
Optimization of Heterogeneous Fuel Designs for Utilization of 
Thorium In PWRs To Enhance Proliferation Resistance and 

Reduce Waste 
 

M. Todosow – Brookhaven National Laboratory 
A. Galperin – Ben-Gurion University of the Negev 

 
This paper presents a summary of the first stage of the project aimed to examine 
heterogeneous core design options for the implementation of the thorium-U233 
fuel cycle in pressurized water reactors (PWRs) and to identify the core design 
and fuel management strategies that will maximize the benefits from inclusion of 
thorium in the fuel.  The project is carried out within a framework of Nuclear 
Energy Research Initiative (NERI) supported by the US Department of Energy 
(1). Principal investigators are M. Todosow from Brookhaven National Laboratory 
and M. Kazimi from Massachusetts Institute of Technology with contributions 
from Kurchatov Institute (Russia) and Ben-Gurion University of the Negev 
(Israel).  
 
The fuel cycle assessment concentrates on key measures of performance in 
several important areas including proliferation characteristics of the spent fuel, 
reliability, safety, cost, environmental impact, and licensing issues. 
 
Two heterogeneous thorium implementation options are explored (2), and 
expanded on in the course of the NERI investigation: 1) the Seed-Blanket Unit 
(SBU)/Radkowsky Thorium Fuel (RTF) concept which employs a seed-blanket 
unit that is a one-for-one replacement for a conventional PWR fuel assembly 
(Fig. 1); and 2) the whole assembly as seed and blanket (WASB) where the seed 
and blanket units each occupy one full-size PWR assembly and the assemblies 
are arranged in the core in a checkerboard pattern. 
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Fig. 1: SBU Geometry 
The SBU/RTF is a new fuel concept, not a new reactor design, which builds on 
the successful experience with the Light Water Breeder Reactor (LWBR) at 
Shippingport, Pa. In addition to reducing the proliferation potential of the standard 
nuclear fuel cycle, and reducing the requirements for spent fuel storage and 
disposal, the design was developed subject to the following constraints: 1) 
retrofittable into existing Pressurized Water Reactors (PWRs), and the Russian 
variant of the PWR (VVERs) with minimum changes to existing 
systems/hardware; 2) competitive economically; and 3) comparable 
Environmental, Safety and Health (ES&H) characteristics to those of existing 
PWRs/VVERs (i.e., within the current “safety envelope”). 
 
The seed module comprises ~40% of the volume of the SBU.  Two reference 
options have been examined for the seed fuel: rods of uranium-zirconium metal 
alloy based on Russian naval reactor technology, and conventional uranium 
oxide.  The uranium is <20% enriched, and each rod is Zircaloy clad.  The fuel-
to-moderator ratio is ~3.0; this yields a thermal spectrum which results in very 
efficient utilization of the fissile U-235, and very low production of plutonium.  The 
seed module is comparable in size to a BWR fuel bundle, and resides in the core 
for 3 cycles. 
 
The blanket module comprises ~60% of the volume of the SBU.  In the present 
design, the blanket module is composed of standard Zircaloy-clad rods 
containing pellets of ThO2-UO2; the UO2 is present at  ~10 v/o, and the U-235 
enrichment is <20%.  The UO2 serves two purposes: to provide power production 
in the blanket until sufficient U-233 has been produced, and to “denature” the 
bred U-233 with other uranium isotopes thereby making its utilization in weapons 
impractical: U-232 and its daughters are highly radioactive, implying the need for 
remote handling, and isotopic separation of the resultant mixture is difficult.  The 
moderator-to-fuel ratio is ~1.7 (very similar to a standard PWR), which results in 
efficient production and utilization of U-233.  The residence time of the blanket 
module in the core is ~6-9 cycles.    
 
A related once-through thorium fuel cycle heterogeneous core option is called the 
Whole-Assembly Seed and Blanket design (WASB).  In the WASB arrangement, 
the seed and blanket units each occupy one full-size PWR assembly and the 
assemblies are arranged in the core in a checkerboard array (2). 

 
There are several design challenges associated with the implementation of the 
thorium cycle in reactors, and these are further exacerbated when an objective of 
retrofittability into existing PWRs is imposed.  In general, the major issue 
associated with heterogeneous implementation schemes is that the seed rods 
act as a driver for the thorium which is contained in the blanket.  Since the 
regions that contain the thorium are always subcritical, the regions which contain 
the seed rods must always be super-critical in order to sustain core reactivity, 
and consequently operate at significantly higher relative power than the blanket 

  



regions.  This results in power peaking and heat removal issues which must be 
addressed in both the SBU and WASB designs that are more challenging than 
those encountered in conventional PWR fuel loadings. 
 
The project objective is to perform RD&D activities to develop VVER and PWR 
variants  
of the SBU approach in Russia and the West.  Current plans include thermal-
hydraulic experiments on both hexagonal and square lattices at the SVD facility 
at RRC-KI (Kurchatov Institute), as well as a fuel irradiation program at the IR-8 
reactor at RRC-KI.  The IR-8 reactor provides a thermal and nuclear environment 
prototypic of modern commercial PWRs, and the irradiation program will provide 
valuable data on fuel performance. 
 
Performance of the RTF design for a standard PWR core and 18-month cycle 
design is summarized in Tables 1 and 2, showing Pu discharge amounts and 
isotopic composition. 
 

Table 1: Discharge Pu Summary, kg (Seed + Blanket, normalized to 1 
GWe/year) 

 

Isotope Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 
Total 
Pu 46.44 56.23 63.44 66.97 66.81 66.97 

 
Table 2: Discharged Pu Vector, (%) 

 

Isotope Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 

Pu-238 4.1 5.3 7.7 7.8 7.5 7.4 

Pu-239 50.7 48.3 44.0 46.5 47.0 47.7 

Pu-240 21.9 21.3 21.2 19.8 19.7 19.6 

Pu-241 14.1 15.2 15.6 15.9 16.0 15.9 

Pu-242 9.2 9.9 11.6 9.9 9.7 9.4 

 
 
It should be noted that the total Pu discharge from a typical PWR core is 

approximately 240 kg (normalized to 1 GWe/year) and isotopic composition 

described by the following vector: 1/59/21/14/5. Thus, increased proliferation 

resistance of the RTF design, which is a major design objective of the concept, is 

  



demonstrated by the reduced Pu production (about one quarter of a standard 

SEU PWR cycle), and the degraded Pu composition (high content of even Pu 

isotopes, especially Pu238). 

 
Comparison of the fuel cycle performance parameters presented in Table 3 

includes natural uranium (NU) and enrichment (SWU) requirements for a 

normalized fuel cycle, as well as levelized fuel cycle cost. 

 

Table 3: Comparison of Fuel Cycle Performance Parameters 

Performance Parameters PWR12 PWR18 RTF12*  RTF18* 

NU Requirements, t NU/Gwe-Y 213.8 202.6 198.3 196.5 

SWU Requirements, t SWU/Gwe-Y 137.5 147.1 190.8 189.0 

Levelized FCC, mills/kWh(e) 3.8926 3.7955 3.8887 3.9768 
*  RTF designs are based on metal seed fuel version. 

 

It is shown that, in comparison with the reference PWR fuel, the RTF natural 

uranium requirements are reduced, the separative work requirements are 

increased, and the resulting fuel levelized fuel cycle costs are comparable.   

 

The results of the analysis performed at the first stage of the project indicate the 

basic feasibility of a heterogeneous Th-based fuel cycle for the current 

generation of PWR’s. The main design effort of the following stages will be aimed 

to identify an optimal geometrical configuration of the fuel assembly and to 

demonstrate it’s mechanical, thermal-hydraulic, and safety feasibility.  
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