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ABSTRACT 

Thorium is a potentially significant supplement to uranium resources in nuclear energy 
production and has several interesting advantages over the U-Pu cycle. The long transition to 
a pure 232Th-233U system, however, calls several intermediate reactor types from present 
LWRs to pre-breeder concepts involving 235U, 238U and 239Pu. In general, a full Th-U cycle 
necessitates reprocessing and can be implemented only in large nuclear countries or 
international collaborations. Here we consider alternatives where Th-fuel bundles are 
irradiated in current LWR cores and open fuel cycle is adopted.  

We have analyzed reactor core performance by Monte Carlo codes (MCNP, Serpent) 
and burnup codes CASMO, Serpent, Monteburns, and DeTra. We have considered dedicated 
pin cells, separate fuel bundles, and full cores containing Th in typical UO2 fuelled 
commercial LWRs. In PWR cores we have assumed single Radkowsky type seed-blanket 
assemblies. The seed part is renewed after 54 mos. Flux peaking in the vicinity of the Th-
bundle is found acceptable. Breeding of 233U, proliferation resistance and reduced waste 
production were demonstrated. Use of Th-fuelled individual rods or whole bundles in BWR 
offers versatile options because of the prevailing strong 3D variation of the core parameters 
and neutron flux. Scoping core simulations have been performed with CASMO-4E and 
SIMULATE-3. Studies of five different fuel types have demonstrated some interesting 
advantages of thorium fuel in BWRs. 

1 INTRODUCTION 

Sustainability of nuclear energy has been challenged because of the finite uranium 
resources in the world. Nuclear chain reactions require fissile isotopes like 235U, 233U or 239Pu 
of which only 235U exists in nature. Present light water reactors depend on the rare uranium 
isotope 235U and, therefore, the current global nuclear fleet could, according to IAEA and 
WNA estimates, be fuelled only for about one century even with enhanced conversion and 
reprocessing. An enormous increase in fission energy resources is obtainable by breeder 
reactors which transmute 238U into fissile 239Pu. Nuclear fuel for breeder systems would 
suffice for thousands of years. The problems of U-Pu breeder reactors involve, e.g., the 
demanding technology, proliferation risks, long-lived transuranium waste, and economic 
viability.  As an alternative, Th-U breeding cycle could  provide some important advantages. 
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In the NETNUC project [1] of the Sustainable Energy Program of the Academy of Finland, 
we have recently assessed to what extent such expectations can be realized [2].  

Thorium has only a single natural isotope 232Th and is more abundant in the earth crust 
than uranium. The fissile nuclide 233U which has excellent neutronics properties can be bred 
from 232Th through neutron capture and two subsequent beta decays: 233Th → 233Pa → 233U 
with half-lives of 22.2 min and 27.4 d, respectively.  Thorium fuelled nuclear reactors have 
been amply demonstrated throughout the history of nuclear energy, but no breakthrough has 
taken place yet. A complete Th-U fuel cycle would first require a pre-breeder phase where 
criticality is ensured by a fissile 235U or 239Pu seed and where part of the neutrons are used to 
produce 233U in a 232Th-blanket. In a full breeder, 233U-production will be self-sufficient and 
the Pu-branch can be closed. This transition would assume many reactor types and would last 
for several decennia. A comprehensive feasibility assessment of the Th cycle inevitably 
involves many uncertainties, especially concerning economic viability. 

Thorium possesses several pros and cons: it has good thermal conductivity, and high 
melting temperature, but, the fabrication process is very demanding. Its low mass number 232 
indicates reduced production of long-lived waste nuclides (minor actinides) as compared to 
uranium. The Th-U cycle comprises the strong gamma emitter 232U and a small amount of Pu-
isotopes which diminishes proliferation risks, but also complicates radiation protection when 
handling the fuel in a nuclear power plant. Extensive burnup calculations are needed for a 
comprehensive assessment of the benefits of a thorium fuel cycle. To achieve sufficient 
breeding, exceptionally large fuel burnup is needed which leads to stringent requirements for 
the fuel durability. Fuel reprocessing may be mandatory because of economical reasons.  

To simplify the applications of thorium fuel, we have investigated possibilities to use 
separate thorium fuel rods or assemblies inserted into present LWR cores. The primary 
questions would then arise whether such test assemblies were acceptable as far as fuel safety 
is concerned, whether fissile production were sufficient, and whether waste production would 
be diminished. Some considerations on fuel economy have also been made. An additional 
benefit of these studies is that they provide non-standard validation tests for fuel codes and 
offer an interesting platform for education and training for nuclear engineers. 

In this paper, the focus is on the fuel core behaviour; thermal hydraulics issues and 
other nuclear engineering aspects are being dealt only superficially. Section 2 lists the main 
tools used for burnup calculations and for Monte Carlo modelling of the test assemblies in the 
considered LWR reactor cores. Full core analysis is done by commercial neutron transport 
codes. Section 3 discusses the nuclide generation in Th-fuel as regards both safeguarding and 
nuclear waste. Sections 4.1 and 4.2 concentrate on analyses using Th-fuel assemblies in PWR 
and BWR cores, respectively. Section 5 summarises the findings.  

2 REACTOR CORE CALCULATION TOOLS 

Fission, neutron and gamma capture, spontaneous decay, and other nuclear reactions 
generate a large number of nuclides that are usually radioactive and cause feedback into the 
core behaviour. The nuclide inventory evolves with time at a rate that depends on neutron 
induced reactions, i.e., the accumulation of fuel burnup. During operation and shut-down 
situations, the coupled decay chains evolve differently which means that the importance of the 
nuclides varies in power production, waste management and fuel reprocessing. Accurate 
modelling with hundreds of nuclides with very different half-lives has to be performed. In our 
studies, we have explored important radioactive minority nuclides, improved the performance 
of Monte Carlo codes, and upgraded current reactor physics codes for advanced fuel cores and 
for nuclear waste transmutation investigations. 
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For both Th-U and in U-Pu fuel cycle studies, we have utilized several burnup codes, 
such as ORIGEN, Monteburns, DeTra [3], and CASMO for calculating nuclide compositions 
in various nuclear core configurations. Methods to solve accurately the Bateman equations 
which describe the decay chains have been investigated and published, see [4] and references 
therein. Reliable simulations of neutronics can be done by Monte Carlo codes of which we 
have used MCNP, FLUKA [5], and Serpent [6].  

Detailed Monte Carlo calculations require very large computing resources, and, 
therefore, we have used some simplifications of the core modelling concerning 
concentrations, materials and geometry. For full core neutron transport an alternative is a core 
analysis package CASMO-4E and SIMULATE-3 which we have applied to studies of Th-
bundles in BWRs. The achieved accuracy depends on the nuclear cross-section data and in 
this respect the Th-U cycle is less validated than the U-Pu one. In particular, fast neutron data 
deserves improvement. 

3 NUCLIDE GENERATION IN THORIUM CYCLE 

3.1 Proliferation aspects 

One main goal of advanced nuclear reactors and fuels is to improve the proliferation 
resistance. A fuel cycle has to be assessed according to the amount and quality of weapons 
usable materials 233/235U and 239/241Pu it incorporates. The diversion process and generation of 
harmful or denaturing parasite nuclides play important roles, too. The total fissile mass of the 
discharged fuel, spontaneous neutron generation (increases the risk of pre-ignition), heat 
production (complicates the design of the device), activity and isotopic enrichment all affect 
proliferation. Concerning thorium fuel cycle,  233U is a better weapons material than 235U and, 
therefore, its enrichment should stay below 12-17 wt%  as compared to the acceptable 20 wt% 
enrichment of 235U (LEU). The primary sources of spontaneous neutron generation are the 
plutonium isotopes 238/240/242Pu of which 238Pu produces also a large amount of decay heat. 

When comparing Th-U with U-Pu cycles a prominent difference arises from the very 
hard gamma rays emitted by the daughters of the 232U nuclide produced from thorium by fast 
neutrons. The strongly penetrating radiation enables easy detection and is expected to prevent 
malevolent diversion of fissile material in Th-U fuel. In Th fuel assemblies, 232U reaches to 
concentrations of 500-3000 ppm and consequently it would be rather easily detectable. Its 
production involves several (n,2n) or (n,γ) reactions which proceed through protactinium 
isotopes with very different half-lives and, therefore, more detailed studies on the spectral 
effects of the processes are needed. Another characteristic difference between the Th-U and 
U-Pu cycles is the much longer half life of the 233Pa precursor decaying to 233U than that of 
the precursor 239Np decaying to 239Pu, which would affect the strategy of irradiation and 
extraction of fissile materials. 

To give a more quantitative comparison of the features above, we have simulated the 
behaviour of a Th fuel assembly inserted into a typical PWR with rather optimal parameters 
regarding safeguarding [7]. This Radkowsky type fuel concept consists of a central seed and a 
surrounding blanket unit (SBU). Nuclide production in the SBU has been modelled by 
CASMO-4E and by Serpent. Typically one third of the seed rods in SBU would be changed in 
18 month periods and the blanket would be burned for 54 months. In our calculations the 
partial reloading of the seed was ignored. The SBU reached an average burnup of 65 
MWd/kg; the seed discharge burnup was very high, 125-130 MWd/kg and that of the blanket 
37-39 MWd/kg. As a reference, a Westinghouse 17×17 PWR bundle with a 4 % enrichment  
and  an average burnup of 45 MWd/kg was assumed.  
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Figure 1 illustrates plutonium production in the Th SBU assembly above.  In total it 
produces significantly less Pu than a conventional UO2-assembly. Moreover, the high 238Pu 
content makes the plutonium less desirable for weapons use. The discharged uranium in the 
blanket, however, has a rather high fissile content, 12.8 wt%. Additional 238U may be needed 
for denaturing, unless the gamma emission from 232U assures credible prevention.  

 
Figure 1: Plutonium production in a Radkowsky Th SBU and in a standard UO2 assembly in a 

PWR. The left hand side gives isotope fractions and the RHS total mass production 

3.2 Nuclear waste production 

The fission products of all fuel options are generated roughly similarly although some 
distinctive features appear and the neutron spectrum matters. We have not studied fission 
yields in detail but have focused on the neutron capture into heavier TRU isotopes. Due to its 
lower atomic mass number 232Th generates less long-lived minor actinides than 238U. This has 
been verified in our burnup calculations. The intermediate Th-Pu cycle that preceeds full 233U 
breeding creates 241Am and 241Pu which dominate the long-lived waste fraction. In the Th-U 
cycle, the nuclides 232U and 228Th are most important in the first century and thereafter 233U 
and 229Th.  

Burnup calculations yield the amount of radioactive nuclides and their subsequent 
evolution in the decay chains. Their importance can be based on activity levels but an 
evaluation of the dose commitment or the radiotoxicity is more relevant. In such 
considerations one ought to estimate the nuclide transport from the final repository which task 
is beyond the scope of our present investigations. 

3.3 Role of structural materials 

A difficult problem in Th-fuel is the large burnup needed to obtain sufficient fissile 
breeding of 233U: typically 100-150 MWd/kg (cf. licensed values of 40-60 MWd/kg for 
present uranium fuel). We have reviewed possible cladding materials, and addressed their 
properties as regards mechanical performance, corrosion, licensing restrictions, etc. Fuel 
simulations of Th-fuel were performed with the FEMAXI-6 code. The highest burnup takes 
place in the seed rods of an SBU assembly and they have to be replaced before final 
discharging of the assembly. One advantage of thorium is the good heat conductivity of ThO2 
which allows lower operating temperature of the fuel. An interesting alternative to UO2 fuel is 
nitride fuel, but for that the 14C production from 14N may cause difficulties. We have 
discussed whether 14C generation implies 15N/14N isotope separation.   
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4 THORIUM FUEL BUNDLES IN A LWR CORE 

4.1 Radkowsky type fuel assembly in a PWR  

As a first test case we have investigated how a single Radkowsky type fuel assembly 
would behave in an ordinary PWR core. CASMO-4E was used for burnup calculations and 
compared with Serpent results. Figure 2 displays flux distribution and fission rate in the SBU 
assembly and in the neighbouring standard UO2-assembly. The flux and power distributions 
smooth down as burnup accumulates. Figure 3 illustrates the evolution of fissile nuclides and 
relative power production in the assemblies. In SBU the seed part is refuelled as described in 
Sec. 3.1. Note that in the power distribution graph (RHS) the second-cycle curves are overlaid 
on the first-cycle curves. 

 
Figure 2: Relative fission rate and thermal flux distribution in one quarter of a SBU-unit (two 
left hand subsets) and a neighbouring UO2-assembly (right subsets). Upper graphs in row (a) 
are for 50 days and the lower ones in (b) for 1500 days. Warm shades correlate to fission rate 

and cold ones to thermal flux. Brightness increases with the value of the parameter 
                                                                                 

 
Figure 3: Evolution of fissile nuclides vs. burnup (left). The RHS shows relative power 

production in the SBU unit. Seed rods are refuelled in the mid-cycle at about 65 MWd/kg 
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 The case studies demonstrate that Th-fuel assembly in a PWR does not cause 
inacceptable flux variations. Also reasonable breeding is achieved, but this requires very large 
burnup which challenges the mechanical strength of the fuel. The high enrichment needed in 
both the seed and blanket units diminishes the overall efficiency of fissile material usage.  

4.2 Thorium in BWR 
Use of thorium assemblies in BWR cores offers a much more complicated optimization 

task than, e.g., finding optimal PWR parameters for a Radkowsky assembly. The true 3D 
enrichment distribution of the core, control rods, water channels, part-long fuel rods, and 
spectral shifts introduce several new features in BWR core calculations. We have made 
preliminary feasibility studies of thorium fuel in current BWRs by partly replacing uranium in 
the core by thorium in such a way that the energy and neutron production remain the same  
during the life-cycle. Present reference core layouts, cycle and control plans are adopted.  

The lattice calculation code CASMO-4E was used as a part of the analysis. We 
compared few-group constants generated by CASMO-4E to those from Serpent based lattice 
calculations. ENDF/B-VI libraries were used. The results show that differences in few-group 
constants between the codes remain at the same level when similar uranium and thorium 
fuelled assemblies are used justifying that the code packages are reasonably well applicable.  

Five different thorium assemblies were studied. Three were of high thorium content and 
two involved low thorium content. Figure 4 illustrates the equilibrium core loading pattern 
and a 10×10 fuel assembly. In the reference UO2-assembly 235U enrichment increases from 
1.70 to 4.95 wt% from pin #1 to #6, respectively. Pin #7 contains burnable Gd-absorber. The 
average power density for the assembly life of 1620 days is 57.5 kW/litre and the average 
final burnup 44.6 MWd/kgHM. In Th-containing assemblies the strategy was to have 
equivalent average energy and neutron production as in the reference core. In the ‘least 
change scenario’ the pin positions and the geometry of the bundle were kept fixed except that 
238U was replaced equivalently by 232Th. The fuel composition is such that uranium with a 
constant 235U-enrichment (ca. 10 wt%) is mixed with thorium. Thus in pin #1 the 
compositions are 83.00, 2.19, and 14.79 wt% of 232Th, 235U, and 238U, respectively. In the 
reference case, the axial fissile and heavy metal contents are 20.33 and 493.01 g/cm, 
respectively. In the thorium assembly the fissile, thorium, and heavy metal axial contents are 
24.84, 274.48, and 467.52 g/cm, respectively. The 235U enrichments vary from 2.19 to 6.38 
wt% in heavy metal. 

  
Figure 4: Equilibrium BWR core loading pattern (left) and the geometry of the 10×10 

reference assembly. 235U enrichment increases from 1.70 to 4.95 wt% from pin #1 to #6;   
pins #7 contain burnable Gd-absorber 
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The other cases investigated involved manual optimization of the assemblies by 
changing the pin pitch and the relative 235U-238U-232Th concentrations. Also 12×12 fuel 
assemblies were studied. A BWR with one type of assemblies running an equilibrium cycle 
was modelled with SIMULATE-3. Thermal limits, shutdown margin, discharge burnups, 
reactivity feedbacks, and resource utilization of each design were compared to the reference 
design. As an example, Fig. 5 shows the axial power profiles in the beginning and end of the 
cycle in various fuel assemblies. Figure 6 demonstrates the smoother multiplication factor in 
thorium assemblies. Only the ‘least change thorium’ assembly satisfies common shutdown 
margin requirements. No thorium design improved all considered properties as compared to 
the standard uranium core. However, in many individual factors thorium designs surpassed 
the performance of the reference design. 

 
Figure 5: Axial power profiles in the beginning (left) and at the end of cycle (right) in various 

fuel options of BWR considered 

 
Figure 6: Hot-excess k-effective and shutdown margins as a function of burnup in various 

thorium fuel assemblies 

 

In conclusion, it was demonstrated that from the neutronics point of view it is possible 
to use thorium fuel in current BWRs. Thorium exhibits some clear advantages over uranium 
fuels. Thorium fuels could excel when it is possible to reach higher burnup. However it 
should be emphasized that these studies concentrated on the technical performance only. 
Economic feasibility has not been assessed in these studies. 
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5 SUMMARY AND DISCUSSIONS 

We have studied possibilities to utilize thorium fuel bundles in present LWRs. The 
reason is to simplify the long transition from the present U-Pu cycle to a pure Th-U cycle. As 
the fuel costs are a rather small share of the electricity costs, the economic viability of such an 
approach is not very promising. Another key problem is the large burnup for sufficient fissile 
production and consequently, the need to meet the stringent materials requirements. The study 
presents, in addition to an R&D exercise, also means to validate current reactor physics codes 
in non-standard situations.  

Our calculations demonstrate that thorium fuels in current LWRs are feasible from the 
neutronics point of view. An isolated Radkowsky type Th SBU assembly in a UO2 fuelled 
PWR core does not cause excessive flux peaking and produces sufficiently 233U. Thorium fuel 
is clearly more benign than uranium fuel in respect to proliferation resistance. A BWR core 
fuel optimization involves a large range of variations. This is not addressed here but instead 
we have compared five alternative assemblies with different rod geometries and enrichments 
to explore the main parameter dependencies. Thorium fuel leads to less use of burnable 
absorber, has lower total power peaking, and its higher axial power variation enables 
improved heterogeneous axial design. Neither PWR nor BWR assemblies offer savings in 
235U. Economic viability of thorium fuel needs reprocessing and a full 232Th-233U cycle.  
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