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ABSTRACT 

 
The Nuclear Reactor Reload Problem (NRRP) is an issue of great importance and concern in Nuclear 
Engineering. It is the problem related with the periodic operation of replacing part of the fuel of a nuclear 
reactor. Traditionally, this procedure occurs after a period of operation called a cycle, or whenever the Nuclear 
Power Plant (NPP) is unable to continue operating at its nominal power. Studied for more than 40 years, the 
NRRP still remains a challenge for many optimization techniques due to its multiple objectives concerning 
economics, safety and reactor physics calculations. Characteristics such as non-linearity, multimodality and 
high dimensionality also make the NRRP a very complex optimization problem. In broad terms, it aims at 
getting the best arrangement of fuel in the nuclear reactor core that leads to a maximization of the operating 
time. The primary goal is to design fuel Loading Patterns (LPs) so that the core produces the required energy 
output in an economical way, without violating safety limits. Since multiple feasible solutions can be obtained 
to this problem, judicious optimization is required in order to identify the most economical among them. In this 
sense, this paper presents a new contribution in this area and introduces a modified Firefly Algorithm (FA) to 
perform LPs optimization for a Pressurized Water Reactor (PWR). Based on the original FA introduced by Xin-
She Yang in 2008, the proposed methodology seems to be very promising as an optimizer to the NRRP. The 
experiments performed and the comparisons with some well known best performing algorithms from the 
literature, confirm this statement. 
 
 

1. INTRODUCTION 
 
Traditionally, the refueling process of a Pressurized Water Reactor (PWR) occurs when it is 
no longer possible to sustain a chain reaction, or, in other words, when the reactor’s reactivity 
falls to zero. The shutdown of the reactor is then required, and a fraction of its total fuel 
inventory is replaced. 
 
In order to continue producing energy, fresh fuel assemblies are required to be inserted into 
the reactor core, replacing the most burned ones. Thus, the refueling process of the new cycle 
should includes fresh and partially burned fuel assemblies, combined into the reactor core 
according to some operational and safety related criteria. 
 
In general, the design of the Loading Pattern (LP) is a difficult task because of the large 
number of possible combinations for the fuel assemblies to be load in the core. It can be 
formulated as a complex combinatorial problem, with a search space delimited by the number 
of fuel channels in the reactor core and the number of fuel assemblies to be loaded.  
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The Nuclear Reactor Reload Problem (NRRP) focuses on Loading Pattern (LP) optimization 
and involves finding the best possible dispositions for the fuel assemblies and control 
materials within the reactor core such that the fuel cost for that cycle is minimized. It may be 
a problem of a massive scale and computationally challenging even with today’s best 
computing facilities. 
 
The highly non-linear behavior of the nuclear reactors generates objective functions and 
restrictions with non-linear characteristics. Consequently, a large number of points of local 
minima (or maxima) exist [1]. It means that any technique that may be used for the solution 
of the NRRP must perform well in multi-modal search spaces. 
 
In the context of a combinatorial multi-modal and complex problem with a prohibitive time 
of evaluation of LPs as the NRRP, metaheuristics have attained considerable performances. 
Several researches indicate the successful application of metaheuristics for the optimization 
of the NRRP, such as Simulated Annealing (SA) [2], Genetic Algorithms (GA) [3], Tabu 
Search (TS) [4], Population-Based Incremental Learning (PBIL) [5], Ant Colony 
Optimization (ACO) [6], Particle Swarm Optimization (PSO) [7] and Artificial Bee Colony 
(ABC) Optimization [8]. 
 
In this paper we present the concepts of the Firefly Algorithm (FA) [9] and its application for 
the NRRP. The FA was developed by Xin-She Yang in 2007 and mimics the patterns of short 
and rhythmic flashes emitted by fireflies in order to attract other individuals to its vicinities, 
also called bioluminescent characteristic. 
 
To apply FA to solve the NRRP, a Brazilian PWR was taken as reference and a modified 
version of the original FA was developed. Because the NRRP is a combinatorial problem, the 
Random Keys (RK) method [10] was used in order to transform the original FA in the 
proposed algorithm, more suitable for solving this kind of problem. 
 
The results obtained with the new algorithm are presented and compared with those obtained 
by GA, PSO and ABC on previous research [8], demonstrating the feasibility of using the 
proposed methodology for solving the NRRP as well as other combinatorial problems. 
 
The remainder of this paper is organized as follows: Section 2 discusses the basic aspects of 
the NRRP in the context of Angra 1 NPP. Section 3 describes the original FA as well as the 
modifications which resulted in the proposed algorithm. Section 4 presents the computational 
experimental results and shows a comparison with a similar study that employs GA, PSO and 
ABC also using the Random Keys (RK) method. Finally, conclusions are drawn in Section 5. 
 
 

2. THE NRRP IN THE CONTEXT OF ANGRA 1 
 
In this paper, the 7th reload cycle of the reactor core of Angra 1 NPP was taken as reference. 
Use was made of the reactor physics RECNOD and a low leakage strategy with no Burnable 
Poisons (BPs) was considered for comparison purposes. 
 
Figure 1 shows an upper view of the reactor core of Angra 1 NPP, with its 121 fuel 
assemblies and symmetry axes. This model gives the number of approximately 121! 
(≈8.09E+200) possible solutions. Due to the fact that the power distribution must be 
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symmetrical in the reactor core, this feature can be used to reduce the complexity of this 
optimization problem. So, simpler models may be considered, making easier the problem 
modeling and solution. Such simpler models are obtained by considering the symmetry axes 
existing in the reactor core. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Angra 1 nuclear reactor core (view from top) with its 121 fuel assemblies and 

symmetry lines. 
 
There are two main symmetry axes (continued lines) dividing the core into four regions (see 
Figure 1). This model represents what is known as 1/4 core section symmetry. These two 
main symmetry axes together with the two secondary diagonal axes (dotted lines), divide the 
core into eight regions, forming what is known as 1/8 core section symmetry (or octant 
symmetry).  
 
Figure 2 shows the octant symmetry in detail (view from top), which was the model adopted 
in this study. This model has 21 fuel assemblies: 10 at both symmetry axes, 10 between the 
symmetry axes and 1 central fuel assembly, which does not take place in the permutation.  
 
 
 
 
 
 
 
 
 
Figure 2.  Representation of the 1/8 symmetry model: except for the central element in 

gray, all of the 20 elements are permuted. 
 

The octant symmetry reduces the complexity of the problem, since the number of fuel 
assemblies to be combined falls from 121 (the entire core) to 20 (central element is fixed). 
Nonetheless, this problem remains a very complex optimization problem, presenting a 
number of approximately 20! (≈2.43E+18) possible solutions. 
 
In order to perform comparative experiments with a previous study [8] the model utilized in 
this study had no constraints about the allowed positions for the fuel assemblies and no 
rotation in the fuel assemblies. The objective was to find the best loading pattern for the 20 
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fuel assemblies that maximize the Boron concentration at the end of the cycle. This 
consideration is based in the fact that 4 ppm of soluble Boron is consumed within one EFPD 
(Effective Fuel Power Day) at Angra 1 NPP. So, LPs that yields large Boron concentrations 
should be desirable once it indicates that the NPP will be able to operate a greater number of 
days with that core configuration. 
 
Besides Boron concentration, the Maximum Normalized Assembly Power ( )rmP  was the 
other optimization parameter to be evaluated by the reactor physics code in order to perform 
comparative experiments, as a thermo-hydraulic constraint related to safety. In this case, the 

rmP  substitutes the power-peaking factor, which is indeed a more appropriated safety 
parameter since the nodal code RECNOD does not perform the Pin Power Reconstruction. 
According to [11], in what concerns the Angra 1 NPP, the utilization of the rmP  does not 
imply in violation of the safety constraints since it yields a relative error of only 1.2% at the 
power distribution.  
 
The objective function uses rmP  and the Boron concentration ( )BC  as parameters for the 
evaluation of the LPs. The fitness for this ICFMO problem is the inverse of the Boron 
concentration if 395.1≤rmP . Otherwise, the fitness is equal to rmP . 

 
      

3. THE FIREFLY ALGORITHM 
 
The Firefly Algorithm (FA) was originally proposed by Xin-She Yang in 2008 [9] for 
continuous and multimodal optimization applications. The algorithm is based on the 
bioluminescent characteristic of fireflies. Such insects are notorious for their light emissions, 
whose primary purposes are: a) to serve as a communication tool and appeal to potential 
partners in reproduction; b) to attract potential prey to the firefly; c) to serve as a warning 
mechanism for potential predators, reminding them that the fireflies have a bitter taste. To 
implement the FA, three simplified rules have been created: 
 

i) Fireflies do not have sex, so any firefly can attract or be attracted; 
 
ii) The attractiveness is proportional to the emitted brightness, and decays with the 

increasing distance between the fireflies; 
 

iii) The brightness emitted by a firefly is determined according to its objective 
function, that is, the better valued, more brilliant. 

 
Moreover, it is considered that the attractiveness of a firefly is determined by the intensity of 
the emitted light and the determination of the intensity emitted is a function of their 
evaluation. Thus, the intensity of light emitted by a firefly is proportional to the objective 
function, that is, ( ) ( )xJxI ∝ , but the intensity of the light perceived by a firefly decays with 
the distance between the fireflies, given the absorption of light by air. Thus, the intensity 
perceived by a firefly is given by: 
 

( ) 2

0
reIrI γ=  (1)
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Where I0 is the intensity of the light emitted, r is the Euclidian distance between firefly i and 
firefly j (being the firefly i the brighter one and the firefly j the less bright), and γ  is the 
coefficient of absorption of the light by air.  
 
Thus, the factor of attractiveness may be formulated as:  
 

2

0
re γββ −=  (2)

 
Where β0 is the attractiveness to a distance r = 0, and should be fixed in β0 = 1. 
 
Thus, the movement at a given time step t of a firefly i toward a better firefly j is defined as: 
 

( ) ( )5.0111 −+−+= −−− randxxxx t
i

t
j

t
i

t
i αβ  (3)

 
Where the second term of the right side of the Equation (3) inserts the factor of attractiveness 
(given by β), while the third term, regulated by the parameter α, governs the inclusion of 
certain randomness in the path followed by the firefly. Finally, rand is a random number 
between 0 and 1.  
 
The pseudo code of the algorithm is shown in the Figure 3. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.  Pseudo code of the Firefly Algorithm 
 

The main difference between the original FA and the algorithm proposed in this paper is that 
the proposed modified FA uses the methodology of Random Keys. The methodology of 
Random Keys was proposed by Bean (1994) [10] and consists in encoding solution 
candidates into real-coded vectors in which every element may range between 0 and 1. In 
other words, it encodes and decodes a solution with real numbers and these numbers, 
obtained randomly in a (0,1) uniform probabilistic distribution, are keys for sorting other 
numbers in order to form feasible solutions in an optimization problem. 
 
In order to illustrate how the methodology of Random Keys works, the following example 
helps: If the key sequence of real numbers S = (0.39; 0.12; 0.54; 0.98; 0.41) had been 
obtained randomly, the resulting decoding using the Random Keys method would be: 
S' = (2, 1, 5, 3, 4), since 0.12 is the lower number and it is in the second position in S; 0.39 
corresponds to the first position and so on. 

start 
 

1. Define the objective function J(x), x = (x1, … , xd)T 
2. Set the parameters n, α, γ, β0, MaxGenerations 
3. Generate the initial population of fireflies xi(i = 1, 2, … , n) 

for t = 1 to MaxGenerations 
4. Calculate the light intensity Ii for xi according to J(xi) 

for i = 1 to n 

5. Calculate the factor of attractiveness β according to 
2re γ−  

6. Move the firefly I towards the brighter ones 
7. Check if the fireflies are within the limits 
 

end
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Since no repetitions are allowed in the NRRP, we used the fireflies (candidate solutions) as 
keys to generate feasible solutions. Thus, the proposed algorithm has been modeled with the 
fireflies positioned in a 20-dimensional search space. 
 
 

4. METHODOLOGY AND RESUTS 
 
In this Section we present the results obtained for the application of the modified FA to the 
NRRP. A number of experiments with different random seeds were performed and some of 
them are shown in Table 1. The MATLAB environment was used and the number of 
iterations was set to be 50 for 100 fireflies in each run. Both parameters α and β were set to 
be 0.5.  

Table 1.  Computational Experimental Results 
 

Experiment Number of 
Fireflies 

Maximum Number of 
Cycles α β Boron Concentration 

(CB) 
# 1 100 50 0.5 0.5 1.305 
# 2 100 50 0.5 0.5 1.325 
# 3 100 50 0.5 0.5 1.316 
# 4 100 50 0.5 0.5 1.482 

Although there are some basic differences between the way how the proposed algorithm and 
some other algorithms such as GA, PSO and ABC perform and are parameterized to be 
applied to the NRRP, (for instance, the number of iterations that each one of them need to 
solve the NRRP, the ideal size of the population of each algorithm and other basic features) a 
comparison with the results obtained by the proposed methodology and the results obtained 
by GA, PSO and ABC to the NRRP are shown on Table 2. It is important to note that the 
characteristics of the problem remain the same (7th reload cycle of Angra 1 NPP as reference, 
the RECNOD as the reactor physics code, a low leakage strategy with no Burnable Poisons 
(BPs), no constraints about the allowed positions for the fuel assemblies and no rotation in 
the fuel assemblies) [8]. This allows the above proposed comparison, since the objective of 
comparing these results is only to show the viability of using the modified FA as an optimizer 
to this problem. 

 
Table 2.  Comparison with GA, PSO and ABC with Random Keys (ABCRK) 

 
Boron Concentration Experiments GA PSO ABCRK FA 

# 1 1219 1210 1355 1305 
# 2 1244 1402 1288 1325 
# 3 1297 1404 1230 1316 
# 4 1211 1226 1255 1482 

 
According to [8] the experiments took into account swarms with 50 individuals (candidate 
solutions, bees, particles) and the number of iterations was set to be equal 1.000. As one can 
see, the proposed methodology was able to obtain results comparable as GA, PSO and 
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ABCRK (ABC with Random Keys), considering the same number of individuals and a less 
number of iterations.  
 

5. CONCLUSIONS  
 
In this paper we have described a modified FA to be applied in the solution of the NRRP of a 
PWR. Since the objective of the algorithm was to obtain LPs that yield greater Boron 
Concentrations in order to maximize the number of EFPD of a NPP, one can say that the 
proposed FA obtained a promising performance. According to the results, the modified FA 
was able to obtain results comparable to the ones obtained by GA, PSO and ABC, 
considering the same number of candidate solutions and employing a less number of 
iterations. Taking into account that the NRRP is a very complex combinatorial problem in 
Nuclear Engineering, presenting characteristics such as non-linearity, multimodality, discrete 
solutions with nonconvex functions, disconnected feasible regions and high dimensionality, 
one can say that the proposed methodology seems to be a viable option to be considered in 
future researches in this field. 
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