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ABSTRACT

Pressurized water nuclear power stations are characterized by thermal efficiencies of about 31 to 35%
which are much lower than those that are in general obtained by fossil fuels plants. It has been
demonstrated that the effect of superheating the steam before entering into a low-pressure turbine makes it
possible to increase the cycle efficiency by about 16% but it can affect the overall generated power. In this
work, an optimization study is applied to the secondary circuit of Gentilly-2 nuclear power station, where
the resulting steam flow distribution required to obtain superheated steam, increases the available energy at
the entrance of low-pressure turbine but decreases the total work produced by the high-pressure stage.
Further, the Gentilly-2 secondary loop regenerates part of the thermal energy in feed-water preheaters,
therefore, the problem consists of determining the best fractions of extracted steam that permit increasing
cycle efficiency without decreasing the power produced by the station. The simultaneous improvement of
the power and the plant efficiency constitutes a multi-objective optimization problem where two objective
functions compete with each other. It is obvious that such an optimization task does not have a unique
solution, but rather a set of optimal solutions that consists of a compromise among the objectives imposed
to the problem. In this work, an innovative technique is presented based on a genetic algorithm that consists
of finding optimal values that converge towards Pareto’s optimal front.

Keywords: CANDU reactor, thermodynamic cycle, power plant, multi-objective optimization, evolutionary
algorithms, Pareto’s front.
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1. INTRODUCTION

Many studies have demonstrated that reengineering can permit the performance of high efficient
existing installations to be improved. For instance, it has been shown (Sacco, 2002) that a small increase of
0.1% of the total thermodynamic cycle efficiency can produce enormous profits with operating economies
that can reach thousands of dollars per year, essentially due to the reduction in fuel consumption. Thus, it is
apparent that this reduction can help in diminishing greenhouse emissions. Even though nuclear power
plants can greatly contribute in reducing emissions, they cannot achieve high thermal efficiencies.

Pressurized water nuclear power plants in particular are characterized by thermal efficiencies of about
31 to 35% which are much lower than those that are in general obtained from power plant that use fossil
fuels, where efficiency of up to 45% or even better can be achieved. The principal reason of this
tremendous difference is determined by the heat transfer rate from the nuclear fuel to the coolant. In fact,
the maximum temperature imposed in the nuclear fuel makes it very difficult to obtain superheated steam
under high-pressure conditions. In addition, the use of close to saturation steam at the entrance of a high-
pressure (HP) turbine increases its humidity content (i.e., formation of liquid droplets) that tends to
deteriorate both the turbine’s integrity (i.e., increases the erosion of the blades) and efficiency. If a small
amount of humidity is tolerated at the outlet of a HP stage, a vapor superheating is absolutely necessary
before it enters into the low-pressure (LP) stage. The effect of superheating the steam before entering into a
LP turbine makes it possible to increase the generated power by about 70% and the cycle efficiency by 16%
(Lior, 1997). It is important to note, however, that in his analysis Lior has proposed the use of an external
fossil fuel source to obtain superheated steam conditions.

In this work, a similar study is applied to the secondary loop of Gentilly-2 nuclear power station. It
must be pointed out that in this system, superheated steam is obtained from a derivation of a fraction of the
vapor produced at the steam generators (SG). Thus, for a given amount of produced steam, this flow
redistribution may increase the available energy at the entrance of LP turbine but it can reduce the total
work produced by the HP unit. Further, since the Gentilly-2 secondary loop regenerates part of the thermal
energy in feedwater preheaters, the problem consists in determining the best fractions of extracted steam
that will permit to increase the overall efficiency without decreasing the net power produced by the station.
The simultaneous improvement of the output power and the overall plant efficiency constitutes a multi-
objective optimization problem where two objective functions compete with each other. It is apparent that
such an optimization task does not have a unique solution, but rather a set of optimal solutions that consists
of a compromise among the objectives of the problem. In such a case, the solution space converges towards
the so-called Pareto’s front (Deb, 2001). It is obvious that these kinds of thermodynamic cycles lead to a
rather complex optimization problem that for similar systems, some authors (Sacco et al., 2002) had solved
by using genetic algorithms (Goldberg, 1989). These algorithms are very robust and make it possible to
treat complex problems, usually very difficult or impossible to solve by using traditional optimization
techniques (i.e., simplex).

Different approaches to solve multi-objective optimization problems based on the genetic algorithms
for seeking optimal Pareto solutions have been proposed (Deb, 2001 and Coello et al., 2002). These
techniques were then intensively applied in a large number of industrial applications (Lazzaretto et al.,
2004). Recently, this type of algorithm has been shown to be powerful in the optimization of both the
topology and the thermal power distribution of large heat exchanger networks (Dipama et al., 2008).
Although most of these methods have been successfully used to solve complex systems yet unsolved by
using traditional methods, they often have a very slow convergence rate. Further, they also present
difficulties to explore the whole set of Pareto’s optimal solutions due to the inherent complexity of Pareto’s
front landscape.

Within the framework of the present study, a very robust and effective multi-objective optimization
technique named “Boundary Exploring Search Technique” (BEST) has been developed (Dipama et al.,
2007). The proposed algorithm has a simple structure based on an original approach that consists of
partitioning the solution space into separate "exploring corridors”. Hence, the algorithm allows a rigorous
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control of the entire solutions space to be carried out, independently of the Pareto’s front complexity. In
this paper, the BEST technique is used to identify trade-off solutions of two objective optimization problem
of the secondary circuit of Gentilly-2 nuclear power plant. The goal of the optimization is to handle the
simulation of a sequence of Rankine cycle configurations (each configuration corresponding to a particular
setting of decision variables); thus, several system configurations are first randomly generated, which
provides Pareto or near Pareto optimal solutions. The results of the optimization are presented and
discussed in the following sections.

2. INTRODUCTION TO A MULTI-OBJECTIVE OPTIMIZATION PROBLEM

Letx,,x,, ...,x,be decision variables for a simulation model of any energy system. Consider
thenfl(xl, X, ,...,xk),f2 (xl, X, ,...,xk), e fo (xl, X, ,...,xk) the output functions of a power plant simulation

model corresponding to a set of values X = x,,x,,...,x, . Hence, the plant optimization problem can be
summarized as follows:

minimize fl(X) i=12,..,n

subjected to the constraints

(D
g,(X)=0 j=12,.m

L U
X, Sx, <X

Thus, the principal idea consists of minimizing (or maximizing, depending on the type of problem to
handle) the objective functions f,(X)over all possible values of vector X that satisfy the set of

constraints g ; (X). It is important to remark that x and x"are the lower and upper bounds for

variables x, , respectively. It is obvious that if any of the components f; (X ) are competing with each other,

there is no a unique solution to this problem. For such a case the concept of Pareto optimal (Goldberg,
1989) must be used to properly evaluate all the objectives that control the process. The condition of Pareto
optimal for a minimization task can be formulated as follows (Van Veldhuizen & Lamont, 2000):

° Pareto dominance:

Given a vector F = (fi, fyoen f, ), it is considered that dominates the vector Fr= (£, fisen f)) if and
only if F is partially less than F', i.e, Vi e {1,2,...,n}, fi<finTie {1,2,...,11}:fl. <f.

. Pareto optimal:

A solution X~ € Q (where Q is a feasible region in the parameter space) is said to be Pareto optimal
with respect to Q if and only if there is no X eQ for which F = (X)), £ (X s £1(X))

dominateslg = ( fi (X *) 1 (X *l, £, (X *)) In others terms, an optimal solution (X ") is one for which an
improvement in one of the objective functions requires a degradation of the other one. Then a Pareto
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optimal solution is not dominated by any other solutions, it is said “non-dominated”. Hence, a multi-
objective evolutionary algorithm seeks the achievement of the three following goals:

a) Find the best-known Pareto front that should be as close as possible to the true Pareto front.
Ideally, the best-known Pareto set should be a subset of the Pareto optimal set.

b) The best-known Pareto front should capture the whole spectrum of the Pareto front. This requires
investigating solutions at the extreme ends of the objective function space.

c) Solutions in the best-known Pareto set should be uniformly distributed and diversified along the
Pareto front in order to provide decision-makers a true picture of trade-offs.

This paper propose an efficient and robust evolutionary algorithm (named BEST), capable of
satisfying these goals for tackling a multi-objective optimization problem concerning the secondary cycle
of the Gentilly-2 nuclear power plant. The main purpose of the algorithm consists of handling very
complex, large-scale systems, where traditional optimization methods do not work. The robustness of
BEST algorithm has already been proved in the optimization of a cogeneration system (Dipama et. al.,
2007).

3. DESCRIPTION OF THE PROPOSED METHOD

Unlike classical evolutionary algorithms that promote non-dominated solutions at each population
generation, the main idea of the present approach consists of emphasizing also those solutions that drive the
searching operation towards the boundaries of the feasible region. To this aim, we use a "corridors
exploring" strategy that allows both dominated and non-dominated solutions to be considered.

3.1 A "corridor exploring" strategy

As has been explained before, in order to catch extreme solutions a "corridors exploring" strategy in
the search space has been implemented. It consists of a series of open corridors which are parallel to the
axis of the search space (i.e., the axis correspond to the objective functions). These corridors are equally
spaced according to regular steps determined by the algorithm itself. In each corridor the best individual (in
genetic algorithms each individual corresponds to a possible solution of the problem) is gathered; either if it
is dominated or non-dominated it becomes the “header individual” of the corridor. Figure 1 shows a
schematic representation of several header solutions shown by black points in the feasible region of a
hypothetical minimization problem governed by two objective functions. In the figure the same number of
open corridors along each objective axis is shown, however, this number can be different for each axis. For
example, by moving along the objective function f,, the corridors that are parallel to the objective function

/, be then analyzed and the best individual (solution) appearing in each corridor are selected and gathered
(see Figure la). In the same manner, by moving along the objective function f;and analyzing corridors
parallel to the objective function f, the best individuals (solutions) are also retained (Figure 1a). It must be

pointed out that for this step of the searching process, it is not necessary to use non-domination sorting
routine to classify the individuals. The unique requirement consists of finding header solutions at each
generation step. These headers start mapping the contour of a feasible population that optimizes the multi-
objective problem. Note that only two objectives are considered in the schematic representation shown in
Figure 1, however, a multi-objective task may require several competing functions.
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Figure 1. Schematics of best solution searching corridors;
(a) minimization of f;_ (b) minimization of f,

Combining the solutions of Figure la and 1b produces the result given in Figure 2a. This figure
shows a set of best solutions that will be most likely selected as parents for the reproduction of offspring’s
in the next generation step. The proposed corridor header tracking technique is compared with Goldberg’s
ranking approach (Goldberg, 1989) in Figure 2b. It is obvious that the application of the proposed
procedure permits the solutions that belong to the Pareto optimal front to be captured, which is not the case
when the ranking method is used. Moreover, the completely feasible region is easily mapped by collecting
header individuals from each corridor, overcoming in this way the difficulties that arise when complex

Pareto’s front landscapes must be treated.
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Figure 2. Best solutions; (a) corridor method, (b) Goldberg’s ranking method.

3.2 The evolution process and description of the BEST algorithm

The evolution process is essentially based on the selection of captured solutions in the
aforementioned corridors searching space. At each generation, the sizes of the corridors along the axis
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(functions) of the objective space are determined according to the lower and upper bound of the objective
functions. By crossing each corridor, the best individual inside them are captured and they are then used as
parents that undergo a phase of crossover and mutation operations.

To spread the characteristics of a population (i.e., a set of individuals) and in order to establish
rapidly the boundaries of a feasible region, a mutation operator with a relatively initial high probability (70
to 80%) is used. Note that the mutation operation enriches the genetic diversity of the population. The
mutation probability is then progressively decreased as the algorithm evolves. There are no special
mechanisms for the maintenance of the diversity of the population; the corridor strategy implicitly ensures
this role. The exploration of a promising solutions area (i.e., contour of the feasible region) is achieved by
using a crossover operator whose intensity (crossover probability) increases while mutation is decreased.
The crossover operator controls the reproduction rate of a given population. Figure 3 shows the structure of
BEST evolutionary algorithm.

~

Start from an
initial population

/

Evaluate
objective functions

Y

Apply
"corridor searching"
strategy

Apply
crossover and
mutation operators

STOP
criterion

Non-domination
sorting
(Pareto optimal solutions)

C o

Figure 3. BEST algorithm flow chart.

4. OPTIMIZATION OF GENTILLY-2 SECONDARY CYCLE

Figure 4 shows a simplified schematic of the secondary circuit of Gentilly-2 nuclear power plant. It
consists of a conventional reheat-regenerative Rankine thermodynamic cycle with HP and LP turbine units
running in tandem. Key thermodynamic states of the cycle are shown by open circles with numbers while
the most important thermal equipment are identified using the technical designation used by plant
engineers. As illustrated in the figure, the HP unit uses saturated vapor (state 1) produced in the steam
generators (SG) that expands to a medium pressure condition (state 7). Depending on the opening of the
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admission valves (AV), under some operation conditions the steam at the entrance of the HP unit can be
slightly superheated (state 4). For the present study, however, it is assumed that state 4 corresponds to
saturation conditions. It is obvious that the expansion in the HP unit causes both the steam temperature and
pressure to decrease, which provokes a partial vapor condensation (i.e., the exit quality at state 7 is less than
unit). Therefore, before the steam enters into the LP turbine unit, it is mechanically dried and superheated
by a humidity-separator and superheater system (see the figure). This medium-pressure superheated vapor
(state 9 or 10) expands into the LP turbine before it enters the condenser (state 15) where it is cooled at a
constant pressure and temperature until the saturated liquid conditions are reached at state 16. The
condensate is then pre-heated in a series of feedwater preheaters by using extractions from different stages
of the turbine and the cycle. Preheaters 4312-HR11 to 4312-HR13 are shell-tube condenser type heat
exchangers. These units are connected in cascade, however, to maintain the tubes in contact with the vapor
alone, required to maintain very high heat transfer efficiency, the level of the condensate is rigorously
controlled. Note that unit 4312-DC10 is an open waterfeed preheater system that collects the condensate
from the rest of the units. In addition, heat exchanger 4315-GSC10 permits to recover heat from turbine
steam-tight bulkheads collected at state 6. The relatively high pressure at state 29 permits the water to be
discharged back into the condenser. Air transported by the steam at state 6 is vented while the residual
steam at state 27 is also send back to the condenser. Preheated water is degassed in a deaerator unit, which
under normal operation conditions uses steam from an extraction of the LP unit. Note that under some
abnormal operation conditions this unit can receive vapor from the SG’s, however, this case is not treated
in this work. The deaerator also collects the condensate from the humidity-separator equipment as well as
from the last feed-water preheater (i.e., high pressure preheater) of the system (i.e., unit 4312-HRI15 in
Figure 4).

SATURATED DRYER/SUPERHEATER
STEAM ~ SUPERHEATED
9 STEAM
1
o—
FROM SG
ELECTRICAL
GENERATOR
4312-HR15
\
o 15 COOLING
11 WATER
30
—O——
37
-~O0—]
TO SG
4312-HR15
' PUMP
(B) 220 12 13 14
4312-HR13 | 4312-HR12 | 4312-HR11 Z 4315-GSC10
——O—
21 20 19 29
B ! J 18
é/ gﬂ/ (5/ l4312—DC10
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Figure 4. Simplified schematic of Gentilly-2 secondary circuit.
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4.1 Objective functions and decision variables

Two objective functions, i.e., the net work # and the thermodynamic efficiencyr,,, are considered

for the performing the optimization of the present problem. The flexibility of the proposed algorithm,
however, should permit us to handle other objectives, for instance environmental and economic aspects can
be easily treated. The objectives used in the present case are:

a) Maximize W =w,, + wy,, ()
b) Maximize 77, =%, 3)

where w,, and w,, are the net power of the HP and LP turbine units, respectively and Q is the heat

transferred from the reactor to the light water in the steam generators. The main decision variables used to
optimize the thermodynamic cycle shown in Figure 4 are Y,, Y,,, Y5, Y,,, Y5 with:

e 7, is the fraction of vapor used to superheat the steam before it enters into the LP unit.
e Y, is the fraction of vapor extracted from the LP turbine and supplied to the deaerator system.

e Y,,Y, and Y|, are three vapor extractions from different stages of the LP turbine.

It is important to remark that such a multi-objective optimization problem can also be solved using
the weighted sum method or by using penalty functions (Dipama et. al., 2008). These methods, however,
transform multiple objectives into an aggregated objective function by multiplying each objective by a
weighting factor and then summing them up. It is apparent that a reduced single-objective optimization
procedure provides only one particular optimal solution point on the Pareto front. Therefore, a major
drawback of this method consists of the impossibility to obtain points on nonconvex portions of a Pareto
optimal set. Moreover, a priori selection of the weights doesn’t necessarily guarantee that the final solution
will be the appropriate one. Usually, this situation necessitates recurrent solutions to be carried out by
selecting new weights. Further, the major advantage of using evolutionary algorithms over the deterministic
techniques like the steepest descent method is that, they do not require a mathematical formulation of
objective functions instead, the values obtained from plant simulators can be used for optimization
purposes. It is obvious that in the case of a thermal power station the formal representation of all
engineering aspects that determine the optimal operation of the plant must be given under the form of
several coupled equations. Therefore, it is very difficult if not impossible to treat this kind of problems
using a deterministic approach.

4.2 Constraints and modeling assumptions

The thermodynamic states identified in Figure 4 in conjunction with the thermo-physical properties of
the different fluids (i.e., steam, mixture or liquid) encountered in the cycle are used to write energy and
mass conservation equations for the thermal equipment that constitute the entire system. Hence, a model
formed by a system of equations was written using the Engineering Equation Solver (EES) software (Klein,
2007). It must be pointed out that this piece of software already contains libraries required for calculating
the thermo-physical properties of the coolant. In particular, to perform the simulations of the actual system
the IAPWS library is used. The secondary circuit model was run several times by randomly changing the
decision variables within given (realistic) limits. Thus, each solution corresponds to a set of thermodynamic
states that are then send to the BEST algorithm for performing optimization calculations. However, due to
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the high complexity of the Gentilly-2 secondary circuit, some simplifying assumptions were required; the
most important ones are:

a) The pressure and temperature in the condenser model were considered constants (i.e., we do not
take into account possible effects due to the presence of non-condensable gases).

b) The pressure drops in pipes, flanges, unions and tees junctions are neglected; thus, the pressure
drops in the vapor extraction lines are neglected.

¢) The pressure drop in all feed-water preheaters are supposed to be the same.

d) A unique value of the isentropic efficiency for both the HP and LP turbine units is assumed. This
value was previously determined from experimental data obtained from the plant.

As described above, thermodynamic variables are randomly generated; therefore, some additional
constraints must still be necessary to satisfy realistic and physical acceptable solutions (for instance, each
solution must satisfy the second law of thermodynamics). These additional constrains are: i) the total
fraction of vapor extracted from the LP turbine (sumy) must be lower than 45% and ii) under normal
operation conditions the pressure prevailing in the deaerator determines a minimum acceptable saturation
temperature.

5. RESULTS AND ANALYSIS

The thermodynamic model was used to generate iteratively a solution space containing at least 100
individuals. The population obtained from the plant model is used as input values for running the BEST
algorithm. To solve the problem presented in this paper the following algorithm settings are used:

a) population size: 100
b) number of searching corridors per objective function: 60
¢) Maximum number of runs: 50

Figure 5 shows BEST results, i.e., the overall cycle efficiency as a function of the net power produced
by the plant. Square dots in the figure represent the Pareto optimal front for the two objective functions
given by Equations 2 and 3. It must be pointed out that only the final values of the optimization process are
shown in the figure. It is obvious that the optimal searching methodology introduced in the present work,
makes the Pareto front to evolve towards the set of optimal values represented by square symbols. Thus,
these values represent the Pareto front that includes all compromise solutions for the aforementioned
objective functions. Further, measured data taken from the power plant are used to calculate the actual plant
operation state, i.e., efficiency and net work. The triangular point in Figure 5 corresponds to the simulation
of the actual operating condition of the installation. It is important to mention that this calculation is also
performed using the same thermodynamic model described above. However, instead of changing the
decision variables Y; and Yj; their values were fixed accordingly to actual operation figures furnished by
Gentilly-2 plant engineers. From the figure, it is obvious that Pareto’s front provides a clear indication that
there are still plenty of possibilities for increasing both the cycle efficiency as well as the net power
produced by the station. However, such an optimization procedure requires changing the vapor extraction
rate from the turbine and from the SG’s.
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Figure 5. Set of Pareto’s front optimized values.

Some points of Pareto optimal solutions as a function of the fractions of extracted steam (for their
identification see Figure 4), jointly with the actual values of the power plant (boldface numbers) are given
in Table 1. Note that in the net electrical power the consumption of the secondary circuit pumps has been
taken into account, however, it does not include the consumption of primary circuit pumps as well as other

auxiliaries.

Table 1. Optimized values.

» V15 V4 Vi3 yi2 Whet (kWe) n
0,08 0,15 0,14 0,02 0,14 622042 0,38
0,05 0,15 0,07 0,02 0,02 713582 0,35
0,07 0,10 0,06 0,06 0,03 699614 0,34
0,05 0,15 0,15 0,02 0,10 641196 0,37
0,05 0,15 0,08 0,02 0,02 709132 0,35
0,05 0,15 0,15 0,02 0,10 640130 0,37
0,05 0,15 0,13 0,02 0,02 691885 0,35
0,07 0,15 0,11 0,02 0,02 695106 0,35
0,08 0,15 0,15 0,03 0,12 624172 0,38
0,05 0,15 0,11 0,02 0,02 696572 0,35
0,05 0,15 0,09 0,02 0,02 705214 0,35

The proposed methodology can offer, to decision makers, a realistic and valuable engineering
support. Presently we are improving the thermodynamic model; it will include a series of independent
thermal equipment modules developed in Matlab. This approach will permit us to better characterize local
operation conditions that are controlled by mechanisms other than thermodynamic principles, i.e., heat
transfer, pressure drop, effect of non-condensable gases, irreversibility, etc.

It must be pointed out that the present study is devoted to search all possible optimal operation
conditions of the power plant and compare them with the actual status of the installation. Hence, each point
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presented in Figure 5 corresponds to particular plant steady state conditions. In other words, a sensitivity
study of the system besides possible variations of the decision variables was not carried out. However, the
construction of Pareto’s front is followed on the screen during the whole optimization process. In any case
studied, the solution space has shown neither steep nor shallow valley behaviors. In turn, evolutionary
algorithms are very robust for handling this type of problems. In particular, the use of a mutation operator
strongly contributes to deal with such a difficult task. Once an optimal solution is selected, it should be
interesting, however, to carry out a sensitivity analysis of the system by perturbing the decision variables.
This study has not yet been carried out.

6. CONCLUSIONS

A thermodynamic model of the Gentilly-2 nuclear power plant is developed. The model is used to
generate a large number of plant states associated to random variations of some decision variables. The
BEST evolutionary algorithm is then applied for finding the optimal operation conditions of the power
plant. This algorithm has demonstrated a very high robustness and effectiveness in handling quite complex
optimization problems. It uses a corridors searching strategy that partitions the objective space to capture
solutions that contribute to explore very efficiently the feasible solution region. Thus, the proposed
technique helps solutions uniformly distributed over Pareto’s front to be found. Therefore, it is not
necessary to use less performing methods such as fitness sharing or other distance-based techniques for the
maintenance of the genetic diversity within a population. The proposed technique once applied to the
Gentilly-2 power plant is able to show that there is plenty of possibility for increasing the overall
performance of the plant. It is obvious that increasing the thermal efficiency of any power plant contributes
to decreasing pollution of the environment. Work is underway to improve the modeling approach that will
be able to take into account inherent characteristics of the principal power plant equipment.

ACKNOWLEDGMENTS

This work was funded by the Hydro-Québec chair in nuclear engineering, CANMET and by the NSERC
discovery grant # RGPIN 41929.

REFERENCES

COELLO C. A. C, VELDHUIZEN D. V., and LAMONT, G. B. (2002) "Evolutionary Algorithms for
Solving Multi-objective Problems", Kluwer Academic Publishers, Boston.

DEB, K. (2001) "Multi-objective Optimization using Evolutionary Algorithms", John Willey & Sons,
Chichester

DIPAMA, J. TEYSSEDOU, A. & M. SORIN (2008) “Synthesis of Heat Exchanger Networks Using
Genetic  Algorithms,” In  Press: Applied Thermal Engineering (Available online DOI:
10.1016/j.applthermaleng.2007.aa.014).

DIPAMA, J., AUBE, F. & A. TEYSSEDOU « Optimisation multi-objectif d’un systéme de cogénération a
I’aide de D’algorithme évolutif BEST», VI Colloque Interuniversitaire Franco-Québécois sur la
Thermique des Systémes, Montréal, (mai 2007).

GOLDBERG, D. E. (1989) “Genetic Algorithms for Search, Optimization, and Learning Machine,”
Reading, MA. Addison-Wesley.

KLEIN, S.A. (2007) “Engineering Equation Solver,” Version 7.936-3D, Ca., USA.

LAZZARETTO A. & A. TOFFOLO (2004) “Energy, Economy and Environment have Objective in Multi-
criterion Optimization Thermal Systems Design,” Energy, vol. 29, No. 8§, pp. 1139-1157.

11 0f 12



29th Annual Conference of the Canadian Nuclear Society June 1-4, 2008
32nd CNS/CNA Student Conference Marriott Eaton Centre, Toronto, Ontario

LIOR, N.R. (1997) “Energy, Exergy, and Thermoeconomic Analysis of the Effects of Superheating Fossil-
fuel in Nuclear Power Plants,” Energy Conversion and Management, vol. 38, pp. 1585-1593.

SACCO, W.F., PEREIRA, C.M.N.A., SOARES, P.P.M. & R. SCHIRRU (2002) “Genetic Algorithms
Applied to Turbine Extraction Optimization of a Pressurized-Water Reactor,” Applied Energy, vol. 73,
No.3, pp. 217-222.

VAN VELDHUIZEN, D.A. & G.B. LAMONT (2000) “Multiobjective Optimization with Messy Genetic
Algorithms,” ACM Symposium on Applied Computing, V. 1, Como, Italy, pp. 470-476.

12 0f 12



	ABSTRACT
	1. INTRODUCTION
	2. INTRODUCTION TO A MULTI-OBJECTIVE OPTIMIZATION PROBLEM
	3. DESCRIPTION OF THE PROPOSED METHOD
	4. OPTIMIZATION OF GENTILLY-2 SECONDARY CYCLE
	5. RESULTS AND ANALYSIS
	6. CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


