 4 %–95 % for the
comprehensive benefits in different sub-regions compared to
the benefits achieved with traditional models, and the total
comprehensive benefit increases by CNY 1.76–15.67 billion
compared to that in the current situation.

These results and conclusions provide valuable references
for the evaluations of other complicated water allocation
systems. The optimal-allocation scheme can be determined
for a complex water resource system upon consideration of
stakeholder synergy and various hierarchical decision levels,
timescales, and regions. More in-depth studies of synergistic
optimal water allocation are needed in the future.
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