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This study proposes a multi-objective optimization model of two cascade reservoirs in the Upper Yel-
low River basin for increasing social well-beings in general while simultaneously mitigating ice/flood
threats. We first develop a strategy of dimensionality reduction and constraint transformation to largely
diminish the complexity of the optimization system and next propose a novel search method that fuses a
Feasible Search Space (FSS) into the Particle Swarm Optimization (PSO) algorithm, i.e. FSS-PSO, to effec-
tively solve the optimization problem. To investigate the applicability and effectiveness of the proposed
method, this study compares the FSS-PSO model with historical operation. The results indicate that the
proposed model produces much better performances in all the objectives than historical operation. To
assess the superiority and efficiency of the proposed FSS-PSO, the classical PSO and the Chaos Particle
Swarm Optimization (CPSO) are also implemented to compare their computation time and convergence
rates. The results demonstrate that the FSS-PSO improves the efficiency of the PSO and the CPSO by 72%
and 55% accordingly and the convergence rate of the FSS-PSO is the fastest among the three algorithms.
The results suggest that the proposed dimensionality-reduction strategy coupled with the FSS-PSO algo-
rithmis a promising tool for water resources management under multi-objective joint reservoir operation
and the proposed method could be easily implemented in the context of multi-objective optimization.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The Yellow River is “China’s Mother River” because its basin
is the cradle of the Chinese civilization. The complex topography,
fragile environment and prominent contradiction in various sec-
tors make a considerable increase in flood and ice disasters over
its upper basin, which threatens lives and property in downstream
areas. As known, the Yellow River is famous for its sedimentation
problems, where the suspended sediment has formed a secondary
suspended river [25,28,32]. Reservoirs are the most effective water
storage facilities in alleviating the uneven spatio-temporal dis-
tribution of water resources. As known, the purposes of most
reservoirs built along the River in the past decades were only to
generate hydropower in response to socio-economic development
needs. With the rapid increase in water demand driven by pop-
ulation growth coupled with socio-economic development, the
imbalances in water supply and demand, the tasks of flood and ice
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control and other factors have caused a dramatic change in the pur-
poses of reservoir operation. Nonetheless, re-allocating the limited
water resources of multi-purposed reservoirs is a great challenge,
if not impossible.

System analysis is a very useful tool for assessing the impacts
of policies and managing complex systems. Many engineering
problems involve multiple competing objectives and prospective
solutions. In the last decades, various classical nonlinear opti-
mization methods have been used with effective and competent
performance when tackling these problems. However, they usu-
ally require gradient information about the objective functions and
constraints, which, in general, are difficult to solve and would eas-
ily fall into local optimal solutions. Recently, several meta-heuristic
approaches, such as evolutionary algorithms (EA) [10,44], har-
mony search (HS) [18], biogeography-based optimization (BBO)
[5] and particle swarm optimization (PSO) [42,45], have been
proposed and utilized in order to handle diverse optimization
tasks [4,17,19,30,31]. While these meta-heuristic methods pro-
duce better performances over classical optimization approachesin
complex multi-objective problems, they are plagued by their own
limitations such as premature convergence to a local optimal solu-
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tion rather than a global on [35]. As known, in high dimensional
problems, only a small percentage of solutions can converge to the
entire Pareto optimal front, termed as the “curse of dimensionality”
[16]. Deb and Saxena [14] indicated that the ability to fully explore
surfaces in greater than five dimensions was highly limited. Conse-
quently, more research efforts must be developed in this direction
if many-objective problems are to be solved.

Various meta-heuristic approaches have revealed superior
performance in dealing with complex hydrological operation
systems [3,8,11,20,23,24,34,39]. Lately, swarm intelligence algo-
rithms have become popular in solving reservoir planning and
management problems, for example, the genetic algorithm (GA)
[9,12,22,27,36,37]; artificial neural network (ANN) [6,13]; ant
colony optimization (ACO) [1]; and the PSO [2,7,21,26,36]. Even
through efficient swarm intelligence algorithms satisfactorily
applied to many optimization problems, the PSO algorithm, how-
ever, has its own flaws, e.g. early maturity, slow convergence rates,
or difficult to handle constraint optimization problems. For this
reason, a number of studies have been proposed to improve the effi-
ciency and/or effectiveness of the PSO algorithm through adjusting
its code mode, inertia weight, maximum speed limit of particles,
mutation operators, neighborhood operations, boundary condi-
tions [15,29,33,44]. Some of the studies used hybrid (mixture and
parallel) algorithms, for instance PSO with immune algorithms,
simulated annealing algorithms and chaos algorithms, to improve
search effectiveness [38,40,41].

In this study we aim to find a suitable water and sedi-
ment regulation strategy for multi-objective reservoir operation
through searching a set of optimal solutions for two pivotal cas-
cade reservoirs in the Upper Yellow River basin. We propose
a dimensionality-reduction and constraint transformation proce-
dure coupled with a novel search strategy that fuses a Feasible
Search Space (FSS) into the PSO algorithm, i.e. an improved PSO
algorithm (FSS-PSO), to effectively search optimal solutions. Our
research findings would suggest optimal operation strategies for
water and sediment conservation and provide the referential
impacts of water allocation on sediment control. The rest of the
present article is structured as follows: Section 2 is dedicated to
the mathematical representation of cascade reservoirs with the
explanation of the implementation procedure of the proposed FSS-
PSO algorithm; Section 3 explains the study watershed and model
construction; Section 4 presents and discusses the experimental
results, comparison and evaluation of the performance of the inves-
tigative methods. Finally, the conclusion of the implementation of
the proposed method is presented in the last Section.

2. Methods

Water resources management often involves very large scale
measures, complex processes and regulations. It is a great
challenge to make efficient water resources management that
optimizes a real-practical system under the great uncertainty of
hydro-meteorological conditions. We propose a multi-objective
optimization model for the joint operation of two cascade reser-
voirs in the Upper Yellow River basin for decision makers to
increase social well-beings while simultaneously mitigate ice/flood
threats. We first derive a mathematical model that considers four
objectives: water and sediment regulation; ice and flood control;
power generation; and water supply, and then provide a clear
perspective of all the consideration and physical constraints con-
ditions. To solve the complex problem, a dimensionality-reduction
and constraint transformation procedure is proposed while a novel
and effective search method, i.e. FSS-PSO, is developed and eval-
uated. The core idea of the FSS-PSO is to intelligently handle the
objectives and constraints through intelligibly refining the feasi-

ble search space. To assess the proposed FSS-PSO, the classical PSO
and the chaos particle swarm optimization (CPSO) are also imple-
mented to compare the computation time and convergence rates of
the three algorithms. The research flowchart of this study is illus-
trated in Fig. 1. A detailed description of the methods adopted in
this study is shown as follows.

2.1. Building a multi-objective model and its transformation

The multi-objective optimization problem can generally be
expressed as follows.

Minimize/MaximizeF(X) = [F1(X),F2(X), ..,Fi(X)] (M
subjecttoG;(X) < 0,i= 1,2, ..,m.

H](X) = 07.’: 1,2, D,

where F(X) is a vector of objective functions; G; (X) and H; (X)
are constraints; k is the number of objective functions; m is the
number of inequality constraints; and p is the number of equality
constraints. X is a vector of decision variables.

A common solution for multi-objective optimization problems
is to determine a Pareto optimal set. However, the difficulty in find-
ing a representative Pareto front set would arise significantly as the
dimension increases. To solve the problem, we propose to reduce
the number of objectives and to identify any constraint that actu-
ally restrains the FSS for the stated objectives. The mathematical
expression of objectives and constraints of an optimization model
can be generally classified into two types: equality and inequality.
The inequality objectives must be strictly satisfied in the search pro-
cess, and thus they could be transformed into strong constraints. As
a result, the number of objectives of the multi-objective optimiza-
tion model could be reduced, which would decrease the dimension
as well as the difficulty in searching the optimal solution.

The controllable variables for reservoir operation can be clas-
sified into three categories: discharge; water level; and power
generation. We, thus, classify the constraints into the three cate-
gories based on their features. These constraints are further divided
into two types: transformable constraint; and non-transformable
constraint. Transformable constraints can be directly converted
into decision variables while non-transformable constraints are,
in general, the implicit functions of optimization variables, which
cannot be converted into decision variables. The category of con-
trollable variables and the classification of constraints are listed in
Table 1.

2.2. Refining feasible search space (FSS)

In this study, the non-transformable constraints (i.e. power gen-
eration output) can be decomposed into E; and E,, in which E;
is a composite function addressing the composition of relations
between water head and generated flow while E;, is a composite
function in relation to the power generation output of different
power generating units. The targets of E; and E, are to make the
maximum generation benefit in a dispatch period. The concept of
refining the FSS is presented in Fig. 2, and the relevant process is
addressed as follows.

2.2.1. Process description

First of all, the whole dispatch period (0, T) is equally divided
into T intervals. In our case, the whole dispatch period is one year
and the intervals are of a monthly scale. The FSS can then be refined
(filtered) sequentially by cross-examining the objectives and trans-
formable constraints in the pairs of consecutive sub-periods. The
process of refining the FSS of the whole dispatch period begins with



330 T. Bai et al. / Applied Soft Computing 51 (2017) 328-340

Multi-objective optimization model for cascade reservoir operation

o Water and sediment ¢ Ice/flood control * Power generation * Water supply
regulation
Objective handling
Constraint handling
Inequalities Modelling
e '
‘ Refine Methodology

Equalities

Non-
transformable

Feasible search space

FSS-PSO algorithm J

\

v

Multi-objective operation
(with sediment regulation)

Historical operation
(w/o sediment regulation)

/)

————————————————

Sediment regulation
effects

Model reliability
assessment

FSS-PSO algorithm
efficiency

Optimal joint operation for multiple objectives

Fig. 1. Research flowchart.

Table 1
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the pair of consecutive sub-periods: (0, T-1) and (T-1, T}, then the
similar refining process is repeatedly applied to the pairs of (0, T-2]
&(T-2, T-1), ..., and (0, 1) & (1, 2). Therefore a total of T-1 refining
processes are sequentially implemented, in which the FSS is back-
wardly refined from(T-1, T)to(0, 1). The steps of the refining process
implemented from (0, T) to (0, 1) are described in details, shown as
follows.

Step 1: Period (0, T\. The period (0, T) is divided into a pair of sub-
periods (0, T-1J and (T-1, T.. The water levels of reservoir i at the
beginning (t=0) and the end (t=T) are assigned the same value, i.e.

Z(i, 0)=Z(i, T).In each sub-period, the water level should fall within
the range of the final water level of its corresponding sub-period.

(1) For [0, T-1), the range of water level is denoted as Zy, shown as
follows.

Zo(i,T—1) € [Z22;,(i, T = 1), Z0(i, T = 1)] (2)

Given the initial water levelZ(i, 0), the range of the final water
level is thus narrowed from [Z0. (i, 0), Z3(i, 0)] to [Z0. (i, T —
1), Z3.x(i, T — 1)] (Fig. 2).
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(2) For(T-1, T), the final water levelZ(i, T)is set the same as the ini-
tial water level Z(i, 0). Based on transformable constraints, the
range of the initial water level, denoted as Z;, is spanned and
expressed as follows.

Z1(i,T-1) e [Z}

min(is T = 1), Zha (i, T = 1)] 3)
Therefore, the range of the initial water level is narrowed
from [Zg]in(i’ T- ]7 Zr%ax(iv T- 1)] to [Zrlmn(l', T- 1)’ Zr1nax(i’ T- ])]

(Fig. 2).

(3) Combining the results of the previous sub-steps (1) and (2), the
intersection of the final water level of (0, T-1) and the initial
water level of (T-1, T) confines the water level at T-1, which falls
within [Z}mn(i, T-1),zL..3G, T—1)](Fig. 2).

Step 2: Period 0, (T-1). In the same way, the second period (0, T-1)is
divided into a pair of consecutive sub-periods (0, T-2)and (T-2, T-1).

(1) For (0, T-2], the water level of reservoir i begins withZ(i, 0)and
the final water level can be obtained in the same way shown in
Step 1. Thus the range of the final water level is narrowed from

[Zglm(i, T —1),Z%,4({, T —1)]to [ng(i, T —2),2%,({, T -2)].

(2) For (T-2, T-1), the final water level at T-1 is generated
by a stochastic approach within [Zrlnm(i, T-1),Zh G, T-
1)] (Fig. 2). Then the range of the initial water level that
meets all constraints can be obtained, denoted as [Zl;in(i, T -
2), Zha(i. T~ 2)].

(3) By taking the intersection of [Zglin(i, T -2),2%,4i, T —2)], ie.
the final water level of (0, T-2),and [Z] . (i, T — 2), Z},,(i, T — 2)],
i.e. the initial water level of (T-2, T-1J, the range of water
level at T-2 is narrowed from [Z0. (i,T —2), ZD.x(i, T — 2)]

to[Zrlnm(i, T-2),zL G, T-2)].

2.2.1.1. Step 3: Repeat the refining process. The refining process is

repeatedly conducted for the periods of(0, T-2},(0, T-3),. . ., and (0, 2.

Itis noticed that the intersection may exceed the boundary spanned

by the initial water levelZ(i, 0), as shown at T — 3of the third period

(0, T-2). Therefore, its range is confined to [Z . (i, T — 3), Z0,,(i, T —

3)]over (0, T-2).

2.2.1.2. Step 4: Confine the FSS for the whole dispatch period. The
range of water level for reservoir i over the whole dispatch period
(0, T) can be obtained from the refining processes. The final step is
to individually link the maximum and minimum water levels of T
intervals for confining the FSS over the whole dispatch period (0, T},
i.e. the green area shown in Fig. 2 is the desired FSS.

In brief, the original search space of the model spans over
[Z,,in (1, 0), Zmax(i, 0)]in the whole dispatch period (0, T.. (Fig. 2) The
refining process systematically excludes infeasible solutions that
do not satisfy transformable constraints. Most importantly, the
search space can be effectively confined to the FSS through the
refining process. Consequently, the FSS for the PSO can be iden-
tified, which greatly enhances the efficiency and accuracy of the
algorithm.

2.3. Implementation steps of the FSS-PSO

The implementation flowchart of the FSS-PSO is shown in Fig. 3,
and the main procedures are addressed as follows.

2.3.1. Step 1: Parameter setting

In this study, the cascade reservoirs are denoted as i(i=1, or
2) and the dispatch period is T(T =12 months). The water level
is selected as the particle position in the PSO. Then the position
of the ithparticle in the T-dimensional search space is Z(i, T). The

population size of the particle is m, and the iteration number is k.
The basic parameters consist of: learning factors c1, ¢co; the min-
imum and maximum weight coefficients Wiy, Wmax, Which are
random numbers between 0 and 1; the maximum velocity vmax;
the penalty coefficient ¢; and the stopping criterion €, i.e. precision
demand. Parameters of the FSS-PSO are determined mainly accord-
ing to our previous experiences: (1) population size is determined
by the numbers of objective functions, constraints and decision
variables; (2) the number of iterations is determined by the conver-
gence speed; (3) learning factors c1, €2, Wiin,» Wmax, Vmaxand penalty
coefficient o are determined by an overall assessment of the three
investigative algorithms (FSS-PSO, CPSO, PSO); and (4) stop crite-
ria &g is determined by the attributes and accuracy of the decision
variables.

2.3.2. Step 2: Constraints handling

Based on the known initial and final water levels of each
reservoir, the initial sequenceZ(i, 1), ...,Z(i, T — 1),Z(i, T)can be ran-
domly assigned within the FSS refined previously, which satisfies
all the transformable constraints.

2.3.3. Step 3: Initialization of the PSO

The initial position and velocity of the PSO are initialized within
the FSS, and each particle is classified into the elite set and consid-
ered as an individual extremumP;.

2.3.4. Step 4: Selection and calculation of fitness values

Take the objective function as the fitness for each particle. Then
the fitness value of each particle can be calculated before the iter-
ation begins.

2.3.5. Step 5: Update of the position and velocity for each particle

A global extremum Pg can be selected from the elite set by
roulette wheel selection. Then the position and velocity of each par-
ticle in the elite set are updated according to the update formulas
of position and velocity in the PSO ([26]).

2.3.6. Step 6: Constraint checking

Check whether the updated particle satisfies all the non-
transformable constraints or not. If not, the updated particle will
be abandoned from the elite set and new particle will be generated
through particle swarm initialization.

2.3.7. Step 7: Calculation of the fitness value for the new particle
to compare and select a better particle

When the number of particles in the elite set exceeds the popu-
lation size, particles with smaller fitness values would be excluded
from the elite set. If the current position of a particle is superior
to the individual extremumP;, then replaceP;. Otherwise, keep the
individual extremum P; and update the positions and velocities of
five percent of particles through re-initialization.

2.3.8. Step 8: Stop criterion checking

Check whether the iteration termination condition is reached or
not. Either the current iteration number reaches the presetiteration
number or the fitness value of the particle reaches the minimum
requirement, the iteration stops and the optimization results are
delivered. Otherwise, go to Step 5.

Finally, the FSS-PSO identifies the elite set that can be consid-
ered as the global equilibrium solution set of the multi-objective
optimization model.

3. Study watershed and model construction

In this study, the Ningxia-Inner Mongolia reaches (hereinafter
referred to as the Reaches) are selected as the control objects. Being
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located at the northernmost region of the Yellow River basin, the
Reaches extend 1080 km from Xiaheyan (XHY), Zhongwei City of
Ningxia Province to Toudaoguai (TDG), Tuoketuo County of Inner
Mongolia Province, over which six main hydrologic stations are
situated (Fig. 4). In this study, artificial floods are produced by
the cascade reservoirs of LYX and LJX, which are situated in the
Upper Reaches for maintaining the comprehensive utilization of
hydropower generation, water supply, and flood and ice control.

The watershed of the LYX reservoir occupies an area of 0.13 mil-
lion km?, and the effective storage capacity of the reservoir reaches
19.35 billion m3, which makes the LYX the only reservoir equipped
with multi-year water regulation ability along the Yellow River. The
normal water level, water level for flood control and dead water
level of the LYX reservoir are 2600m, 2594 m and 2530m, respec-
tively. As for the L]X reservoir, its watershed occupies an area 0of 0.18
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million km?2 while its effective storage capacity is 5.7 billion m3, and
thus the LJX reservoir implements water regulation annually.

3.1. Materials

There are six main hydrological stations in the Reaches while
the Lanzhou (LZ) station, another station controlling the water
supply of the whole Yellow River, is located in the Upper Yellow
River basin. Moreover, the average flow and sediment data at each
hydrological station during the flood periods of the past 60 years
(1953-2013) are used to analyze the relationship between water
and sediment for obtaining reasonable and effective flushing flow in
consideration of sediment regulation. The investigative data consist
of the monthly data collected from the reservoirs, the river chan-
nels, the tributaries and irrigation districts and ice and flood control
conditions.

3.2. Model construction

3.2.1. Objective and constraints

The model considers four objectives (water and sediment regu-
lation, power generation, ice/flood control and water supply) and
five types of constraints (water balance, water balance between
reservoirs, water level, outflow and power generation output),
which are addressed as follows.

3.2.1.1. Objective 1 (0Obj.1): Water and sediment regulation.

N T

max W = max(ZZw(n, t)- At) (4)
n=1 t=1

w(n, t)=K-Q%n,t)-SP(n, t) (5)

where Wis the sediment discharge of the whole Reaches; w(n, t)is
the sediment transport rate of section n at time t; N is the number
of sediment transport sections; Q(n, t) is the sediment discharge
at outlet section n at time t; S(n, t)is the sediment concentration
of section n at time t; and K, a, bare parameters determined by the
relationship of discharge and sediment at six sections.

3.2.2. Objective 2 (0bj.2): Ice/flood control

The main channel of the Reaches would freeze during the end of
November and the next March (ice control period). The LjX reser-
voir is a regulation reservoir, and its discharge is controlled by the
Yellow River Conservancy Commission (YRCC) for making sure the
safety of downstream areas. The objective of ice control is to mini-
mize the maximum absolute difference between the actual outflow
and the controlled flow of the reservoir, described as follows.

min(max |Q(Liu, t) — Qu(t)|) (6)

where Q(Liu, t)is the outflow of the LJX reservoir; and Qy(t) is the
threshold of outflow, which meets the ice control requirement
given by the YRCC.

To ensure the safety of dams and downstream areas in flood
periods the water level and outflow of each reservoir must be con-
trolled within certain ranges, shown as follows.

Znin(i, t) < Z(i, t) < Zmax(i, t) (7)
Qo min(is £) < Q(i, £) < Qomax(i, ) (8)

where Z(i, t)and Q(i, t) are the water level and outflow of the ith
reservoir at time t, respectively; and Z,i, (i, t)and Zmax(i, t) are the
minimum and maximum allowable water levels of the ith reservoir
at time t, respectively. Z i, (i, t) is the dead water level; Zmax(i, t) is
the water level for flood control. Q, iy (i, t) and Qo max(i, t) are the
minimum and maximum allowable outflow, respectively.

3.2.3. Objective 3 (0bj.3): Hydropower generation
Hydropower generation is one of the most important objectives
for the two reservoirs, which is defined as follows.

M T
E= maxZZN(i, t)x At VieMteT (9)
i=1 t=1

where E is the total power generation output in a given operation
period; N(i, t)is the power generation output of the ith hydropower
station attime t; At is the duration; M is the number of hydropower
stations; and T is the operation period.

3.2.4. Objective 4 (Obj.4): Water supply
According to the Integrated Planning of Water Resources on
the Yellow River, published by the YRCC, the flow of the LZ sec-
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tion is selected to satisfy the water supply demand of the whole
watershed, shown as follows.

Q (Lanzhou, t) > Q min(t) (10)

where Q (Lanzhou, t) is the flow in the LZ section at time t;
andQ min(t) is the minimum flow in the LZ section required for
maintaining the balance between supply and demand of water
resources.

Constraints of the multi-objective optimization model are
addressed below.

(1) Water balance

Qi ) =Q(i—1,0)+[Q(i, t) - Qw(i, ) = (i, ) + Qg(i, )] (11)

where Q(i,t) is the flow of the ith reservoir at time
£;Qr (i, £),Qw (i, t), Q(i,t)andQp(i,t) are the interval inflow,
water supply flow, lost flow, and backwater flow from irrigation
areas between the i — 1th reservoir and the ith reservoir at time t,
respectively; and Q(i — 1, t) is the flow of the i — 1th reservoir at
time t.

(2) Water balance between reservoirs

V@i, t+1)=V (i, t)+(Q (i, t)— Qo i, ) x AT(t) (12)

where V (i, t + 1) and V (i, t) are the initial storages of the ith reser-
voir at times t + 1 and ¢, respectively; Q; (i, t) andQp (i, t) are the
inflow and outflow of the ith reservoir, respectively; and AT (t) is
the duration.

(3) Water level

Znin(i, t) < Z(i, t) < Zmax(i, t) (13)

where Z,;, (i, t) and Zmax(i, t) are the dead water level and the max-
imum water level of the ith reservoir, respectively.

(4) Outflow

Qomin(i, t) < Qo(i, t) < Qomax(i, t) (14)

where Qpmin(i, t)andQomax(i, t) are the minimum and maximum
allowable outflow of the ith reservoir at time t, respectively.

(5) Power generation output

Nmmin(i, ) < N(i, t) < Nmax(i, t) (15)

where N (i, t), Npin (i, t)andNmax (1, t) are the power generation
output, minimum output and maximum output of the ith reservoir
attime t, respectively. In general, Ny, (i, £)is the guaranteed output
of power generating units and Nmax (i, t) is the installed capacity.

The importance and regulation of each objective in various
periods, however, could be very different. For example, the other
objectives must make a concession to the safety requirements of
ice control during ice control periods, that is to say, the flow in
the LZ section and the discharge of the LJX reservoir must be con-
trolled subject to the flow requirements for ice control. Details of
the priority of objectives considered in various periods are shown
in Table 2.

3.2.5. Search methods

The established model would be solved by the FSS-PSO algo-
rithm. The first step is objective handling. The objectives of water
supply and flood/ice control are given in the form of inequality,
which are transformed into strong constraints. On the other hand,

the objectives of hydropower generation and water and sediment
regulation are revised and expressed as follows.

B = max f(A1E(i, t), A,W(n, t)) = max f(Aq

N T
At, AZZZw(n, £). At)) (16)

n=1 t=1

where Bis the global equilibrium solution of the objective function;
and E(i, t), W(n, t) are the sub-objective functions of reservoir i at
time t and section n at time t, respectively. AjandAare the weight
coefficients of the corresponding sub-objectives.

The next step is to classify constraints into transformable and
non-transformable constraints so that the FSS can be refined, as
shown in Fig. 2. The details of the constraints and parameters of
the FSS-PSO are listed in Tables 3 and 4, respectively.

In this study, there are a number of major settings that need
to be assigned before modelling: (1) the water level of the LJX
reservoir must decrease to 1726 m at the start of flood periods
while to 1728 m at the start of ice control periods to make sure
that the reservoir has enough capacity for flood/ice control oper-
ation; (2) the water level of the LYX reservoir must decrease to
2594 m at the start of flood periods; (3) the flow of the LZ section
and the outflow of the LJX reservoir must satisfy the minimum
flow requirement of the LZ section; (4) the outflow of the LjX
reservoir must comply with the Ice Flood Control Plan of the
Yellow River to ensure the ice/flood safety of the whole water-
shed; (5) the minimum flow required for the water and sediment
regulation in the Sanhuhekou (SHHK) section exceeds 2580 m3/s,
which is obtained from the average flow and sediment data of
the flood periods in the past 60 years (1953-2013); and (6) the
guaranteed outputs of the LYX and LJX hydropower stations are
600 MW and 400MW, respectively, while the installed capacities
of the LYX and LJX hydropower stations are 1280 MW (maxi-
mum discharge: 1200 m3/s) and 1350 MW (maximum discharge:
1552m3/s), respectively. In particular, hydropower generation
should come to a compromise with the safety requirements of dams
and downstream areas in ice control periods.

4. Results and discussion
4.1. Regulation timing

In general, the operations of water and sediment regulation can
only be carried out in wet years so that there will be enough water
to ensure a smooth implementation of water and sediment regu-
lation. The reservoir operation in 2010 is selected as a case study
because year 2010 was a wet year and the water level of the LYX
reservoir was high. Based on the operational experiences of the
Xiaolangdi (XLD) reservoir, the adequate time for the XLD reservoir
to implement water and sediment regulation is in the end of June
[28]. However, the water and sediment regulation in the Reaches
is conducted in March and April for two reasons: (1) to make a
good connection with the water and sediment regulation of the
XLD reservoir; and (2) the travel time of a flood from the Upper
Yellow River to the XLD reservoir may take about 1-2 months. In
this study, the dispatch period for water and sediment regulation
will be lasted for 30days (from 1st to 30th of April) to enhance
the effectiveness of water regulation on the amount of sediment
transport in the river channel.
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Table 2
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Implementation priority of objectives in various periods for the multi-objective optimization model.

Operation period (Month)

Objective implementation priority

LYX X
Ice control period (11, 12,1,2,3) Obj.2 > 0bj.3>0bj.4 Obj.2 > 0bj.4>0bj.3
Water supply period (4, 5) Obj.4>0bj.3>0bj.1 Obj.4>0bj.1>0bj.3
Power generation period (6) Obj.3>0bj.4>0bj.2 0Obj.3>0bj.4>0bj.2

Flood control period (7, 8)
Power generation period (9, 10)

0Obj.2 > 0bj.3 > Obj.1
0bj.3>0bj.2 > 0bj.1

0Obj.2>0bj.1>0bj.3
0bj.3 >0bj.2 > Obj.1

Table 3

Constraints of the FSS-PSO model.
Reservoir LYX LK
Constraints Water level (m) Discharge (m?3/s) Output (104 kW) Water level (m) Discharge (m?3/s) Output (10* kW)
Ice season Max 2594 1200 128 1728 740,490,460,380,450 1225
(Nov.-next March) Min 2530 552 60 1694 740,490,460,380,450 40
Water & sediment Max 2600 2698 128 1735 2820 1225
(April) Min 2580 2358 60 1728 2480 40
Water supply Max 2600 1200 128 1735 1552 122.5
(May) Min 2560 552 60 1694 1100 40
Flood season Max 2594 4500 128 1726 1552 122.5
(July, Aug.) Min 2530 650 60 1694 800,750 40
Others Max 2600 1200 128 1735 1552 1225
(June, Sep, Oct.) Min 2530 552 60 1694 900,750,800 40

Table 4

Parameters of the FSS-PSO model.
Parameters Value Parameters Value
Number of objective functions 2 Minimum weight coefficient (W, ) 0.9
Number of constraints 24 Maximum weight coefficient (Wmax) 0.4
Number of decision variables 24 Maximum velocity coefficient (Vmax) 0.1
Population size (m) 500 Penalty coefficient (o) 10°
Number of iterations (k) 500 Stopping criterion in iteration (&o) 0.01
Learning factors (cq, ¢2) 2.0

4.2. Scenario setting and initial condition

To assess model performance, the proposed FSS-PSO search
method with water and sediment regulation as an objective is
compared with historical operation that did not consider water
and sediment regulation. According to the measured data collected
from the historical operation in 2010, the initial conditions for
the proposed FSS-PSO method during the period of January and
December in 2010 are set as follows: the water level of the LYX is
2584.14m; the water level of the LJX is 1733.44m; and the discharge
of the LJX during the period of water and sediment regulation is
2698 m3/s, which is estimated by the interval runoff and the regu-
lated flow of each section.

4.3. Performance analysis

4.3.1. Water and sediment (Obj.1)

According to the discharge of the LJX and the inflow from tribu-
taries in each section of the Reaches, the flow of the sections where
six hydrological stations are located can be calculated. Based on
the observational data of sediment concentration, the relationship
between sediment transport rate, section flow and sediment con-
centration of the upstream stations could be established ([43]).
Take the TDG section as an example (Fig. 5), the performance of
water and sediment regulation implemented by the optimal joint
operation of cascade reservoirs is shown in Table 5.

As shown in Fig. 6, an artificial flood for water and sediment
regulation is produced and the outflow of the LJX reservoir is
2680 m3/s, which satisfies the flow constraint of water and sed-

iment regulation. Based on the flow requirements of the water
balance between intervals, the incoming and diverted water in each
interval is considered and the flows in the seven sections between
the LZ section and the TDG section are 2820m3/s, 2730m3/s,
2510m3/s, 2650m3/s, 2467m3/s, 2580m3/s and 2570m?3/s, respec-
tively. For the artificial flood produced by the LYX and the LjX
reservoirs, the sediment discharge of flood events ([43]) is used
to construct the relationship of flow and sediment quantitatively.
Then, the transported sediment volumes in each section are calcu-
lated, as shown in Table 5 wherein sediment concentrations and
incoming sediment are the measured data collected in 2010. Based
on the balance principle of sediment discharges between six sec-
tions, the scour and deposition in the five intervals are listed in
Table 5, which also shows the scour condition or silt status of each
interval.

Besides, the transported sediment exceeds the incoming sedi-
ment in each of the last four intervals. Almost all the riverbed of
the Reaches is scoured by the artificial flood, and the total amount
of scoured sediment exceeds 38.51 million tons, which can be
reflected from the summation of the items in the row of “scour
and deposition in an interval” in Table 5. In spite of the serious
silted condition in the past, all the intervals are scoured except for
the little silt of the interval XHY-QTX. As a result, more than 61.1
million tons of sediment is transported from the TDG section into
downstream, which demonstrates a great improvement of the seri-
ous silt condition in the Reaches could be made through the water
and sediment regulation suggested by the FSS-PSO model.
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Water and sediment regulation effect
between sections and intervals
N:. T
max W =max( > > w(n,t)-Atf)
n=l te=l
1482 0.609
w (TDG, t) = 0.000064 - O()"*% - S(¢)
Take TDG station for example ﬁ
/2820 /2730 - 2510 w 2650 \ ‘ 2467 ‘ 2580\ ) / 2570
\ mds | nr"/s f m3/s m’/s m¥/s . me/s | | ms
LZ XHY QTX SZS BYGL SHHK DG
Flow process of each hydrological station in the Upper Yellow River
Fig. 5. Conversion of flow and sediment transported in each section and each interval for 2010.
Table 5
Performance of water and sediment regulation for 2010.
Item Section
XHY QTX SZS BYGL SHHK TDG
Flow (m?/[s) 2730 2510 2650 2467 2580 2570
Sediment concentration (kg/m?) 4.430 4.280 4.340 4.920 6.960 8.340
I: Incoming sediment (108t) 0.3050 0.2440 0.2950 0.3110 0.4770 0.5810
T: Transported sediment (108t) 0.2269 0.2466 0.3503 0.3324 0.4479 0.6110
Item Interval
XHY-QTX QTX-SZS SZS-BYGL BYGL-SHHK SHHK-TDG
S: Sediment in an interval (108t) —0.0023¢ 0.0023 -0.0221 0.0042 -0.0110
Scour and deposition in an interval (108t) (= I-Tyeq +Sn) 0.0561 —0.1040 —0.0595 -0.1327 —0.1450
2 A negative value of sediment indicates a scour condition, otherwise a silt status.
LYX LJIX
2
2600 3504 1740
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Fig. 6. Monthly water levels of the LYX and LJX reservoirs obtained from the FSS-PSO and historical operation for 2010, respectively.

4.3.2. Ice/flood control (Obj.2)

Fig. 6 shows that the water levels of the LYX and the LJX in flood
seasons (mainly during July-August) obtained from the FSS-PSO
model and historical operation. Results indicate that the water lev-
els of the FSS-PSO are lower than the water levels required for flood
control, i.e. 2594 m for the LYX and 1726 m for the LJX, respectively
(flood control requirement).

Fig. 7 shows that the discharge of the LJX reservoir is lower than
the control flow value requested by the Ice Flood Control Plans
(released in 2009-2010 and 2010-2011), which describe the safety
requirements of dams and downstream areas during ice control

periods (Nov-next March). Furthermore, the discharge of the LJX of
the FSS-PSO model is lower than that of historical operation during
ice seasons, which demonstrates the FSS-PSO performs better than
historical operation.

4.3.3. Power generation (Obj.3)

Fig. 8 shows that the outputs of the FSS-PSO model are, in gen-
eral, much higher than the guaranteed output of the LYX and the
LJX reservoirs, which meet the demand of power generation output.
Such condition does not hold in ice seasons because a concession
to the safety requirements of ice control must be made.
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Fig.7. Discharge of the L]X reservoir obtained from the FSS-PSO model and historical
operation in 2010.

4.3.4. Water supply (Obj.4)

Fig. 9 shows that the flow of the LZ section obtained from the FSS-
PSO model is higher than the minimum flow requirement listed in
Table 2, which meets the water supply demand, except for ice/flood
seasons. We notice that the water supply of the LZ section does not
fully satisfy the water demand in ice/flood seasons due to the safety
requirements of ice/flood control.

In sum, the results nicely demonstrate that: (1) in consideration
of the safety requirements of ice/flood control and the assurance of
water supply and power generation demands, artificial floods are
produced by the joint operation of cascade reservoirs and the pro-
duced large flow will last for one month, i.e. 1st - 30th of April; (2)
the riverbed between the QTX and the TDG, i.e. the whole Reaches,
is scoured by artificial floods, and the total amount of sediment
scoured reaches 38.51 million tons (Table 5); and (3) compared
with the historical data of the TDG, more than 61.10 million tons of
sediment are transported, which is 4-5 times higher than historical
data of water and sediment regulation for the same period.

Table 6 shows the performance comparison of the FSS-PSO
model and historical operation. In Table 6, the values listed for
each objective are explained as follows: sediment regulation - the
sediment transport of the TDG station; ice/flood control - the dis-
charge and water level of the LJX reservoir prior to flood seasons;
hydropower generation — the hydropower generated by the LYX
and LJX hydropower stations; and water supply - the water supply
of the LZ section. The results demonstrate that the FSS-PSO model
can satisfy all the objectives and obtain much better outcomes in all
the objectives, as compared with historical operation, which indi-
cate the FSS-PSO algorithm can be adequately applied to solving
multi-objective optimization problems for producing suitable and
satisfactory results.
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Fig. 9. Flow of the LZ section obtained from the FSS-PSO results and historical
operation, respectively, for 2010.

4.3.5. Algorithm assessment

To assess the superiority and efficiency of the proposed FSS-PSO
algorithm, the classical PSO and the CPSO are implemented with the
same parameter setting of the FSS-PSO (Table 4). The results of the
PSO, the CPOS and the FSS-PSO are listed in Table 7. The computer
we use is Lenovo M6980 with 64-bit Windows 7 OS, Inter” Core™
2 Duo CPU E7200 @2.53 GHz, 300GB RAM, and NVIDIA GeForce
GT720 Graphics Card.

In Table 7, the hydropower generation amount of cascade
hydropower stations obtained from the FSS-PSO is larger than those
of the CPSO and the PSO by 0.65 billion kWh (4.8%) and 0.84 billion
kWh (6.2%), respectively. Moreover, the scoured sediment amount
obtained from the FSS-PSO achieves 38.51million tons, which is
12.6% and 22.5% more than those of the CPSO and the PSO, respec-
tively. It is observed that under the same comparison conditions,
the FSS-PSO produces better performances in all the four objec-
tives than the CPSO and the PSO. Besides, the computations of the
PSO and the CPSO take 18s and 11 s, respectively, while the com-
putation of the FSS-PSO takes only 5s. That is to say, the FSS-PSO
improves the efficiency of the PSO and the CPSO by 72% and 55%,
respectively, which demonstrates the superiority of the FSS-PSO.
We notice that the numbers of decision variables and constraints
are not big because this study only deals with monthly operation
in one year (2010); nevertheless, when dealing with daily opera-
tion in one year, the numbers of decision variables and constraints
could be much bigger (more than 30 times), and thus the efficiency
and effectiveness of the proposed FSS-PSO would become critical.

Fig. 10 shows the convergence curves of two objectives
(hydropower generation, water and sediment regulation) for the
PSO, the CPSO and the FSS-PSO. It can be observed that the con-
vergence rates of the FSS-PSO in terms of both objectives are the
fastest among the three algorithms, which demonstrates the FSS-
PSO performs better than the CPSO and the PSO.
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Fig. 8. Power generation output of LYX and LJX hydropower stations, respectively, for 2010.
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Performance comparison of the FSS-PSO model and historical operation.
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Objective Obj.1 Sediment 0bj.2 Ice control (m3/s)/flood Obj.3Hydropower generation Obj.4 Water supply (108m3)
regulation (108t) control (m) (108 kWh)

Item

Representative value? 0.5810 740, 490, 460, 380, 450 /1726 87.6 238.0

Historical operation® 0.1240 800, 491, 462, 391,470 [1722 1334 314.0

FSS-PSO model 0.6110 586, 490, 460, 380, 450 (1722 143.3 355.2

a Extremums of constraints: sediment regulation - the incoming sediment at the TDG station; ice/flood control - the maximum discharge and water level of the LJX prior
to flood seasons (Table 3); hydropower generation - the minimum energy generated by the LYX and LJX hydropower stations (design capacity); and water supply - the
minimum flow of the LZ section (Table 2).

b Historical data were extracted from Yellow River Sediment Bulletin (2010) and the Huanghe Hydropower Development Co., Ltd.

Table 7

Performance comparison among the PSO, the CPSO and the FSS-PSO.

Hydropower generation (108 kWh)

Scoured sediment amount (108 tons) Computation time(second)

0.3144 18
0.3420 11
0.3851 5

LYX LJX Cascade of LYX and LJX
PSO 73.0 61.9 134.9
CPSO 74.2 62.6 136.8
FSS-PSO 77.7 65.6 1433
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Fig. 10. Convergence curves of (a) hydropower generation and (b) water and sedi-
ment regulation obtained from the PSO, the CPSO and the FSS-PSO, respectively.

5. Conclusion

In this study, a multi-objective optimization model for the joint
operation of two cascade reservoirs in the Upper Yellow River basin
is proposed. We first design a dimensionality-reduction and con-
straint transformation procedure and then develop a novel and
effective method that fuses a Feasible Search Space into the Par-
ticle Swarm Optimization algorithm, i.e. an improved FSS-PSO. We
show that the proposed methodology is very effective in reducing
the complexity of the system and efficient in identifying the feasi-
ble search space. The results demonstrate that the whole riverbed
of the Ningxia-Inner Mongolia reaches could be well soured by

artificial floods, which has important practical significance for
improving the relationship between water and sediment, reduc-
ing the speed of sedimentation rate, and ensuring the safety of
downstream reaches during flooding. Compared with historical
operation, the result of the FSS-PSO model provides much better
performance, e.g. producing 0.99 billion kWh more hydropower
and providing 4.12 billion m3 more water supply in the LZ section.

To demonstrate the efficiency of the FSS-PSO, the CPSO and the
PSO are two comparative algorithms adopted in this study. Results
indicate that as compared with the CPSO and the PSO, the FSS-
PSO increases hydropower generation by 4.8% and 6.2% accordingly
and increases the scoured sediment amount by 12.6% and 22.5%
accordingly. Besides, the convergence rate of the FSS-PSO is the
fastest and the computation time of the FSS-PSO improves 72%
and 55%, respectively, as compared with the PSO and the CPSO. In
sum, the superiority and efficiency of the proposed methodology is
demonstrated through a complex multi-objective cascade reservoir
operation system with two scenarios. While itis encouraging to find
that the methodology could intelligently reduce the dimension of
objectives and constraints and systematically condense the feasi-
ble search space through intelligibly eliminating redundant search
space. We hope this work would lay a pathway for the systematical
construction of multi-objective model and can be utilized to solve
other complex engineering problems.
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