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ABSTRACT 

 
The In-Core Fuel Management Optimization (ICFMO) is a well-known problem of Nuclear Engineering whose 
features are complexity, high number of feasible solutions, and a complex evaluation process with high 
computational cost, thus it is prohibitive to have a great number of evaluations during an optimization process. 
Heuristics are criteria or principles for deciding which among several alternative courses of action are more 
effective with respect to some goal. In this paper, we propose a new approach for the use of Relational 
Heuristics for the search in the ICFMO. The Heuristic is based on the reactivity of the Fuel Assemblies and their 
position into the Reactor Core. It was applied to Random Search, resulting in less computational effort 
concerning the number of evaluations of Loading Patterns during the search. The experiments demonstrate that 
it is possible to achieve results comparable to results in the literature, for future application to Metaheuristics in 
the ICFMO.  
 
 

1. INTRODUCTION 
 
The In-Core Fuel Management Optimization (ICFMO) [1, 2, 3] is a problem related to the 
optimization nuclear fuel utilization in a Nuclear Power Plant (NPP). It is a multi-objective 
problem which goals are related to economic and safety aspects. For instance, in a reload 
operation of a Pressurized Water Reactor (PWR), approximately one third of the burned fuel 
assemblies (FAs) are substituted by fresh FAs during the reload operation, generating a 
Loading Pattern (LP) for the next cycle of operation. The ICFMO is a NP-Hard combinatorial 
problem, in which the complexity of the problem increases as a non-polynomial function of 
the number of FAs in the core. For example, for n FAs, the total number of LPs would be n!, 
without considering the placement of Burnable Poison (BP) in the core and orientations of the 
FAs, which indeed increases the complexity of the problem. For example, a typical PWR as 
Angra 1 NPP, located at the Southeast of Brazil, has approximately 8.09×10200 different LPs, 
since it has 121 FAs. 
 
The ICFMO is a problem with a high computational cost. In order to deal with the issue of 
prohibitive computational cost of the evaluations, heuristics of the problem might be used. 
Heuristics are criteria or principles for deciding which among several alternative courses of 
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action are more effective with respect to some goal [4]. In this article, we propose a heuristic 
rule to guide the optimization process, based on the classification of the LPs according to the 
more reactive FAs that are neighbors inside the core. This heuristic may be used 
independently of the NPP cycle, PWR model, or search method used. We have applied the 
heuristics to the Random Search (RS) [5] and compared to other works in literature. Results 
demonstrate that this approach reduces considerably the computational cost, besides 
increasing the quality of the solutions on the long run. 
 

2. THE IN-CORE FUEL MANAGEMENT OPTIMIZATION PROBLEM 
 
The In-Core Fuel Management Optimization (ICFMO), also known as LP design 
optimization or nuclear reactor reload problem, is a prominent problem in Nuclear 
Engineering, studied for more than 40 years. According to [6], the goal of the ICFMO is to 
determine the LPs for producing full power within adequate safety margins. 
 
It is a problem related to the refueling operation of a NPP, in which part of the fuel disposed 
in the FAs is substituted. Since a number n of FAs are permuted in n positions of the core, it 
is combinatorial problem. It is a multiobjective problem, with large number of feasible 
solutions, large number of local optimal solutions, disconnected feasible regions, high 
dimensionality and approximation hazards [7]. It is also NP-Hard, since the complexity of the 
problem increases as non-polynomial function of n, in this case, the factorial of n. 
 
There are different approaches for the ICFMO. One of them is to consider the FAs position as 
well as their orientation and presence of burnable poison (BP) [1]. Another one is to optimize 
only the BP to be used [8], or to search for the best FAs’ positions and BP [9]. 
Notwithstanding, it is also possible to search for the best LP, without regarding BP and 
orientation [2, 3, 10, 11, 12]. 
 
The ICFMO is a complex problem in Nuclear Engineering whose objectives are related to 
economics, safety and regulatory aspects. Its complexity is due not only to its combinatorial 
and non-polynomial characteristics, but also to the complexity of the evaluation function, 
which demands optimization processes with lesser number of evaluations. 
 

3. SIMULATION OF ANGRA 1 NUCLEAR POWER PLANT WITH THE 
REACTOR PHYSICS CODE RECNOD 

 
Angra 1 NPP is a 2-loop PWR located at Rio de Janeiro State at the Southeast of Brazil, 
whose core is composed by 121 FAs. The Reactor Physics code RECNOD is a simulator for 
Angra 1 NPP. The development and tests related to the the 7th cycle of Angra 1 are detailed in 
[13]. With an octave-symmetry for the RECNOD simulation, FAs must be permuted except 
for the central element. In our experiments, in order to compare the approach described in 
this paper to other results [2, 3], FAs of the symmetry lines (quartets) are not supposed to be 
exchanged with elements out of the symmetry lines (octets). In [13], other situations in which 
this kind of symmetry is broken are reported. 
 
RECNOD is a nodal code based on the works described by Langenbuch et al. [14], Liu et al. 
[15] and Montagnini et al. [16] and applied to optimization surveys in several works [2, 3, 10, 
11, 12, 15]. The nuclear parameters yielded by the code are, among others, the Maximum 
Assembly Relative Power (Prm) and the Boron Concentration (CB). 
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Then the objective function for the ICFMO simulated by RECNOD might be stated as 
  

minimize 
BC

1                (1) 

 
    subject to  

 
395.1≤rmP .              (2) 

 
 

4. THE HEURISTIC-GUIDED APPROACH FOR THE IN-CORE FUEL 
MANAGEMENT OPTIMIZATION 

 
According to Pearl [4], “heuristics are criteria, methods, or principles for deciding which 
among several alternative courses of action promises to be the most effective in order to 
achieve some goal”. Several articles about the ICFMO use heuristics in for finding near-
optimal pattern designs, among knowledge-based methods and metaheuristics with heuristic 
approach. 
 
Two examples of works on metaheuristics that use nuclear heuristics might are described by 
Lin et al. [17] and Stevens et al. [7]. In Lin et al. [17], a computer program based on the 
metaheuristic Tabu Search (TS) was developed for pattern design optimization, using a set of 
heuristic rules to determine the LPs according to the TS algorithm. On the other hand, in 
Stevens et al. [7], heuristics are used within the Simulated Annealing framework, enforcing 
restrictions to transitions. 
 
The proposition done in this work is different from both examples above. It is a third way of 
applying a heuristic to a metaheuristic search. Furthermore, it is also appropriated to the 
prohibitive time of the evaluation of a solution using reactor physics codes. There exists the 
possibility of reducing the amount of evaluations performed by the reactor physics code, 
giving flexibility for the application of a heuristic. This indeed causes an approximation 
during the search, but not so radical as to forbid the evaluation of any LP that does not fulfill 
the requirements of the heuristics. The main idea with this assumption is that it turns out to be 
possible to restrict partially regions of the search space, allowing the metaheuristic to 
memorize characteristics of solutions that otherwise might be despised, and at the same time, 
it is possible to reduce the number of evaluations performed by the reactor physics code, as 
well as to improve the quality of the solutions in the long run. 
 
Thus, based on an well-known procedure of LP optimization engineers, which is the 
concerning about fresh adjacent FAs into the core, also cited in the literature as “not loading a 
neighbor pair of fresh assemblies in the core interior” [7] or “having two fresh FAs adjacent 
to each other in the core interior is absolutely unallowable” [17], we have developed a rule 
not based only on fresh assemblies, but in a general sense in the reactivity of the fuel 
assemblies, dividing them into two classes (0 – the most reactive and 1 – the less reactive). 
 
In order to stipulate if a LP has less or more neighbor reactive FAs and whether or not it is 
worth to evaluate it, we define the parameter degree as the number of “interfaces” between 



INAC 2009, Rio de Janeiro, RJ, Brazil. 
 

two most reactive FAs into a certain area of the octave-core symmetry, that is, the horizontal 
or vertical adjacency between two FAs of the class 0. As it is depicted in Fig. 1, for the inner 
region of the core (FAs in gray), when the procedure indentifies that two highly reactive FAs 
are neighbors vertically or horizontally, the parameter degree is increased in 1 unit. The LP 
depicted in fig. 1 has degree 2. 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 1.  Octave-symmetry representation of the 
pattern of reference for the 7th cycle, with the 
classes of each FA. The FAs in gray positions have 
their degree of neighborhood evaluated. This LP 
has degree 2. 

 
 
The basic idea is that a LP with a high degree implies that perhaps its evaluation is not 
worthwhile. Conversely, a LP with low degree might contain interesting characteristics for 
the optimization process, is not discarded, but evaluated. In other words, the algorithm uses 
this heuristic rule to verify if it is worth evaluating a LP, but according to different degrees.  

 
5. COMPUTATIONAL EXPERIMENTAL RESULTS 

 
The results for the RS with the heuristics are in the table 1, with maximum degree of 
tolerance 3. There were performed 20 experiments, and for a clear comparison to previous 
work [2, 3], the data are given for the numbers of generated solutions 4000, 6000 and 10000. 
Each cell contains the Boron Concentration, the Maximum Assembly Relative Power and the 
actual number of evaluations that occurred within the respective number of solutions 
generated. 
 
Fig. 2 depicts the nuclear parameters for the 50 first evaluated  LPs as well the 50 best LPs at 
the end of the search for the best experiment of the RS with our nuclear heuristic with degree 
3 (#18), as well the safety limit (Prm = 1.395). 
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Figure 2.  Results for the 50 first evaluated LPs 
and 50 best LPs (experiment #18, maximum 
degree 3). 

 
Table 1.  Results of 20 experiments for a maximum degree of tolerance 3 in the format 
CB / Prm [number of evaluations]. Feasible results within the safety constraint in bold. 

 
Experiment 4000 solutions 

generated 
6000 solutions 

generated 
10000 solutions 

generated 
#1 900 / 1.383 [1567] 900 / 1.383 [2328] 900 / 1.383 [3826] 
#2 1103 / 1.322 [1588] 1103 / 1.322 [2355] 1103 / 1.322 [3931] 
#3 989 / 1.410 [1585] 960 / 1.387 [2367] 960 / 1.387 [3909] 
#4 1099 / 1.419 [1551] 922 / 1.372 [2306] 922 / 1.372 [3883] 
#5 922 / 1.333 [1506] 922 / 1.333 [2269] 922 / 1.333 [3883] 
#6 1130 / 1.411 [1593] 1026 / 1.355 [2336] 1026 / 1.355 [3921] 
#7 854 / 1.376 [1529] 854 / 1.376 [2333] 854 / 1.376 [3909] 
#8 897 / 1.426 [1587] 897 / 1.426 [2394] 917 / 1.372 [3945] 
#9 1099 / 1.325 [1515] 1099 / 1.325 [2299] 1099 / 1.325 [3869] 
#10 936 / 1.379 [1552] 936 / 1.379 [2319] 936 / 1.379 [3906] 
#11 931 / 1.338 [1566] 931 / 1.388 [2355] 931 / 1.388 [3918] 
#12 906 / 1.327 [1613] 906 / 1.327 [2371] 906 / 1.327 [4008] 
#13 890 / 1.339 [1520] 890 / 1.339 [2293] 890 / 1.339 [3862] 
#14 1165 / 1.387 [1578] 1165 / 1.387 [2337] 1165 / 1.387 [3868] 
#15 1071 / 1.407 [1595] 1057 / 1.396 [2372] 1057 / 1.396 [3934] 
#16 1130 / 1.405 [1533] 1058 / 1.394 [2316] 1058 / 1.394 [3923] 
#17 940 / 1.377 [1527] 940 / 1.377 [2301] 940 / 1.377 [3845] 
#18 1174 / 1.394 [1557] 1174 / 1.394 [2333] 1174 / 1.394 [3876] 
#19 1178 / 1.416 [1551] 1106 / 1.409 [2342] 1033 / 1.372 [3841] 
#20 956 / 1.395 [1558] 956 / 1.395 [2331] 956 / 1.395 [3922] 

Average 1014 / 1.381 [1559] 990 / 1.373 [2334] 987 / 1.369 [3896] 
St. Dev. 112 / 0.034 [30] 99 / 0.030 [28] 95 / 0.026 [45] 

 
 

6. DISCUSSION 
 
The principal characteristic of the heuristic was the interesting reduction on the number of 
evaluations necessary to find near-optimal solutions. In the ICFMO the number of 
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evaluations is crucial since it has high computational cost in the evaluations. With this 
approach it was possible to reach considerable results. This feature might be extremely useful 
for metaheuristic optimization processes to find near-optimal results. 
 
The best experiment with CB = 1174ppm in 3876 evaluations and the value CB = 987ppm in 
3896 evaluations (averages) are comparable with the value obtained by GA (1026 ppm [2]) 
and PSO (1168ppm in average [3]) in 4000 evaluations, without heuristics. At the end of 
10000 iterations, 19 of the 20 experiments reached feasible configurations, with an average 
number of evaluations 3896 also compared to the 4000 of these two references cited. 
 
Notwithstanding, for the column of 6000 solutions generated, it may be seen that 17 of the 20 
experiments resulted in feasible FAs, in lesser than 2400 evaluations for all these experiments 
(2334 evaluations in average), with 6 experiments better than the outstanding metaheuristic 
GA in 4000 evaluations (1026 ppm [2]). This fact is noticeable for the RS, especially in terms 
of the reduction in the number of evaluations, demonstrating the potential of our heuristic to 
direct the search towards interesting regions of the search space.       
 
In addition, one may infer from Fig. 1 that the final best LPs are indeed better than the first 
50 LP evaluated. Notwithstanding in this experiment (#18) only two LPs were valid in terms 
of safety, with Prm ≤ 1.395. 
 
The approach described herein is perfectly compatible with the characteristics of the ICFMO: 
the prohibitive time of evaluation (since it leads to a lesser number of evaluations) and the 
approximation hazards (since the results demonstrate that this type of approximation keeps 
the robustness of the algorithm over the search process). 
 

7. CONCLUSIONS AND FUTURE WORK 
 
In this work we have proposed a new approach to a nuclear heuristic. In this approach, the 
solutions may be generated and a simple heuristic rule attributes degrees to the candidate 
solutions, based on the reactivity of neighbor FAs, tolerating LPs that otherwise might not be 
evaluated. This approach may be used independent of cycle, PWR NPP or optimization 
metaheuristic, since it depends only on the reactivity of each FA: they are divided into two 
classes, the most reactive and the less reactive. 
 
Then, for the optimization process, solutions are evaluated according to a maximum degree. 
Thus, it will be possible for a metaheuristic to retain information of LPs that although are 
unfeasible in terms of safety, might be useful for the optimization process. In this way, this 
approach is consistent with the main characteristics of the metaheuristics (e.g.: memorization of 
important information of candidate solutions) and the IFCMO (e.g.: approximation hazards and 
disconnected feasible regions of the search space). 
 
The results demonstrate that this heuristic reaches results comparable to other techniques in a 
lesser number of evaluations, which is noticeable in the sense that the ICFMO has a prohibitive 
time of candidate solutions evaluation. 
 
Future work may consist in applying this heuristic to metaheuristics and comparison of the 
results. 
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