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ABSTRACT 

 

A microheterogeneous approaches were used to study the behavior of reprocessed fuel spiked 

with thorium in a PWR fuel element considering (TRU-Th) cycle. The goal is to achieve a 

higher burnup using three different configurations to model the fuel element using SCALE 

6.0. The reprocessed fuels were obtained using the ORIGEN 2.1 code from a spent PWR 

standard fuel (33,000 MWd/tHM burned), with 3.1% of initial enrichment. The spent fuel 

remained in the cooling pool for five years and then reprocessed using the UREX+ technique. 

Three configurations of microheterogeneous approaches were analyzed, and the kinf and 

plutonium evolution during the burnup were evaluated. The preliminary results show that the 

behavior of advanced fuel based on transuranic elements spiked with thorium, and 

microheterogeneous approach are satisfactory in PWRs, and the configuration that use a 

combination of Th and TRU (configuration 1) seems to be the most promising once has 

higher values for kinf during the burnup, compared with other configurations. 

 

 

1. INTRODUCTION 

 

The thorium’s potential as a nuclear fuel has been investigated since the beginning of the 

nuclear era, although the thorium fuel cycle as a whole has never been fully developed. 

Today, the opportunities and challenges that could arise from the use of thorium in the 

nuclear fuel cycle are still being studied in some countries and in the context of diverse 

international programs around the world [1]. 

In Brazil, the strategic value of thorium utilization was recognized in the sixties, when the 

first project was conducted by a research group called “Thorium Group” and several 

conceptual programs were made. In the late sixties, with the decision to build a Westinghouse 

PWR (ANGRA I), these group’ activities were discontinued [2]. 

The biggest R&D program on thorium utilization started in 1979 and was conducted by the 

CDTN (Centro de Desenvolvimento da Tecnologia Nuclear), NUCLEBRAS, and the 

Germans KFA- Jülich, Siemens A.G-KWU. It was interrupted in 1988, when there was a 

complete reformulation of the Brazilian Nuclear Structure, with extinguish of NUCLEBRAS, 

and CDTN transferred to the CNEN [3]. 
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The Departamento de Engenharia Nuclear (DEN) of Universidade Federal de Minas Gerais 

(UFMG) has been studying new fuels to PWR since the nineties, including the insertion of 

reprocessed fuels and thorium [4]. 

It is well known that the thorium-based fuels can be used to reduce waste disposal of the 

conventional uranium cycle, as well to reduce concerns related to proliferation potential [5]. 

Added to this, Brazil has one of the biggest world nuclear resources, one of the first world 

thorium natural resource (estimated as 1.2 millions of tones of ThO2) [6], and has a fuel cycle 

industry (INB – Indústrias Nucleares do Brasil) capable to provide fuel elements for the 

National NPP, including the enrichment.  

To get a higher burnup, the introduction of microheterogeneous approach can be used. It is 

characterized by the spatial separation of a few millimeters or centimeters between thorium 

and uranium in a fuel element or throughout the assembly. As thorium has no fissile isotopes, 

its introduction in a reactor must be compensated by enriched uranium [7]. 

Today’s MOX fuels are comprised of approximately 5% plutonium for 95% natural or 

depleted uranium. While the irradiation tends to decrease the initial amount of plutonium, the 

presence of U238 leads to a partial reconstitution of the plutonium stockpile. The destruction 

of plutonium can be speeded up by replacing the uranium in the MOX with thorium, the 

result being thorium-plutonium MOX [8]. 

In this paper, the insertion of thorium reprocessed in a PWR fuel element was analyzed, 

considering the fissile material of 7.0%, with a microheterogeneous approach. The 

reprocessed fuels were obtained using the ORIGEN 2.1 code from a spent PWR standard fuel 

(33,000 MWd/tHM burned), with 3.1% of initial enrichment, which was remained in the 

cooling pool for five years. The spent fuel was submitted to a UREX+ reprocessing technique 

that recovers 99.95% of uranium, 71.0% of neptunium, 99.5% of plutonium, 98.0% of 

americium and 79.0% of curium. The recovered elements were spiked with Th until obtaining 

the fissile quantity desired, what is 7.0%. This fuel was already compared with standard 

MOX and seems to be a good option to be used in PWR systems [9]. A (TRU-Th) fuel was 

inserted in a whole core with three different configurations and was evaluated using 

SCALE.6.0, through KENO-VI and TRITON control modules.                

 

 

2. METHODOLOGY  

 

2.1. The nuclear code used: SCALE 6.0 

 

SCALE 6.0, Standardized Computer Analyses for Licensing Evaluation, developed at Oak 

Ridge National Laboratory, is widely used and accepted around the world for criticality safety 

analyzes [10]. The TRITON control module was developed to support two-dimensional (2-D) 

transport and depletion calculations and can be used to provide automated, problem-

dependent cross-section processing followed by calculation of the neutron multiplication 

factor for a 2-D configuration [11]. 

There are nine cross-section libraries distributed with SCALE, eight of which are 

automatically available in the SCALE system. Six of these libraries were designed primarily 

for criticality analysis. The 218-group library is a fine-group library derived from ENDF/B-

IV data. The library contains 140 fast groups and 78 thermal. The 27-group library 

(27GROUPNDF4) is the broad-group library collapsed from the 218-group library and has 14 

fast and 13 thermal groups. The 27-group depletion library (27BURNUPLIB) contains the 

same data as 27GROUPNDF4 plus pre-release ENDF/B-V data for a large number of fission 
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products. The 238-group library (238GROUPNDF5 contains data for all ENDF/B-V nuclides 

and has 148 fast and 90 thermal groups. The 44-group library (44GROUPNDF5) is a broad-

group version of 238GROUPNDF5. The 238- and 44-group libraries are the preferred 

criticality safety analysis libraries in SCALE. The Hansen-Roach16-group library 

(HANSEN-ROACH) is based on the original Hansen and Roach data [12].  

2.2. The model used 

 

The fuel element simulated in this study was based in a PWR system. The reactor has four 

coolant loops and it is composed of 193 fuel assemblies and 61 control assemblies. Its 

moderator is water (H2O) and acts as the coolant flows through the core. Each fuel element 

has 16x16 rods. In Table 1, several core design parameters are presented [13]. These 

parameters remained unaltered during all simulations. Figure 1 presents the fuel element 

illustration. 

Table 1: Core Design Parameters  

 
1. Reactor 

   

Rated Thermal Power MW 3765 

Operating Pressure bar 158 

 

Mean Coolant Temperature   

    Hot Zero Power °C 295.1 

    Hot Full Power °C 309.7 

    Temperature Rise at Hot Full  Power °C 36.8 

   

Number of Fuel Assemblies  193 

Number of Control Assemblies  61 

   

2. Fuel Assembly (Lengths at T=20°C) 

   

Type of Fuel Assembly (FA)  16X16-20 

Pitch mm 230.0 

   

Rod Pitch mm 14.3 

Rod Length (Active Length) cm 390.0 

Burnable Absorber Material  Gd2O3 

   

Canning Material  Zry4 

Guide Tube (GT) Material  Zry4 

   

Spacer Grid (SG)   

Number per FA within the Active Length  7 

Material  Zry4/Inc.718 

   

3. Control Rod Cluster 

   

Neutron Absorber  Ag-In-Cd 

Number of Absorber Rods per Cluster  20 

Material  Stainless Steel-

4541 
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Figure 1:  The PWR fuel element. 

 

2.3. The fuel rod configurations 

 

Three fuel rod configurations were used for comparison. Configuration 1 considers a full 

TRU-Th fuel rod, single pellets. Configuration 2 considers a combined axially 

microheterogeneous fuel with TRU-Th/UO2, duplex pellets, where the uranium is inside the 

thorium. Configuration 3 also considers a combined axially microheterogeneous fuel with 

TRU-Th/UO2, duplex pellets, but with thorium inside the uranium. Figure 2 illustrates the 

three configurations.  

 

 

 

 

 

 

 

 

Figure 2:  Fuel rod configurations: (a) configuration 1, with a 0.4555 cm radius; (b) 

configuration 2, with a 0.4555 outer radius and a 0.2278 inner radius; (c) configuration 

3, with a 0.4555 outer radius and a 0.2278 inner radius. 

 

The rod in its three configurations was located in a fuel element according to figure 1, what 

is, the standard fuel was replaced for the reprocessed fuel represented in figure 2.  
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2.4. The fuel composition 

 

The composition of the (TRU-Th) fuel came from a typical PWR spent fuel, after 5 years of 

cooling, considering UO2 fuel (3.2% of enrichment) and a burnup of 33,000MW/tHM 

(30.2MW) after UREX+ reprocessing technique [14] and spiked with Th. The fuel 

compositions obtained is shown in table 2, considering a theoretical density according to 

reference 15. This composition was used in configurations 1, 2 and 3 (section 2.3) and the 

uranium used in configurations 2 and 3 was 4.5% enriched (table 3) 

 

Table 2:  Parameters for the compositions of (TRU-Th) Fuel 7.0% fissile material 

 

Isotope 

Density 

(atoms/ 

barn.cm)  

Isotope 

Density 

(atoms/ 

barn.cm)  

Th-232 0.0230936 Am-241 0.0000991 

Pu-238 0.0000496 Am-242 0.0000003 

Pu-239 0.0014408 Am-243 0.0000369 

Pu-240 0.0006017 Cm-244 0.0000085 

Pu-241 0.0003239 Cm-245 0.0000004 

Pu-242 0.0001698 O-16 0.0518403 

Np-237 0.0000940   

 

Table 3:  Parameters for the compositions of (UO2) fuel 4.5% enriched 

 

Isotope 
Density  

(atoms/ barn.cm)  

U-235 0.00103628 

U-238 0.02171447 

O-16 0.04549421 

 

 

3. RESULTS AND DISCUSSION  

3.1. kinf analysis 

 

The kinf was the neutronic parameter analyzed, shown in  Figure 3. It can be seen that all 

TRU-Th configurations show similar behavior. Comparing with standard fuel [16], the kinf of 

reprocessed fuels is higher. It might occur due to 
232

Th capture cross section, which is higher 

than that for 
238

U.  The initial kinf reduction and a minor kinf  depletion rate are related to a 

greater plutonium content in these fuels.  
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Figure 3:  Comparison of kinf for the TRU-Th fuel, in three different configurations 

 

 

3.2. Fuel Evolution Analysis 

 

Figures 4 to 7 present concentrations, in grams, of 
239

Pu, 
240

Pu,
 241

Pu and 
242

Pu, respectively, 

from the beginning until the end of the burnup, for each studied fuel cycle, considering the 

three configurations. The nuclide concentration unit came from the SCALE 6.0 output and it 

is based on one metric ton of heavy metal. It can be seen from figures that the fuels’ behavior 

is very similar from each other. The initial amount of plutonium is great, due to its initial 

nuclide concentration. It also can be seen that, besides the similarity, the initial plutonium 

content is greater for configuration 1, due to its initial composition (table 2).On the other 

hand, in a thorium cycle, plutonium and the higher minor actinides are not produced. The 

minor plutonium concentration depletion rate of TRU-Th fuel, suggests an extended burnup.  

 

 

 
Figure 4:  

239
Pu evolution 
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Figure 5:  
240

Pu evolution 

 

 

 
Figure 6:  

241
Pu evolution 
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Figure 7:  
242

Pu evolution 
 

 

4. CONCLUSIONS  

 

The utilization of advanced fuel based on thorium with transuranic elements with a 

microheterogeneous approach showed to be satisfactory in PWRs. Configuration 1 seems to 

be the most promising, once has higher values for kinf during the burnup, compared with other 

configurations. This study can be extended to whole core study and the variation of the fuel 

rod inner and outer radius can be done. The burnable poison content can also vary, in order to 

find a better initial keff.  
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