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ABSTRACT 

 

Thorium, a fertile nuclear fuel which is nearly three times as abundant as uranium, 

represents a long-term energy source that could complement uranium and eventually replace it.  

To facilitate the gradual transition from uranium-based fuels to thorium-based fuels, it may be 

advantageous in the near-term to introduce small amounts of thorium (less than 7% of the total 

fuel mass) into uranium-based fuels in pressure-tube heavy water reactors (PT-HWR).  Down-

blending natural or slightly enriched uranium dioxide with thorium dioxide for fuel pellets 

placed at the ends of the fuel stack of a conventional 37-element fuel bundle could help reduce 

axial power peaking, while incorporating thorium dioxide into the central element could reduce 

coolant void reactivity (CVR).  A series of 2-D lattice physics simulations were carried out to 

evaluate the performance and safety characteristics of uranium-based fuel bundles with small 

amounts of thorium fuel added.  The simulation results were complemented by an approximate 

model for evaluating the potential economic characteristics.  The cases studied involve 

modifications to fuel composition, central element materials and the addition of thorium dioxide 

to the fuel stack.   

Results suggest it should be possible to incorporate thorium into the fuel cycle using 

existing 37-element fuel bundle geometry.  Advantages to incorporating thorium include: a 

reduction in the CVR through a thorium central element, breeding of
 233

U, maintaining front-end 

fuel costs at or below the price of natural uranium fuel and maintaining maximum linear element 

ratings within 6% of those achieved using natural uranium 37-element fuel.  

 

KEYWORDS:  heavy water, thorium, lattice physics, economics 
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I. INTRODUCTION 

As a fertile nuclear fuel that is nearly three times as abundant as uranium, thorium shows 

great promise for the future of nuclear energy production on a global scale.  Many papers [1, 2, 

3] have been written on the prospect of moving to a thorium-based fuel cycle, envisioning what 

could be accomplished in the long term.  To help facilitate achieving these longer-term 

possibilities, it could be advantageous to gain practical experience by introducing small amounts 

of thorium into the existing uranium fuel cycle.  This paper outlines possibilities for gaining that 

operational experience with a focus on pressure tube heavy water reactors (PT-HWR), describes 

lattice physics simulations of those possibilities, and finally assesses which options show 

excellent potential for near-term application.  

When deciding upon what type of fuel to introduce into a reactor, safety, fuel 

performance and economy are key considerations.  Therefore, the evaluation of each fuel 

configuration in this study requires examining the impact on safety, performance and economic 

parameters.   

The performance metrics (to be defined in section III) that were evaluated for each fuel 

configuration include  the conversion ratio (CR), the fissile inventory ratio (FIR), the discharge 

burnup, the individual fissile isotope content and the fissile utilization (FU).  The safety 

parameters that are examined are the coolant void reactivity (CVR), fuel temperature coefficient 

(FTC), and linear element rating (LER). 

Lastly, a brief economic assessment of front end fuel costs is included to evaluate the 

costs and benefits of the different fuel configurations in units of $/MWh. 
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II. PRESSURE TUBE HEAVY WATER REACTORS AND LATTICE CONCEPTS 

II.A Background on PT-HWRs 

Pressure Tube Heavy Water Reactors (PT-HWRs) [4, 5] differ from pressurized water 

reactors, in that they use pressure tubes in lieu of one large pressure vessel.  The pressurized fuel 

channels allow the main reactor vessel or calandria to operate at low temperature and pressure, 

while the high temperature/pressure fuel channels run through it.  This design difference allows 

for PT-HWR’s to operate continuously by refuelling while the reactor is on-power instead of 

shutting down for a comprehensive refuelling operation. 

The PT-HWR consists of fuel channels arranged horizontally in a grid within the 

calandria vessel.  The fuel channel is comprised of a zirconium alloy (Zr-2.5Nb) pressure tube 

surrounded with carbon dioxide gas and enclosed in a zirconium alloy (Zircaloy-2) calandria 

tube which is in direct contact with the low temperature, low pressure heavy water moderator.  

Fuel bundles are arranged inside the pressure tube (twelve fuel bundles per channel) and are 

cooled by high temperature (265 C to 310C), high pressure (10 MPa to 12 MPa) [5] water 

flowing through the pressure tube.   
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II.B Description of Lattice Concepts 

In this study, the structural components of the fuel channel are similar to currently 

operating PT-HWR’s [5].  Modelling parameters including temperatures, dimensions and 

materials for the various lattice components can be found in Table I and Table II. 

Table I: Lattice Dimensions 

Dimension 
Value 

(cm) 

Lattice pitch 28.6 

Pressure Tube Inner Radius 5.17 

Pressure Tube Outer Radius 5.60 

Calandria Tube Inner Radius 6.45 

Calandria Tube Outer Radius 6.59 

 

Table II: Material Specifications 

Structure 

 

Temperature  

(K) 

Material 

 

Density 

(g/cm
3
) 

Coolant 561 
99.1 wt% 

D2O 
0.81 

Pressure 

Tube 
561 Zr-2.5Nb 6.52 

Gap 451 CO2 0.0012 

Calandria 

Tube 
342 Zircaloy-2 6.54 

Moderator 342 
99.7 wt% 

D2O 
1.09 

 

The bundle geometry modeled in this case shall be referred to as BUNDLE-37 (or 

BUNDLE-37-mod), and it is similar to a conventional 37-element natural uranium (NU) PT-

HWR fuel bundle.  Zircaloy-4 is used as the fuel cladding material and the cladding surrounds 

the sintered fuel pellets.  BUNDLE-37 has 37 fuel elements arranged in four rings, as seen in 

Fig. 1.   
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Fig. 1: BUNDLE-37 / BUNDLE-37-Mod Geometry 

The BUNDLE-37-mod configuration is identical except that it has a central pin filled 

with ThO2.  The central thorium pin can help reduce CVR, its variation with burnup, and it can 

also breed small amounts of 
233

U in ThO2 for later use.   

The other special modification of both BUNDLE-37 and BUNDLE-37-mod is the use of 

0.5-cm (or 1-cm) ThO2 or perhaps 2 cm to 4 cm of (U,Th)O2 pellets
1
 that are used to replace the 

UO2 fuel pellets at both ends of the fuel bundle.  Given that the fuel pellet stack length is 

approximately 48 cm, it is expected that 2.1% to 4.2% of the fuel in the outer 36 fuel elements 

will be made of ThO2 (either as pure ThO2, or ThO2 blended with UO2)  As a purely fertile 

material, the ThO2 in the end pellets will absorb neutrons to breed 
233

U, but it could potentially 

help reduce the power peaking that occurs due to  the thermal neutron flux peaking t at the end of 

fuel bundles.  By mixing ThO2 with UO2 for the end pellets (spread over 2 cm to 4 cm of pellets 

in each end region) , the power level in the end pellets could be adjusted to be similar to that of 

                                                        
1 Thorium end pellets may need to be mixed with small amounts of uranium.  Ratio of uranium to thorium is 

planned to be determined in future work.  
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the fuel pellets near the axial midpoint of the fuel bundle.  While Th-232 has a larger thermal 

neutron absorption cross section (~6.5 barns) than U-238 (~2.4 barns), much of the neutron 

absorptions in the fuel will occur in the U-235 (~594 barns).  By itself, pure ThO2 pellets may 

not adequately reduce end-flux or power peaking, but Th-232 can be used as an alternative to U-

238 to downblend the fissile content of the fuel, whether it is NU or SEU, and reduce the axial 

power peaking in the fuel bundle.  

The geometric specifications for the fuel can be found in Table III.  The materials and 

powers used for burnup calculations and linear element rating estimates can be found in 

Table IV.  A nominal bundle power of 600 kW is used for burnup calculations, which 

corresponds approximately to the flux-squared-mean bundle power that would be found in the 

core of a conventional 700-MWe-class PT-HWR operating at 2,061 MWth, with 380 fuel 

channels, with 12 bundles per channel [5].  The peak bundle power in a typical PT-HWR will 

range from 800 kW to 900 kW [6,7]. 
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Table III:  BUNDLE-37 Geometric Specifications 

Quantity Value Units 

Dimensions 
  

Length of Fuel Bundle 49.5 cm 

Length of Fuel Stack 48.0 cm 

Number of Fuel Elements 37 # 

Fuel Pellet Outer Radius 0.61 cm 

Fuel Element Outer Radius 0.65 cm 

Ring 1 

Fuel Elements 1 ele/ring 

Pitch Circle Radius 0 cm 

Angular Offset 0 degrees 

Ring 2 

Fuel Elements 6 ele/ring 

Pitch Circle Radius 1.49 cm 

Angular Offset 0 degrees 

Ring 3 

Fuel Elements 12 ele/ring 

Pitch Circle Radius 2.87 cm 

Angular Offset 15 degrees 

Ring 4 

Fuel Elements 18 ele/ring 

Pitch Circle Radius 4.32 cm 

Angular Offset 0 degrees 
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Table IV:  BUNDLE-37 Fuel Bundle Material Specifications 

Quantity Value Units 

Temperatures 
  

Fuel 941 K 

Clad 751 K 

Materials 
  

Fissile in Fuel 0.71-1.2 wt%/IHM 

Clad Zircaloy-4 
 

Densities 
  

Zircaloy-4 in Fuel Cladding 6.46 g/cm3 

Uranium-based Fuel 10 g/cm3 

Thorium-based Fuel 9.7 g/cm3 

Bundle Masses 
  

Zircaloy-4 in Bundle Mass 2.0-2.4 kg 

Nominal Bundle Heavy 

Element Mass 
19.0 kg 

Bundle Powers 
  

Nominal Power 600 kW 

Estimated 

Maximum Bundle Power 
800 kW 

Specific Power in Fuel 31.5 kW/kg-HM 
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The specifications of the lattice concepts are given in Table V, specifically their 

enrichments, central element composition and the nominal thorium end pellet lengths.  In a 

practical bundle fuel bundle design, the 0.5-cm of pure ThO2 may actually be spread over 1.5 to 

2.0 cm of fuel, and mixed homogeneously with the UO2 (either NU or SEU) to reduce power 

peaking in the end region. 

Table V:  Lattice Cases Studied 

Case 

Central 

Element 

Material 

Uranium 

Enrichment 

ThO2 

End Pellet 

Length (cm)
2
 

UO2 

mass 

(kg) 

ThO2 

mass 

(kg) 

LC-01 UO2 0.71 wt% 235U 0.0 23.7 0.00 

LC-02 UO2 0.71 wt% 235U 0.5 23.2 0.48 

LC-04 ThO2 0.95 wt% 235U 0.5 22.6 1.09 

LC-05 ThO2 1.2 wt% 235U 0.5 22.6 1.09 

 

The first case studied (LC-01) is considered the base case to compare the results of other 

cases against.  It consists of a BUNDLE-37 geometry, filled with natural uranium dioxide fuel.  

As these models are two dimensional, the end plates of the fuel bundle are not modeled explicitly 

and instead are added to the fuel cladding by increasing the density of the clad by a factor of 1.13 

to preserve the mass of zirconium in the fuel bundle. 

Case LC-02 incorporates thorium into the base case by adding the equivalent of 0.5-cm 

long thorium dioxide fuel pellets at both ends of each fuel stack.  Using thorium pellets
3
 on the 

fuel stack ends (or blending with the UO2) is a method to potentially reduce the effects of end-

flux peaking during refueling operations.   

                                                        
2 Thorium pellet length at each end of the fuel stack for the entire fuel bundle. 
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The next case, LC-04,  involves a slight perturbation from LC-02 by adding in more fissile 

material (0.95 wt% 
235

U/U) and filling the central element with thorium instead of uranium in the 

BUNDLE-37-mod configuration.  LC-05 is the same as LC-04 with slightly more fissile material 

(1.2 wt% 
235

U/U).  The higher fissile content using SEU will increase the fuel bundle burnup, 

and it will also compensate for the loss of reactivity by using ThO2 in the central fuel element 

and in the end regions. 
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III. EVALUATION CRITERIA 
 

The lattice physics analyses performed will provide estimates of the reactor physics 

behavior at the full-core level.  The specific evaluation criteria of the results are broken down 

into three categories: safety, performance and economics. 

III.A Operations/Safety Characteristics 

The safety metrics evaluated for this study are:  the coolant void reactivity, the fuel 

temperature coefficient of reactivity, and the maximum estimated linear element rating.   

The coolant void reactivity is defined as the difference in infinite reactivity (ρ=(kinf-

1)/kinf) between a fully cooled and fully voided lattice as shown in Equation 1. 

                 
(

1) 

CVR is an important operations/safety parameter to consider as a number of postulated 

accident scenarios in PT-HWRs involve coolant voiding due to breaks in the primary heat 

transport system (such as large break loss of coolant accidents).  In lattice calculations, the 

instantaneous CVR is calculated at each burnup step.  This instantaneous CVR does not 

adequately capture the impact of voiding in a full core case as the core contains fuel bundles (up 

to 4560) at various levels of burnup.  Taking this factor into account, the quantity used for this 

evaluation is the burnup-averaged CVR.  Equation 2 describes how the burnup-averaged CVR 

was calculated, where the burnup value used (BU) is the exit burnup of the fuel (to be defined 

later). 

BU

dxxCVR
CVR

BUx

x





 0
)(

 
 

(
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The fuel temperature coefficient of reactivity is defined as the instantaneous difference in 

reactivity per degree fuel temperature change.  In this case, it was evaluated as shown in 

Equation 3.  Where    is the nominal fuel temperature, and    is the temperature perturbation 

from that nominal temperature, in this case it is 50 K.  

     
 

             

   
 

(

3) 

The fuel temperature coefficient is another key operations/safety parameter.  It is 

desirable for the FTC to be negative to ensure that the power coefficient coefficient of reactivity 

will be negative in the event of a postulated accident scenario.    As with the CVR, a burnup-

averaged quantity is used for evaluation.  

The linear element rating (LER) is the power produced per unit length of a fuel element.  

In this study, LER is calculated for each ring of fuel to quantify the radial power distribution.  It 

is desirable to maintain the linear element ratings at levels comparable to those found in 

conventional natural uranium fuel bundles (such as the LC-01 fuel concept) to ensure that a large 

margin to critical heat flux is maintained, to reduce fission gas release within the fuel, and to 

ensure that fuel elemements maintain their integrity [8].  The typical maximum LER limits for 

NU fuels in PT-HWR range from 50 kW/m to 57 kW/m [9].  The limits on LER are partially 

based on end-flux peaking which results in higher power densities in the fuel pellets in the end 

region of the fuel bundle [10], especially during refueling operations when there is a bundle 

adjacent to a large volume of coolant.   The maximum LER values occur in the end region of the 

fuel bundle due to end-flux peaking [10].   

The maximum LER should be calculated using the maximum bundle power in the 

reactor.  This analysis assumes an estimate of the maximum bundle power of 800 kW.  This 

estimate is meant to provide a comparison between lattice configurations. 
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III.B Performance Metrics 

The performance metrics evaluated here are the conversion ratio, the fissile inventory 

ratio, the discharge burnup, the fissile nuclide content, the 
233

U yield, and the fissile utilization.   

In this study, the discharge burnup is evaluated as the burnup at which the integrated 

k-infinity (or burnup-averaged k-infinity) is 1.05 (evaluated in equation 4).  It is assumed that  an 

excess reactivity of approximately 50 mk (1 mk = 100 pcm = 0.001 k/k) will be lost due to 

neutron leakage and neutron absorption in reactivity devices (such as adjuster rods and liquid 

zone controllers) in the PT-HWR core [4].  The use of burnup-averaged k-infinity to determine 

the exit burnup is a good approximation for a nearly-continuously fuelled reactor, such as the 

PT-HWR, which uses daily, on-line refuelling. 

 

BU

dxxk
k

BUx

x





 0
inf

inf

)(
  

(

4) 

 

The fissile inventory ratio (FIR) is the amount of fissile material in the fuel at its 

instantaneous burnup value divided by the initial amount of fissile material in the fuel.  It is a 

measure of how much of the original fissile material has been spent and how much fissile 

material has been bred.  Simply achieving a low FIR to ensure the initial fissile material is 

efficiently burned is not the target because of the breeding aspect.  The objective of breeding is   

why in addition to calculating the FIR, the concentration of 
233

U and other fissile nuclides are 

also examined.  Ideally, if there is significant breeding of new fissile material with a high 

conversion ratio, the fuel will achieve a high burnup, and it will also maintain a high FIR. 
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The fissile utilization (FU) is the discharge burnup divided by the initial amount of fissile 

material present in the fuel; however, the value examined in this case is the relative fissile 

utilization where the FU is normalized the nominal fissile utilization value for  fuel in a large PT-

HWR (1,056 MWd/kg-fiss ~ 7.5 MWd/kg / 0.0071 wt% 
235

U/U) [11].  Based on earlier 

experience, larger-scale PT-HWRs typically achieve a discharge burnup of approximately 

7.5 MWd/kg [4, 5].  When examining the relative fissile utilization (RFU), it is preferred to have 

a value greater than one to show that a given fuel is performing as well or better than a large-

scale NU-fuelled uranium fuelled PT-HWR.  Lastly, the conversion ratio (CR) is calculated by 

evaluating how much fissile material is being produced at an instant (through neutron capture in 

fertile isotopes, such as Th-232, U-234, U-238, Pu-238 and Pu-240) divided by how much fissile 

material is being depleted by fission, neutron capture or other reactions (such as n,2n). 

 

III.C Economic Characteristics 

The front-end fuel cost per unit energy (Ce) produced is a means of evaluating economic 

benefits each fuel provides.  It combines the effect of increased energy produced from higher 

burnup with the additional cost of enriching the uranium. 

The cost of each fuel type per unit energy produced (Ce CAN$/MWd) is calculated using 

Equation 5, using the costs shown in Table VI, and the fuel burnup as calculated from the 

physics analysis and composition of the fuel as given in the lattice description.   

   
                                 

    
 

(

5) 
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The various parameters in Equation 5 include Cf, the fabrication cost per unit mass of 

fuel, fNU the fraction of natural uranium in the fuel, CNU is the cost of NU per unit mass, CC is the 

cost of uranium conversion and purification from U3O8 to either UF6 for enrichment or UO2 for 

fabrication ; fTh  is the fraction of thorium in the fuel, CTh is the cost per unit mass of thorium, 

fSEU is the fraction of SEU in the fuel, CSEU  is the cost of SEU (slightly enriched uranium), and 

BU is the exit burnup.  A thermal efficiency (ε) of 30% for converting reactor heat to electricity 

is assumed. 

Table VI:  Front-End Fuel Cycle Unit Costs [12] 

Parameter Cost Units 

Mined Natural Uranium (CNU) 75 $/kgU 

Mined Natural Thorium (CTh) 50 $/kgTh 

Uranium conversion (Cc) 10 $/kgU 

Uranium enrichment (CSWU) 110 $/SWU 

Fuel fabrication (Cf) 105 $/kgHM 

UF6 conversion to UO2 (CUF6) 30 $/kgU 

 

It is assumed that the cost of fabricating each type of fuel is the same, whereas the costs 

of the source materials for fabrication differ according to the fuel composition.  It is also 

assumed that the reactor thermal electric efficiency is 30%, natural uranium is 0.711 wt% 
235

U/U 

(xf), and that the fissile content of the  tails from the enrichment process are 0.2 wt%
 235

U/U (xt) 

The cost of SEU (CSEU $/kg SEU) calculated using Equation 6 includes the cost of 

natural uranium feed, conversion from U3O8 to UF6 (Cc), enrichment (CSWU), and conversion 

from UF6 to UO2 (CUF6). 

                           (



Manuscript for ANS Nuclear Science and Engineering  CW-123740-CONF-022 

UNRESTRICTED  Revision 0 

   

6) 

Equation 7 [13] is used to estimate the mass of natural uranium required to produce a unit 

mass of SEU, and Equations 8 and 9 [13] are used to calculate the quantity of separative work 

units (SWU), S, required to produce 1 kg of SEU.  

  
     

     

 (7) 

                             (8) 

 

             
 

   
 (9) 
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IV. COMPUTATIONAL METHODS AND APPROXIMATIONS 

The lattice physics calculations were performed using WIMS-AECL Version 3.1 [14], a 

2-D lattice physics code that solves the multi-group integral neutron transport equation using 

collision probabilities as a method of solution.  An 89-group nuclear data library based on the 

ENDF/B-VII.0 [15] evaluation was used in conjunction with WIMS-AECL for this work.  

As mentioned previously, details of the models that were prepared are given in Tables I 

to IV.  The first case studied (LC-01) is considered the base case for comparison with the other 

lattice concepts.  Burnup calculations are performed at a nominal bundle power of 600 kW.  

Since the WIMS-AECL models are two dimensional, the end plates, and end plugs of the fuel 

bundle are not modeled explicitly.  Instead, the mass of the Zircaloy-4 in the end region is added 

to the fuel cladding by artificially increasing the density to preserve the mass of Zircaloy-4 in the 

fuel bundle.  In addition, the axial variation of the material composition (ThO2 end pellets
4
) was 

not modeled explicitly, since WIMS-AECL is set up to perform 2-D transport calculations in the 

x-y direction. 

To approximately model the reactivity effect of 0.5-cm (or 1.0-cm long) ThO2 fuel end 

pellets in the LC-02, LC-04, and LC-05 bundle concepts, the ThO2 is mixed homogeneously 

with the UO2 throughout the main fuel stack (48 cm).   

Given that WIMS-AECL is a 2-D code, the heterogeneous effects in the axial direction, 

including the addition of thorium end pellets will not be fully captured in the burnup 

calculations.  In lieu of more explicit 3-D modeling of these end pellets (either pure ThO2, or 

(U,Th)O2 pellets), the mass of the ThO2 is  smeared throughout the fuel stack length resulting in 

2.1 wt% (for 0.5-cm end pellets) to 4.2 wt% (for 1.0-cm end pellets) ThO2 mixed with the base 

                                                        
4 Thorium end pellets may need to be mixed with small amounts of uranium.  Ratio of uranium to thorium is 

planned to be determined in future work.  
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fuel homogeneously.  It is recognized that in a practical design to reduce axial power peaking, it 

might be expected that ThO2 would be mixed homogeneously with UO2 over a length of 2 cm to 

4 cm of fuel in the end regions. 
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V.  ANALYSIS RESULTS 

V.A. Safety/Operational Characteristics 

The results of the lattice physics analysis are summarized in Table VII.   

Table VII: Lattice Analysis Results 

Result LC-01 LC-02 LC-04 LC-05 Units 

Safety Metrics 
     

CVR (BU Avg.) 14.0 14.7 13.3 13.6 mk 

FTC (BU Avg.) -0.0024 -0.0048 -0.0024 -0.0017 mk/K 

Maximum LER1 51.5 51.5 54.7 54.7 kW/m 

Performance Metrics 
     

CR (BU Avg) 0.77 0.79 0.75 0.73 mk 

Discharge FIR 0.71 0.84 0.57 0.42 - 

Relative Fissile Utilization2 0.96 0.59 1.3 1.6 - 

233U /232Th3 0 0.6 1.0 1.2 wt% 

Discharge Burnup 7.2 4.4 12.6 19.7 MWd/kg 

Discharge Burnup with 

1.0 cm  ThO2 End Pellets 
- - 11.0 18.4 MWd/kg 

Economic Metrics 
     

Estimated Front End 

Fuel Fabrication Cost 
87 142 76 63 $/MWd 

1 LER assuming a maximum bundle power of 800 kW 
2 Relative Fissile Utilization is that normalized against nominal fissile utilization for a large PT-HWR operating with natural 
uranium fuel, which is approximately 1,056,000 MWd/t-fiss (7,500 MWd/t / 0.0071). 
3 The 233U is summed over the entire bundle content and divided by the total amount of 232Th in the bundle. 

 

From this table it is seen that the base natural uranium case LC-01 has a burnup-averaged 

CVR of +14 mk.  Incorporating the 0.5 cm ThO2 end pellets actually increases the CVR slightly 

to +14.7 mk, although this is somewhat surprising given that 
232

Th has a lower resonance 

absorption cross section than 
238

U.  As seen in Fig. 2 with the instantaneous CVR vs. burnup, the 

use of a small amount of thorium with NU (LC-02) leads to a systematic increase in the CVR 
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relative to the pure NU case (LC-01).  Clearly, other mechanisms are driving the slight increase 

in CVR.   

 

Fig. 2:  CVR as a Function of Burnup for Pure Uranium Dioxide BUNDLE-37 Fuel and 

Enriched Uranium BUNDLE-37-mod Fuel with Central Thorium Fuel Pin 

Natural uranium based fuels show an initial peak in CVR when 
235

U content is at its 

highest, as 
235

U burns out rapidly from the outer ring of fuel and 
239

Pu is bred into the fuel 

somewhat uniformly, the CVR falls steadily until it approaches an equilibrium value [16].  The 

thorium central pin reduces the burnup-averaged CVR as seen for cases LC-04 and LC-05 with 

values of +13.3 mk and +13.6 mk, respectively.  The behavior of the instantaneous CVR is 

different for the central pin thorium case in comparison to natural uranium based fuel, as it is 

initially suppressed, then shows the same downward slope (though dampened) of NU fuel.  This 
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slight decrease in CVR happens as 
239

Pu is bred into the fuel, but as the fuel depletes the effect is 

reversed as more 
233

U builds up in the central element.  Both slightly enriched fuels produce a 

flatter CVR curve, which could be more desirable from an operational standpoint, as it means a 

more spatially uniform reactivity insertion if voiding were to occur.  Thus, the ThO2 in the 

central pin acts similarly to a burnable neutron absorber, such as Dy2O3, to help reduce CVR, but 

the absorbed neutrons are used to produce something of value (
233

U) in the spent fuel, which 

could be recycled at a later time. 

The burnup-averaged fuel temperature coefficient is similar in all of the cases except for 

LC-02, which has a significantly lower value of -0.005 mk/K over the others (-0.002 mk/K).  The 

reason for this departure is seen clearly in Fig. 3, which shows the instantaneous FTC.  For LC-

02, the NU case with thorium end pellets, the fuel does not sit long enough in the core for the 

fuel temperature coefficient to climb as high as the other fuel types (again this is tied to 
239

Pu 

production, as it counteracts the effect of 
238

U Doppler broadening). 
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Fig. 3:  FTC as a Function of Burnup for Pure Uranium dioxide BUNDLE-37 Fuel and Enriched 

Uranium BUNDLE-37-mod Fuel with Central Thorium Fuel Pin 

 

The maximum linear element ratings for an 800 kW bundle are given in Table VII.  

These values are consistent for the natural uranium cases (51.5 kW/m) and are approximately 6% 

higher for the enriched cases with a thorium central pin (54.7 kW/m).  The instantaneous LER as 

a function of burnup in each fuel ring can be seen in Fig. 4.  The behavior of LER for natural 

uranium fuel is almost identical between LC-01 and LC-02, so it can be deduced that the 

introduction of ThO2 end pellets (modeled approximately in 2D) does not significantly alter the 

radial power distribution in the fuel bundle.  In both cases, the maximum LER for fresh fuel 

occurs in the outer fuel ring.  When adding in the central pin of thorium, which generates little or 

no power, a slight shift in the radial power distribution takes place, resulting in 3% higher LER 
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in the outer fuel ring, which compensates for the zero value LER in the centre element at zero 

burnup (since the bundle is maintaining the same power level).  As the fuel composition evolves 

and more fissile material is consumed in the outer elements of fuel, while 
233

U is bred into the 

central element, the LER in the outer ring goes down and LER increases linearly in the central 

pin.  This effect of power ramping in the central pin contrasts with the UO2 centre pin fuels 

which have a LER in the central element that is independent of burnup.  The power distribution 

in LC-04 appears significantly flatter (more like NU) than the higher enriched LC-05.  This 

would likely be more desirable from an operations standpoint. 
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Fig. 4:  Linear Element Rating as a Function of Burnup for Pure Uranium dioxide BUNDLE-37 

Fuel and Enriched Uranium BUNDLE-37-mod Fuel with Central Thorium Fuel Pin 

V.B. Performance Characteristics  

  Plots of k-infinity vs. burnup for each fuel bundle concept are shown in Fig. 5. It is 

observed that for NU fuel, case LC-01, the discharge burnup is 7.26 MWd/kg.  The impact of the 

addition of 0.5-cm thorium end pellets in case LC-02 is substantial, with a 40% reduction on 
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discharge burnup (4.43 MWd/kg) due to initial reactivity suppression of ~22 mk.  The burnup 

can be extended to larger values by enriching the fuel further.  In case LC-04, adding 30% more 

fissile 
235

U (0.95 wt% 
235

U/U) causes a 184% increase in exit burnup (12.6 MWd/kg), even with 

the addition of thorium in the central element.  

 

Fig. 5:  k-infinity as a Function of Burnup for Pure Uranium dioxide BUNDLE-37 Fuel and 

Enriched Uranium BUNDLE-37-mod Fuel with Central Thorium Fuel Pin 

 

The impressive effect on exit burnup diminishes with the addition of further fissile 

material but is still effective with 26% more fissile material (1.2 wt%  
235

U/U in LC-05) 

improving exit burnup by 56% over LC-04 (19.4 MWd/TE).  An additional study was done to 

assess what the impact of adding more thorium (equivalent to 1-cm ThO2 end pellets) would be 

on burnup in case more is required to mitigate axial power peaking in the end region).  As shown 
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in Table VII, the results suggest a 15% reduction in burnup for the 0.95-wt% 
235

U/U case (LC-

04) and an 8% reduction in burnup for the 1.2 wt% 
235

U/U case (LC-05).  These values are 

reasonable (not cost prohibitive) and would allow for a longer region of end pellets (either pure 

ThO2 or ThO2 mixed with UO2) if further study proves them to be required.  The other 

safety/performance metrics were evaluated for 1.0-cm end pellet cases, but are not included here 

as they are similar to the 0.5-cm end pellet cases. 

The conversion ratio as a function of burnup is shown in Fig. 6.  For the base LC-01 NU 

case, the curve dips down and returns to the starting point at about 0.8, while the LC-02 case dips 

down but does not reside long enough to return to its initial value.  The enriched uranium and 

thorium central pin cases show an initially lower conversion ratio (0.6-0.7) which gradually 

climbs up higher than the natural uranium cases to 0.86 for LC-04 and 0.9 for LC-05.  The 

dramatic increase in CR for the slightly enriched cases is due to slowing down of consumption of 

235
U after it is depleted, coupled with 

239
Pu production rates approximately equaling the 

consumption rates and increases in the production of 
241

Pu and 
233

U.    Overall, the burnup-

averaged conversion ratios are all close to 0.8.   
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Fig. 6:  Conversion Ratio as a Function of Burnup for Pure Uranium dioxide BUNDLE-37 

Fuel and Enriched Uranium BUNDLE-37-mod Fuel with Central Thorium Fuel Pin 

The fissile inventory ratio is shown in Fig. 7.  For the natural uranium cases the FIR 

decreases linearly with burnup resulting in an exit FIR of 0.7 (LC-01) and 0.8 (LC-02).  The 

central thorium pin fuel bundle FIR has a different behavior, with a mostly linear relationship 

that tapers off after two thirds of the expected burnup of the fuel bundle.  The FIR at discharge 

burnup is much smaller for cases LC-04 and LC-05 at 0.6 and 0.4 respectively.  The reduced FIR 

in these two cases can be attributed to the fact that there is more initial fissile inventory to start 

with, and also the fact that  
235

U burns out to an equilibrium value of about 0.2 wt% in all cases 

except LC-02 where 0.4 wt% 
235

U remains.  
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Fig. 7:  Fissile Inventory Ratio as a Function of Burnup for Pure Uranium dioxide BUNDLE-37 

Fuel and Enriched Uranium BUNDLE-37-mod Fuel with Central Thorium Fuel Pin 

 

The weight fractions of fissile nuclides (
235

U, 
241

Pu, 
239

Pu and 
233

U) in the fuel bundle as 

a function of burnup are given in Fig. 8.  These values provide additional insight into the 

conversion ratio and the fissile inventory ratio calculations.  It is clear that 
235

U burns down to 

about 0.2 wt% in all cases.  The 
239

Pu achieves an equilibrium concentration of approximately 

0.25 wt% in all cases.  Due to the increased burnup, larger amounts of higher plutonium isotopes 

are produced in the enriched fuels, for example up to 0.05 wt% 
241

Pu is produced in case LC-05 

and 0.035 wt% 
241

Pu in case LC-04.  Since the central element is thorium, it is useful to examine 

how much 
233

U is created in the central element instead of over the entire bundle (wt% 
233

U in 
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232

Th is given in Table V).  For LC-05 about 1.2 wt% 
233

U in 
232

Th is bred upon reaching 

discharge burnup and about 1.0 wt% 
233

U in 
232

Th for LC-04. 

 

Fig. 8:  Fissile Nuclide Inventory as a Function of Burnup for Pure Uranium dioxide BUNDLE-

37 Fuel and Enriched Uranium BUNDLE-37-mod Fuel with Central Thorium Fuel Pin 

The relative fissile utilization (given in Table VII) for the NU base case LC-01 is 

approximately one (0.9) which is expected since this is relative fissile utilization to NU fuels 
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[11].  LC-02 has a significantly reduced relative fissile utilization of 0.6 while the slightly 

enriched uranium cases (LC-04 and LC-05) have a significantly higher value of 1.3 and 1.6 

respectively.  These results demonstrate and confirm that the SEU-based fuels are more effective 

at burning fissile material and delivering energy from that initial fissile material than 

conventional NU fuels in a PT-HWR, even when small amounts of thorium are added to help 

reduce CVR and to mitigate axial power peaking in the fuel pellets in the bundle end regions.  

 

V.C. Economic Assessment of Alternative Fuel Concepts 

Estimates of the front end fuel cost in dollars per MWe-day of power produced for the 

various fuel concepts is shown in Table VII.  The NU front end fuel cost is $87/MWe-day, and 

the expected increased cost for the NU fuel with 0.5-cm thorium end pellets is about 63% higher 

at $142/MWe-day, which occurs largely due to the reduction in fuel burnup.  The higher burnup 

fuels with slightly enriched uranium fuels cost 13% (for LC-04) and 28% (for LC-05) less 

respectively than the NU fuel.  It is recognized that these differences in cost do not give the 

complete economic comparison of each fuel bundle concept because the costs of managing 

irradiated fuel are not included, nor is the increased cost of manufacturing fuel which is axially 

heterogeneous (with ThO2 end pellets).  However, it is anticipated that the increased costs due to 

fuel manufacturing complexity will be significantly outweighed by the reduction in fuel costs for 

the LC-04 and LC-05 fuel bundle concepts using slightly enriched uranium augmented by small 

amounts of thoria. 
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VI. CONCLUSIONS 

Four fuel configurations using natural uranium and slightly enriched uranium were 

analyzed for use in a pressure-tube heavy water reactor with conventional 37-element fuel 

bundle geometry.  In addition to an all natural uranium bundle, cases with slightly enriched 

uranium, thorium end pellets, and thorium centre elements were examined.   

The results suggest that moving to a natural uranium bundle with thorium end pellets is 

not an attractive way to introduce thorium into the uranium fuel cycle of a pressure-tube heavy 

water reactor.  Since the burnup is low, it does not make economic sense to move in this 

direction as so little energy will be obtained from one bundle resulting 60% higher front end fuel 

cost per unit power produced.  Related to the reduced burnup, increased fuelling rates mean 40% 

more bundles would be required, resulting in an increased burden on the fuelling machines and 

an increase in the volume of spent fuel produced.   

While results with natural uranium were unfavorable, introducing thorium through the 

use of slightly enriched fuel appears to be both feasible and attractive.  The use of such fuels, 

with 4.7 wt% to 6.8 wt% of the mass being thorium, would allow the initial, gradual creation of a 

stockpile of 
 233

U in ThO2 and the CVR to be reduced slightly while the burnup-averaged fuel 

temperature coefficient remains the same as that for natural uranium fuel.  As the exit burnup for 

both these fuel configurations is higher, the spent fuel volume produced would be subsequently 

reduced.   

Of the two enriched bundles examined here, the 0.95 wt% 
235

U/U case (LC-04) appears 

most promising as it gives a 13% front end fuel cost savings, the behavior of the irradiated fuel at 

the expected burnup is considered well understood and acceptable [17], and the initial additional 

infinite reactivity is manageably higher than for fresh natural uranium.  In addition, the LC-04 
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has a flatter radial power distribution within the bundle in comparison to the 1.2 wt% 
235

U/U 

enriched LC-05 case. 
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VII. FUTURE WORK 

It is expected that the results from this study will be used in several different subsequent 

analyses.  Further studies will include full core reactor physics analyses using the various lattice 

concepts discussed, to provide more accurate estimates of the expected refueling rates, discharge 

burnup, core power distributions, peak bundle power and LER values, cover averaged reactivity 

coefficients and other types of operational, safety and performance parameters.  For core physics 

studies, it is expected that deterministic diffusion codes such as RFSP [18] will be used.  To 

benchmark the full core deterministic calculations, it is expected that the 3D Monte Carlo 

neutron transport code MCNP [19] will be used for comparisons 

A potential issue that requires further study is refueling using SEU fuels (note the large 

change in k-infinity for LC-04 relative to LC-01).  One concern with significant reactivity 

insertion on refuelling operations is the end-flux peaking in the bundle.  It is expected that 

further lattice studies will be done using 3D MCNP (and potentially Serpent) [20] models to 

better understand and quantify the impact of thorium end pellets and graded enrichment on end-

flux peaking.  As mentioned earlier, it is anticipated that ThO2 could be mixed with the UO2 fuel 

for fuel pellets in the 2 cm to 4 cm near the end of the fuel stack to reduce the power peaking in 

the end region.   
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