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ABSTRACT

Along with continuous global warming, the environmental problems, besides the economic objective, are
expected to play more and more important role in the operation of hydrothermal power system. In this
paper, the short-term multi-objective economic environmental hydrothermal scheduling (MEEHS) model
is developed to analyze the operating approach of MEEHS problem, which simultaneously optimize
energy cost as well as the pollutant emission effects. Meanwhile, transmission line losses among gener-
ation units, valve-point loading effects of thermal units and water transport delay between hydraulic
connected reservoirs are taken into consideration in the problem formulation. In order to solve MEEHS
problem, a new multi-objective cultural algorithm based on particle swarm optimization (MOCA-PSO)
is presented in way of combining the cultural algorithm framework with particle swarm optimization
(PSO) to carry though the evolution of population space. Furthermore, an effective constrain handling
method is proposed to handle the operational constraints of MEEHS problem. The proposed method is
applied to a hydrothermal power system consisting of four hydro plants and three thermal units for
the case studies. Compared with several previous methods, the simulation solutions of MOCA-PSO with
smaller fuel cost and lower emission effects proves that it can be an alternative method to deal with MEE-
HS problems. The obtained results demonstrate that the change of optimization objective leads to the
shift of optimal operation schedules. Finally, the scheduling results of MEEHS problem offer enough
choices to the decision makers. Thus, the operation with better performance of environment is achieved
by more energy system cost.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, the short-term economic hydrothermal sched-
uling (SEHS) is recognized as one of the most significant problems
in the interconnected electric system operation. The purpose of
this problem is to find the optimal results of the water discharge
rates of the hydro stations and power output of the thermal units
so as to minimize the total production cost while subjecting to a
series of hydraulic and thermal constrains. Compared with the
thermal units, the operational cost of the hydro plant is insignifi-
cance because of the regenerative resource they use. Therefore,
the objective of minimizing the hydrothermal system cost reduces
to minimize the total fuel cost of the thermal units while satisfying
various constrains over the optimal horizon. In the past few dec-
ades, researchers have applied many methods to deal with this
problem, such as linear and non-linear programming [1,2], dy-
namic programming [3,4], progressive optimality algorithm [5],
artificial neural networks [6], genetic algorithm [7,8], evolution
algorithm [9,10], differential evolution algorithm [11,12], particle
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swarm optimization [13-15], and cultural algorithm [16]. These
strategies have achieved various degrees of success in solving this
single-objective optimal problem. As the public have paid much
attention to the atmospheric environment, especially when the
passage of the clean air act amendments was published in 1990
[17], the traditional economic optimization cannot satisfy the
requirement of reducing the harmful effects of the gaseous emis-
sion caused by fossil fuel. Therefore, the conventional economic
hydrothermal optimal scheduling needs to be modified and the
multi-objective economic environmental hydrothermal scheduling
which adds the emission effects of the atmospheric pollution as the
other objective becomes more and more desirable.

The short-term multi-objective economic environmental hydro-
thermal scheduling (MEEHS) problem is a multi-objective optimi-
zation problem which optimize the two competing objectives, the
minimum fuel cost and the minimum emission effect, simulta-
neously. Compared with the traditional economic emission dis-
patch, this model takes the hydraulic connected hydro plants
into account. In recent years, many different methods have been
adopted to solve this problem. Such as goal-attainment method
[18], real code genetic algorithm [19], differential evolution algo-
rithm with price penalty factor [20], improved genetic algorithm


http://dx.doi.org/10.1016/j.ijepes.2012.03.031
mailto:jz.zhou@mail.hust.edu.cn
http://dx.doi.org/10.1016/j.ijepes.2012.03.031
http://www.sciencedirect.com/science/journal/01420615
http://www.elsevier.com/locate/ijepes

R. Zhang et al./Electrical Power and Energy Systems 42 (2012) 384-395 385

with evolutionary direction operator [21], and self-organizing hier-
archical particle swarm optimization technique [22]. These strate-
gies attempted to transform the multi-objective problem into a
single one by constrained or weighted methods. Although the
transformation can reduce the difficulty of solving MEEHS prob-
lems, some shortcomings still exist: only one solution can be ob-
tained in a run while the Pareto optimal front needs a serve of
solutions; since the objective formulation of the MEEHS problem
is non-convex, the method mentioned above may fail to find the
true Pareto optimal front. Therefore, a more effective approach is
necessary to deal with this multi-objective and non-convex opti-
mization problem.

In order to deal with this multi-objective, non-linear and con-
strained problem, an innovative method, multi-objective optimiza-
tion algorithm, is usually needed. Multi-objective Evolutionary
algorithms (MOEAs) are modern heuristic searching methods for
dealing with multi-objective problems. For their fast convergence
and population-based characteristic, many MOEAs, such as multi-
objective genetic algorithm [23,24], multi-objective evolutionary
algorithm [25,26], multi-objective differential evolution [27,28],
multi-objective particle swarm optimization [29-31], have been
applied to solve complex multi-objective problem and get a set
of solutions efficiently. Among these methods, NSGA-II proposed
by Deb and Pratap [23] and SPEA2 proposed by Zitzler et al. [25]
are the most famous strategies. However, the problem of prema-
ture convergence caused by sharply decrease of the population
diversity still exist in these current algorithms. Therefore, it takes
on a big range of significance to develop novel efficient techniques
to solve the multi-objective problems precisely.

In this paper, we proposed a novel multi-objective cultural algo-
rithm based on particle swarm optimization to determine the opti-
mal operating strategy of MEEHS problem. Cultural algorithm (CA)
is a novel optimization method framework proposed by Reynolds
in 1994 [32]. The computational model maintains the elite infor-
mation from the evolving population so as to make use of this use-
ful knowledge to enhance the adaptability of the individuals and
improve the evolution speed. In recent years, cultural algorithm
has been used in dealing with single-objective problems success-
fully [33-36]. Therefore, the proposed method combines the parti-
cle swarm optimization [37] with the cultural algorithm to
implement the population space evolution and three kinds of
knowledge structures in the belief space are redefined according
to the feathers of the multi-objective problems. Furthermore, an
efficient constraints handling method is proposed to deal with
the complicated constraints of the MEEHS problems. Finally, the
proposed MOCA-PSO is applied to a hydrothermal power system
consisted of four hydro plants and three thermal units and the
trade-off relationship between economic and environmental per-
formances is analyzed.

The paper is organized as follows: Section 2 introduces the be-
lief concept of multi-objective problem as well as the formulation
of short-term multi-objective economic environmental hydrother-
mal scheduling. In Section 3, we describe the proposed method
MOCA-PSO in details. Section 4 presents the practical solution
methodology of the MOCA-PSO for solving MEEHS problem. In Sec-
tion 5, the proposed method is applied to a hydrothermal power
system and compared the results of case studies with current stud-
ies. Section 6 concludes the paper followed by acknowledgements.

2. Problem formulation

2.1. Concept of multi-objective optimization problem

Compared with the single-objective problems, there are many
multi-objective optimization problems in the real world, which

require simultaneous optimization of several objectives that are al-
most non-commensurable and competing with each other. Gener-
ally, a multi-objective optimization subjected to a number of
equality and inequality constraints can be formulated as follows:

miny = £ = (fi(X),f>). ..., ()
s.t.gi(x)=0,i=1,2,...Numg
hi(x) <0,j=1,2,...,Num,
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where N,y is the dimension of objective space and fi(x) is the ith
objective of the optimal problem; Num, and Numj, are respectively
the numbers of equality and inequality constraints; x is a D-dimen-
sional decision vector which stands for a solution of the problem.

Mathematically, the definition of Pareto optimal solution can be
described like this: In a minimum optimization problem, a solution
x1 € RP dominates another solution x, € RP only if:

{(Vie[1,2,... Noy) : filx1) < fi(x2)} N {3j € [1,2,..., Noy]
i) <fi()} (12)

If the solution cannot be dominated by other solutions of the
solution domain, it will be called non-dominated or Pareto optimal
solution. Meanwhile, a series of all non-dominated solutions can be
indicated as Pareto optimal front.

2.2. Mathematical formulation of the MEEHS model

The MEEHS model aims at providing decision support to plan-
ners for selecting the operating level of various hydro plants and
thermal generation units throughout the planning period.

2.2.1. Objectives functions

The MEEHS model considers two objective functions, the total
energy cost and the environmental impact. The environmental im-
pact objective function is trying to capture the increasing aware-
ness of environmental externalities resulting from energy
generation. Meanwhile, transmission line losses among generation
units, valve-point loading effects of thermal units and water trans-
port delay between hydraulic connected reservoirs are considered
in the problem formulation.

2.2.2.1. Economy objective. The fuel cost function of each thermal
plant considering valve-point effect is described as a sum of a
quadratic and a sinusoidal function. In practical hydrothermal
generation system, the fuel losses will increase sharply when
stream admission valve starts to open. This increased part can be
described as a sinusoidal function. So the total cost of the hydro-
thermal real power system can be presented as follows [38]:

T N
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where the P;, is the output power of the ith thermal plant at tth
schedule period, P; ., is the lower generation limit for the ith ther-
mal plant, N; is the number of thermal plant, t and T are the period
index and total periods over the schedule horizon, g;, b;, c;, d;, e; are
the cost curve coefficients of the ith thermal plant.

2.2.2.2. Emission objective. Compared with hydropower plants, the
major atmospheric pollution is produced by thermal generation
units, which is constituted mainly by sulfur oxide (SO,) and nitro-
gen oxides (NOy). In this paper, nitrogen oxides (NO,) emission is
selected as the index for environment evaluating. The amount of
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