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MEETING REPORT  
 
 

 

SUMMARY 
 
The objective of this consultancy (CS) was to bring together experts from the MS to discuss 
R&D developments in the study of thorium fuel cycles and to identify MS needs in support 
of national activities in this area.  The CS was also meant to define an appropriate IAEA 
response to these needs, e.g., recommend topics for information exchange and collaborative 
R&D activities to be implemented in a planned CRP. 
Presentations were made on past thorium-fuel-cycle activities at IAEA, and on R&D 
activities in Canada, India and the Russian Federation. 
Following these presentations and further discussions on topics of importance in thorium-
based fuel cycles, the CS arrived at a proposal for a new CRP entitled “The Comparative 
Assessment of the Fuel-Cycle Aspects of Various Thorium-Based Reactor Concepts”.  The 
CRP should be based on a unified systematic approach for a comparative assessment of the 
various designs for utilizing thorium fuel, and their potential benefits as compared to 
uranium-plutonium fuelled systems.  
The CS recommended a list of fuel-cycle performance parameters to be considered in the 
CRP for the above purpose.  Finally, the CS proposed a plan of action for the initiation of 
the CRP by the Scientific Secretary. 
The meeting was very much appreciated by the participants and was a good opportunity to 
exchange information on research activities and methods, and discuss potential challenges 
to and solutions for the implementation of thorium fuel cycles.  
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MAIN RESULTS OF CONSULTANCY MEETING 

INTRODUCTION AND WELCOME 
 
The Scientific Secretary, Mr. Young-In Kim of the IAEA, welcomed warmly the 
participants and asked them to introduce themselves individually. 
 
Background to Consultancy 
 
Even though thorium has been considered since the beginning of the development of nuclear 
power,   thorium-based fuel cycles have been studied on a much smaller scale than uranium or 
uranium/plutonium cycles.  Those studies have permitted to identify many incentives for the 
use of thorium fuel.  Thorium resources are larger than those of uranium, and neutron yields 
of 233U in the thermal and epithermal regions are higher than those of 239Pu in the 
uranium/plutonium fuel cycle.  Thorium-based nuclear fuel cycles would therefore vastly 
enlarge the fissile resources by breeding 233U. Large thorium deposits in some countries 
which lack uranium deposits is another strong incentive.  Other reasons are the potential for 
fuel cycle cost reduction, the reduction in 235U enrichment requirements, and improved 
operating margins due to better thermophysical properties of ThO2 fuel even at high burnup, 
compared to those UO2 fuel. 
Growing long-lived radioactive-waste inventories provide other incentives for the use of 
thorium-based fuel cycles, i.e., reducing the production of plutonium and higher actinides and 
the possibility of greater incineration of plutonium and long-lived radiotoxic nuclides.  On the 
other hand, the thorium fuel cycle has some disadvantages when compared with the uranium 
fuel cycle, which were also recognized from the very beginning of thorium-fuel related 
activities, more specifically: the thorium-233U fuel cycle is characterized by a much stronger 
gamma radiation level than the uranium-plutonium cycle, and therefore handling during 
fabrication requires more care; nuclear reactions by neutron absorption and decay schemes for 
thorium-based fuels are more complicated; potential difficulties in downstream spent-fuel 
reprocessing. 
In summary, the interest in thorium fuel cycles has been revived in recent years due to the 
recognition of “new” potential benefits, principally the potential to reduce plutonium and 
minor actinide production.  In addition, better material properties and fuel behaviour increase 
the attractiveness of thorium-based fuel cycles.  A number of R&D projects are underway in 
several MS.  
 
REVIEW OF CURRENT STATUS OF R&D ACTIVITIES ON THORIUM-BASED 
FUEL CYCLES  
 
Mr. Kim gave a presentation on “IAEA Activities in the Area of Thorium-Based Fuel 
Cycles”, highlighting the framework for IAEA activities, recent accomplishments, and the 
terms of reference of the Consultancy.  
 
Existing and new reactor designs and fuel cycle technologies 
 
The advantages of the proposed use of thorium fuel cycles in terms of uranium-resource 
extension and potential for dispositioning of plutonium inventories, among others, were 
recognized and discussed. 
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Mr. B. Rouben of AECL made a presentation on calculations for a “Direct Self-Recycle 
Thorium Cycle” in the Advanced CANDU Reactor (ACR), which is the emerging CANDU 
nuclear-energy system.  In this cycle thorium and slightly enriched uranium (SEU) are used 
together, but in different pins, in a “mixed bundle”.  This mixed bundle uses the 43-element 
CANFLEX design, which is the CANDU fuel carrier for the future.  ThO2 is used in the 
innermost 8 pins of the CANFLEX bundle, while oxide of SEU is used in the outer 2 rings 
(35 elements).  This cycle is an extension of the once-through thorium cycle, where the 
thorium elements are recycled without reprocessing in the reactor for several cycles.  The 
SEU enrichment is reduced starting with the 2nd cycle, since 233U has built up into the 
recycled thorium pins.  Compared to the ACR fuelled with SEU (with enrichment tails at 
0.2%), the self-recycle direct cycle in the ACR achieved about 25% greater natural-
uranium-equivalent burnup and about one-third reduction in spent-fuel arising. 
 
Messrs. P.D. Krishnani and R. Srivenkatesan of the Bhabha Atomic Research Centre 
(BARC) made a presentation on the “Implementation of Thorium Fuel Cycle in Indian 
Nuclear Programme”.  The presentation highlighted the status of the R&D activities on the 
thorium fuel cycle.  It described the irradiation of thorium fuel bundles in Indian PHWRs, 
and the PIE of one such bundle with an irradiation of 508 FPD.  The Advanced Heavy-
Water Reactor (AHWR) was also discussed.  This is designed as a vertical reactor fuelled 
with 54-rod fuel clusters containing (233U-Th) MOX in the inner 30 pins and (Pu-Th) MOX 
in the outer 24 pins.  The core power density is low and the reactor is cooled by natural 
circulation with boiling light water.  The cycle is nearly self-sustaining in 233U; the reactor is 
then basically dispositioning plutonium inventory.  A low-power critical facility is being 
constructed for lattice experiments to validate physics design parameters of the AHWR 
lattice and the 500 MWe PHWR.  The sensitivity of the performance characterisitcs of 
thorium cycles to basic nuclear data was illustrated. 
 
Mr. A. Kalashnikov made a presentation on the “Main Investigation Directions of 
Implementing Thorium in Nuclear Reactor Fuel Cycles”.  These studies are mainly on the 
topics of the improvement of Pu disposition efficiency in reactors by the use of thorium 
instead of 238U, on the use of 233U (with a small content of 232U) mixed with depleted 
uranium as fuel, and on feasibility studies for the closing of the Th-233U fuel cycle in the 
future.  The characteristics of reactors fuelled with thorium were tabulated in detail.  Such 
characteristics as specific power, total heavy-metal loading, burnup, neutron spectrum, 
232U/U concentration at discharge, and breeding ratio, were shown.  The reactor types 
studied are the VVER-1000(Th), the Advanced Movable Fuel Breeder (AMFB), the VVER-
HC (High Conversion), the Supercritical-Water Fast Reactor (SCFR), the BN-800(Th), and 
the BN-HMC (Heavy-Metal Coolant).  It was found that a fuel breeding ratio approximately 
one could be obtained in light-water reactors only by significantly reducing the burnup and 
specific power.  A fuel breeding ratio slightly above unity was found in the supercritical-
water reactor with normal power density and burnup, and in the BN-800(Th) sodium-cooled 
reactor.  A breeding ratio well exceeding unity was found in the fast reactor where the fuel 
fraction in the core had been increased. 
 
Present and expected future R&D activities in the Member States 
 
In Canada, studies are continuing particularly on once-through and self-recycle thorium 
cycles.  Cycles which are synergistic with current reactors, including fast reactors, will be 
studied.  Future studies will consist of further lattice-code analyses and will also extend to 
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full-reactor calculations.  The sensitivity of results obtained for thorium cycles to 
differences in the various basic-nuclear-data libraries will be investigated.  Key fuel-cycle 
performance and safety parameters for thorium cycles will be defined. 
 
In India, studies of the use of thorium is a national priority and research will continue on 
thorium cycles on an intensive scale.  Particularly to be studied are the mixed-cluster 
configurations with some of the pins containing 233U-Pu MOX in the AHWR, which 
essentially disposes of plutonium inventories.  It is also planned to investigate thorium 
blankets in the 500 MWe fast-breeder design.  More post-irradiation examinations will be 
conducted with thorium fuel irradiated in power and research reactors.  Measurements will 
be made in the critical assembly which is currently being constructed, in order to achieve 
validation of the basic data and methods used in the study of thorium cycles. 
 
In the Russian Federation, studies will continue on various thorium cycles, and particularly 
analyses to determine various possibilities for achieving a breeding ratio greater than unity 
and closing the 233U-Th cycle.  Analyses will continue on cycles in both light-water 
reactors, supecritical-water reactors, and fast reactors. 
 
In summary, it was found that there are a large number of concepts being pursued for the 
study of thorium-based fuel cycles.  It was also recognized that there are a number of studies 
being performed internationally.  These range from once-through and self-recycle cycles, 
where 233U is created and burned in situ, with a mine of valuable 233U also built up, to cycles 
using fuels combining 233U-Pu and Th-Pu  mixtures in mixed assemblies, and cycles in 
intermediate-spectrum and fast-spectrum reactors. 
 
Needs for international collaboration 
 
All participants expressed the strong belief that international information exchange and 
collaboration is extremely beneficial in studies on thorium-based fuel cycles, especially 
because of the relatively early state of such studies and the small amount of concrete 
experience with such cycles. 
 
There was an extended discussion on the uncertainties in basic nuclear data used in thorium 
studies.  These uncertainties can have a significant effect on the results obtained.  Because of 
the relative paucity of concrete operational data, it is very important to validate the basic 
nuclear data. 
 
It was also felt that it is important to establish a set of key performance, safety, and other 
indices or parameters for thorium-based fuel cycles. 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
Proposal for CRP 
 
This Consultancy was initiated as a result of deliberations by the TWG-FR.  Considering the 
interest of Member States in thorium-related activities in all types of reactors, both fast and 
thermal reactor systems, it is recommended to formulate a CRP under the common auspices 
of TWG-FR, TWG-LWR, TWG-HWR and TWG-GCR.  The results of the proposed CRP 
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may also be of interest to the International Project on Innovative Nuclear Reactors and Fuel 
Cycles (INPRO).   
 
The suggested title of such CRP is “The Comparative Assessment of the Fuel-Cycle Aspects 
of Various Thorium-Based Reactor Concepts”.  
 
Suggested Fuel-Cycle Performance Indices 
 
The CRP should be based on a unified systematic approach for a comparative assessment of 
the various designs for utilizing thorium fuel, and their potential benefits as compared to 
uranium-plutonium fuelled systems.  The key performance parameters and indices listed 
below were suggested as a means of assessing and comparing proposed fuel cycles.  For 
some of these, a uniform definition needs to be developed.  
 
• Savings in mined uranium in different fuel cycles 
• Heavy-metal savings 
• Fissile Inventory Ratio/Conversion or Breeding Ratio, Fissile Gain 

o In reactor 
o In fuel cycle (considering reprocessing and refabrication losses) 

• Transmutation index: 
o Plutonium incineration 
o Minor-actinide incineration 

• Operational and safety parameters: 
o Reactivity coefficients 
o Saturated-fission-product yields 
o Effect on worth of reactivity devices 
o Kinetic parameters, effective delayed-neutron fraction 

• Short-term & long-term radiotoxicity indices, including consideration of reprocessing and 
refabrication losses 

• Recycling and fabrication indices: 
o Radioactivity level and contact dose 
o Cycle-wise fissile and fertile composition  

• Non-proliferation indices: 
o Radioactivity signature 
o Dose level 
o Bare critical mass  
o Spontaneous-fission neutron source   
o Heat generation  

Objectives of CRP 
 
The objective of the CRP will be a comparison of various thorium-based fuel cycles in 
different reactor systems, both fast and thermal, on the basis of a standardized set of 
performance indices to be established (see examples on previous page). 
 
Scope of CRP 
 
The participants should tabulate the evaluations of the fuel cycles in the reactor systems in 
which they have an interest, using the standardized set of performance indices mentioned 
above.  
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The participants should also discuss the validity of the methodology and basic nuclear data set 
employed in the fuel-cycle evaluations, including sensitivity analysis for important 
performance parameters. 
 
It is preferable that more than one participant take part in the evaluation of the fuel cycle of a 
given system, for purposes of inter-comparison.  
 
Action Plan 
 
The suggested course for future action by the Scientific Secretary is as follows: 
 
1. In collaboration with Scientific Secretaries of other TWGs, identify MS which may be 

interested in the CRP 
2. Contact the MS identified above and ask for intended participation in the CRP 
3. Secure official approval and collaboration of the TWGs for the proposed CRP 
4. Convene a Technical Meeting of the intended participants, with the objectives of: 

• achieving consensus on definitions and methodology to be used 
• refining and possibly augmenting the list of parameters and indices  
• agreeing on the specific reactor types and fuel cycles to be studied for comparison 
• agreeing on the format of the reporting 
• developing a timetable for the CRP. 
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Agenda 
Chairman of the Meeting  Mr. Young-In Kim, Division of Nuclear Power, IAEA 

 
Tuesday, 9 December 2003 
9:30  Welcome (IAEA) 

  Introduction of participants (all participants) 
  Background of the meeting (IAEA) 
  Review and approval of Agenda (all participants) 

12:30  Lunch 
14:00  Comprehensive review of the current status of R&D activities for the use of 
thorium 
  based fuel cycles in the area of thermal and fast reactor systems  

 (all participants) 
• Existing and new reactor designs and fuel cycle technologies 
• Present and expected future R&D activities in the Member States 
• Needs for international collaboration 

15:30  Coffee Break 
16:00  Comprehensive review of the current status of R&D activities for the use of 
thorium 
  based fuel cycles in the area of thermal and fast reactor systems, continued  

• Wrap up of the discussions, conclusions 
17:30  Adjourn 
18:00  Dinner 

 
Wednesday, 10 December 2003 

9:30  Discussion of possible future IAEA activities in support of MS thorium related 
R&D 
  activities (all participants) 

• The TWG-FR Member States interest in thorium related activities, 
considering both fast and thermal reactor systems, and possible 
collaborative areas 

10:30  Coffee Break 
11:00  Discussion of possible future IAEA activities in support of MS thorium related 
R&D  
  activities, continued 

• A unified systematic approach for a comparative assessment of the various 
designs for utilizing thorium fuel, and their potential benefits as compared 
to uranium-plutonium fuelled systems 
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12:30  Lunch 
14:00  Discussion of possible future IAEA activities in support of MS thorium related 
R&D  
  activities, continued 

• Topics for information exchange (topical technical meetings) and 
collaborative R&D (CRPs) in collaboration with the TWG-LWRs and 
TWG-HWRs 

15:30  Coffee Break 
16:00  Discussion of possible future IAEA activities in support of MS thorium related 
R&D activities,    continued 

• Wrap up of the discussions, conclusions 
17:30  Adjourn 
 
Thursday 11 December, 2003 
9:30  Definition of a roadmap for a CRP on the topic defined (all participants) 

• Scope and objectives of a CRP 
• Work plan  

10:30  Coffee Break 
11:00  Preparation of the Summary report of the consultancy (all participants) 

• Wrap of all discussions 
• Conclusions, recommendations 

12:30  Adjournment of the Consultancy 
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International Atomic Energy Agency

IAEA Activities in the Area of Thorium IAEA Activities in the Area of Thorium 
Based Nuclear Fuel CyclesBased Nuclear Fuel Cycles

Young In Kim
Division of Nuclear Power

CS on “Implementing Thorium in Nuclear Reactor Fuel Cycles”, 9-11 Dec. 2003, Vienna International Atomic Energy Agency

OutlineOutline

Framework for IAEA’s Activities
Recent Accomplishments
Terms of Reference of Consultancy
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2

CS on “Implementing Thorium in Nuclear Reactor Fuel Cycles”, 9-11 Dec. 2003, Vienna International Atomic Energy Agency

Framework (I)Framework (I)

Technical Working Group on Fast Reactors 
(TWG-FR)
TWG-FR is a working tool: 
1.To promote exchange of information on national 

and multi-national fast reactor and hybrid 
systems (e.g., ADS) programs

Review experience and identify relevant issues which 
might benefit from international collaboration
Provide to MS current status and development trends 
of fast reactor and hybrid systems technology 
development

CS on “Implementing Thorium in Nuclear Reactor Fuel Cycles”, 9-11 Dec. 2003, Vienna International Atomic Energy Agency

Framework (II)Framework (II)

2. To stimulate and facilitate collaborative 
research and development (CRPs)

Convey MS needs and recommend activities
Ensure implementation of joint activities in 
respective MS

3. To coordinate activities with other Agency 
projects (e.g., in Safety, and Fuel, Materials 
and Waste) and TWG (e.g., TWG-NFCO), as
well as other international organizations (EC 
and NEA) Technical Working Group on Fast 
Reactors (TWG-FR)
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CS on “Implementing Thorium in Nuclear Reactor Fuel Cycles”, 9-11 Dec. 2003, Vienna International Atomic Energy Agency

Implementing Thorium in Nuclear Fuel Cycles: Implementing Thorium in Nuclear Fuel Cycles: 
Potential Benefits and Challenges (I)Potential Benefits and Challenges (I)

Incentives for Th-based fuel cycles (vs. U-Pu cycles)
233U breeding capability due to its higher neutron yields  in 
thermal and epithermal regions in Th-233U cycle 
Large Th deposits in some countries
Potentials for :

Fuel cycle cost reduction, 235U enrichment reduction 
Safer reactor operation due to lower excess reactivity 
requirements
Safer and more reliable ThO2 fuel at high burnup 

Potential benefits for reducing Pu production and higher 
actinides

CS on “Implementing Thorium in Nuclear Reactor Fuel Cycles”, 9-11 Dec. 2003, Vienna International Atomic Energy Agency

Implementing Thorium in  Nuclear Fuel Cycles: Implementing Thorium in  Nuclear Fuel Cycles: 
Potential Benefits and Challenges (II)Potential Benefits and Challenges (II)

Disadvantages for Th-based fuel cycles (vs. U-Pu cycles)
More difficult fuel handling due to its stronger gamma radiation
level (228Tl: strong gamma emitter) << preferable for non-
proliferation 
More complicate fuel cycle mechanism
Longer spent fuel cooling due to higher residual heat
Potential difficulties in down stream spent fuel reprocessing

Emerging “New” Potential benefits for reducing Pu 
production and higher actinides >> for a more effective for a more effective 
incineration of incineration of Pu Pu and longand long--lived radiotoxic isotopes  lived radiotoxic isotopes  

With advances in material properties and fuel behaviour
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CS on “Implementing Thorium in Nuclear Reactor Fuel Cycles”, 9-11 Dec. 2003, Vienna International Atomic Energy Agency

Recently Completed Coordinated Recently Completed Coordinated 
Research Projects (Research Projects (CRPsCRPs) (I)) (I)

“Potential of Thorium Based Fuel Cycles to Constrain 
Plutonium and to Reduce Long Lived Waste Toxicity”

Different fuel cycle options in which Pu can be recycled with Th
to incinerate Pu
Potential to constrain Pu production and reduce existing 
stockpiles through Th fuel cycle in various existing thermal 
reactors (promising near-future Pu management solution in 
view of, e.g., proliferation concerns)
Pu incineration in thermal reactors less effective in view of 
reduction of long-term waste radio-toxicity (reduction less than 
an order of magnitude)
Results presented at PHYSOR 2002, Seoul,   October 7-10, 2002
Final results published in IAEA TECDOC-1349

CS on “Implementing Thorium in Nuclear Reactor Fuel Cycles”, 9-11 Dec. 2003, Vienna International Atomic Energy Agency

Recently Completed Coordinated Recently Completed Coordinated 
Research Projects (Research Projects (CRPsCRPs) (II) ) (II) 

“Use of Thorium Based Fuel Cycles in Accelerator 
Driven Systems to Incinerate Plutonium and to Reduce 
Long-term Waste Toxicities”

Stage 1: quantification of the neutronics parameters of a 
simplified Energy Amplifier
Stage 2: quantification of the potential ADS to burn TRU, MA 
and LLFP (max. transmutation rate; TRU and MA inventories vs. 
sub-criticality; sensitivity of ADS spectrum to external source 
spectrum)
Stage 3: analytical and experimental study of thermal ADS 
simulator YALINA (ISTC project, Belarus Academy of Sciences, 
Minsk)
Results presented at AccApp/ADTTA 2001, Reno, Nevada, 
November 11-15, 2001
IAEA TECDOC under preparation
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CS on “Implementing Thorium in Nuclear Reactor Fuel Cycles”, 9-11 Dec. 2003, Vienna International Atomic Energy Agency

Information Exchange Information Exchange 
Comparative assessment of    thermo 
physical and thermo- hydraulic 
characteristics of lead, lead-bismuth, 
and sodium  coolants for fast reactors 
(IAEA TECDOC-1289)
Thorium fuel utilization: Options and               
trends (IAEA TECDOC-1319)
Power Reactor and Sub-critical Blanket 
Systems with Lead and Lead-Bismuth 
as Coolant and/or Target Material (IAEA 
TECDOC-1348)
Potential of thorium based fuel cycles 
to constrain plutonium and reduce long 
lived waste toxicity (IAEA TECDOC-
1349)

CS on “Implementing Thorium in Nuclear Reactor Fuel Cycles”, 9-11 Dec. 2003, Vienna International Atomic Energy Agency

Further Information Further Information 

Visit the Web Site of the IAEA project on
““Technology Advances in Fast Reactors and Technology Advances in Fast Reactors and 

Accelerator Driven Systems for Actinide and Accelerator Driven Systems for Actinide and 
LongLong--lived Fission Product Transmutation”lived Fission Product Transmutation”
http://www.iaea.org/inis/aws/fnss/
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CS on “Implementing Thorium in Nuclear Reactor Fuel Cycles”, 9-11 Dec. 2003, Vienna International Atomic Energy Agency

Recommendations for Recommendations for 
IAEA Thorium Related ActivitiesIAEA Thorium Related Activities

35th and 36th TWG-FR Meetings recommended to 
convene a Consultancy to recommend topics for a 
CRP at investigating the potential benefits of 
Thorium fuels

Proposal of a CRP on “An Assessment Based on a 
Unified Methodology of Thorium Fuel in Emerging 
Nuclear Energy Systems”
Clarification of the TWG-FR MS interest in thorium 
related activities, considering fast and thermal reactor 
systems
Recommendation of topics for a CRP   

CS on “Implementing Thorium in Nuclear Reactor Fuel Cycles”, 9-11 Dec. 2003, Vienna International Atomic Energy Agency

Terms of Reference of ConsultancyTerms of Reference of Consultancy

Objectives
To identify TWG-FR MS needs in support of the national 
thorium fuelled reactor R&D activities
To define appropriate IAEA activities (e.g., CRP)
To discuss a unified systematic approach for assessing 
thorium utilization (specific)

Outcome (What should be achieved in Consultancy) 
Recommendation of topics for information exchange and 
collaborative R&D activities to be implemented in 
collaboration with the LWR/HWR Unit
Recommendation of topics for CRP and its roadmap within 
the scope of TWG-FR
Meeting summary reportMeeting summary report addressing here above
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CS on “Implementing Thorium in Nuclear Reactor Fuel Cycles”, 9-11 Dec. 2003, Vienna International Atomic Energy Agency

WorkscopesWorkscopes

Comprehensive review of current status of R&D 
activities for Th-based fuel cycles in the area of thermal 
and fast reactor systems

Needs for international collaboration
Discussion of possible future IAEA activities in support 
of MS Th-related R&D activities

Topics for information exchange (e.g. TMs) and 
collaborative R&D (CRPs) in collaboration with the TWG-
LWRs and TWG-HWRs 

Definition of a roadmap for a CRP on the topic defined
Scope and objectives of a CRP
Work plan

Preparation of Summary reportSummary report
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Direct Self-Recycle Thorium Fuel Cycle  
in the Advanced CANDU Reactor 

 
G.R. Dyck, P.G. Boczar, B. Rouben 
Reactor Core Technology Division 
Atomic Energy of Canada Limited 

Chalk River Laboratories and Sheridan Park 
Ontario, Canada 

 
1. Description of Cycle 

 
This report presents reactor-physics results of calculations for a possible thorium fuel cycle in 
the Advanced CANDU Reactor (ACR).  Note however that this cycle can, as well, be applied 
to the CANDU-6 reactor line.  The calculations presented here were performed with the 
lattice code WIMS-AECL. 
 
Since thorium is not a fissile, but rather a fertile, nuclide, another fissile nuclide must be used 
in a thorium fuel cycle, as a source of neutrons to drive the thorium.  The fuel cycle proposed 
here is called the Direct Self-Recycle Thorium Cycle.   In this approach, thorium and slightly 
enriched uranium (SEU) are used together throughout the fuel cycle.  This is accomplished by 
loading both fuels, ThO2 and UO2, in different pins of a “mixed bundle”.   
 
The bundle proposed for this use is the 43-element CANFLEX bundle, which is the preferred 
fuel carrier for advanced CANDU fuel cycles.  The CANFLEX bundle has one central 
element and three rings of 7, 14, and 21 elements respectively.  The 35 elements in the outer 
two rings are thinner than the 8 innermost elements, which promotes a more uniform 
distribution of pin powers than is found in the existing 37-element fuel bundle.  In fact, for the 
same total bundle power, the maximum element rating (in kW/m) is about 20% smaller in 
CANFLEX fuel than in 37-element fuel.  
 
The mixed bundle proposed here would have ThO2 in  the innermost 8 elements, and SEU in 
the remaining 35 elements. 
 
The direct self-recycle thorium fuel cycle bears the label “self-recycle” because it involves re-
inserting the central 8 thoria elements, after irradiation, into the centre of a new mixed bundle 
which contains fresh SEU in the outer 2 rings.  It bears the label “direct” because the 
irradiated fuel elements are directly transferred as they are into a new fuel bundle, without any 
modification whatever to the elements.  The small and simple CANDU fuel bundle facilitates 
the transferring of elements from an irradiated bundle to a fresh bundle. 
 
This “direct self-recycle” option is therefore an extension of the once-through cycle, with 
recycling which does not involve reprocessing.  Since the fuel pellets are not removed from 
the elements, and the latter are not altered in any way, and, since, further, no chemical 
reprocessing is involved, the direct self-recycle option would have a high degree of 
proliferation resistance.  In addition, it has the potential of being substantially less expensive 
than reprocessing technology. 
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Note that the calculations discussed here do not represent an optimized final result.  No 
studies have yet been carried out to search for optimal parameters for this direct self-recycle, 
e.g., the relative quantities of thorium and SEU.   
 
In the present calculations, the centre pin and inner ring of pins contain pure ThO2 fuel, with 
no fissile nuclide added.  The first cycle is started with 2.7% SEU in the outer ring of 
elements, and 3% SEU in the intermediate ring.  In successive fuel cycles, the fuel pins in the 
outer ring contain 2.2% SEU, and in the intermediate ring 2.7% SEU.   
 
In the physics model, the calandria-tube thickness has been increased to 2.5 mm.  Also, it has 
been assumed that the reactivity margin to account for neutron leakage plus absorption by 
reactivity devices is 40 milli-k. 
 
2. Results 
 
Table 1 gives the details of the fuel burnup attained at each cycle.  The last row gives the total 
burnup for the thorium-based fuel and the average burnup for the SEU fuel. 
 

Table 1:  Fuel Burnup in Each Cycle 
 

Thorium Burnup 
(MWd/kg) 

SEU Burnup 
(MWd/kg) 

Cycle 
Number 

Bundle 
Average 
Burnup 

(MWd/kg) 
Centre 

Element 
Inner 
Ring 

Intermediate
Ring 

Outer 
Ring 

1 24.19 7.14 7.54 26.20 31.20 
2 24.41 13.99 15.16 25.06 28.65 
3 25.78 16.62 18.09 25.79 29.62 
4 25.94 17.47 19.00 25.64 29.56 
5 25.69 17.66 19.18 25.21 29.16 
6 25.46 17.73 19.23 24.87 28.82 

Total/Avg  90.61 98.20 25.46 29.50 
 

We can recast these results in terms of the natural-uranium equivalent burnup, which is the 
number of MWd per kg of natural uranium mined.  As a measure of uranium utilization, this 
includes the energy derived from the Th-based fuel in the MWd, but does not include any 
allowance for the mass of Th-based fuel in the mass of uranium.   
 
Uranium enrichment plants are able to run with a variety of operating parameters and achieve 
uranium tails of various depletion.  We have here assumed 0.2% tails.  Given this assumption, 
the NU equivalent burnup per cycle and the cumulative equivalent burnup are given in 
Table 2.  Figure 1 plots the cumulative natural-uranium equivalent burnup as a function of 
cycle number. 
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Table 2: Natural-Uranium Equivalent Burnup in Each Cycle and Cumulative 

 
Cycle NU-Equivalent Burnup  

per Cycle 
(MWd/kg) 

Cumulative NU-Equivalent 
Burnup 

MWd/kg 
1 6.13 6.13 
2 7.37 6.70 
3 7.77 7.03 
4 7.81 7.22 
5 7.73 7.32 
6 7.65 7.37 
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Figure 1:  Cumulative Natural-Uranium Equivalent Burnup vs. Cycle Number 

 
The amount of spent fuel (SF) generated is another important consideration in the evaluation 
of a fuel cycle.  In the direct-self-recycle fuel cycle, the thorium elements, which are recycled, 
should be counted only once, say in the last cycle before disposal, while the outer, SEU 
element s,  should be counted at each cycle, since they are not reused.  Table 3 tabulates the 
mass of spent fuel generated at each cycle, per MWd(e) of energy produced, as well as the 
cumulative quantity.  These results give the mass of initial heavy elements (IHE) converted to 
spent fuel and assumes 32% efficiency in the conversion of thermal energy to electrical 
energy. 
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Table 3:  Spent fuel generated per MWd(e) 
 
 

Cycle Spent-Fuel Production in Cycle
kg(IHE)/MWd(e) 

Cumulative Spent-Fuel Production 
kg(IHE)/MWd(e) 

1 0.129 0.129 
2 0.097 0.113 
3 0.092 0.106 
4 0.092 0.102 
5 0.092 0.102 
6 0.093 0.099 

 
3. Conclusions 
 
While not optimized, the direct self-recycle thorium fuel cycle described here would provide 
very competitive values of uranium utilization (7.37 MWd/kg{NU}) and spent-fuel 
generation (0.099 kg{IHE}/MWd{e}).   
 
Optimizing some of the fuel cycle parameters, such as the relative quantities of thorium and 
uranium and the enrichment of the uranium, may possibly lead to further improved results.   
 
This cycle will also allow the build-up of a mine of valuable U-233, which could be recovered 
in the future, once proliferation-resistant technologies are developed.  
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Direct Self-Recycle Thorium Fuel Cycle 
in the Advanced CANDU Reactor

G.R. Dyck, P.G. Boczar, B. Rouben
Reactor Core Technology Division
Atomic Energy of Canada Limited

Chalk River Laboratories and Sheridan Park
Ontario, Canada
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IntroductionIntroduction
Thorium fuel cycles in CANDU can ensure long-term fuel 
supply, using single reactor technology

– no need for fast breeder reactors (FBR); can also complement FBRs

This report presents reactor-physics results of calculations for 
a possible thorium fuel cycle in the Advanced CANDU Reactor 
(ACR).  

Note however that this cycle can, as well, be applied to the 
CANDU-6 reactor line.  

The calculations presented here were performed with the 
lattice code WIMS-AECL.
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Description of CycleDescription of Cycle
Since thorium is not fissile, another fissile nuclide 
must be used in a thorium fuel cycle, as a source of 
neutrons to drive the thorium.  

The fuel cycle proposed here is called the Direct Self-
Recycle Thorium Cycle.   

In this approach, thorium and slightly enriched 
uranium (SEU) are used together throughout the fuel 
cycle.  This is accomplished by loading both fuels, 
ThO2 and UO2, in different pins of a “mixed bundle”. 
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Mixed BundleMixed Bundle
The bundle proposed for this use is the 43-element CANFLEX 
bundle, which is the preferred fuel carrier for advanced 
CANDU fuel cycles.  

The CANFLEX bundle has one central element and three rings 
of 7, 14, and 21 elements respectively.  The 35 elements in the 
outer two rings are thinner than the 8 innermost elements, 
which promotes a more uniform distribution of pin powers 
than is found in the existing 37-element fuel bundle.  

For the same total bundle power, the maximum element rating 
(in kW / m) is about 20% smaller in CANFLEX fuel than in 37-
element fuel. 

mandlw
23



3
page 3

page 5

CANFLEXCANFLEX
2 pin sizes, 43 elements
Reduces peak element ratings by 20%
Increases critical channel power by 6-
8%
Joint AECL / KAERI program
Demonstration irradiations with 
natural-uranium fuel in Pt. Lepreau and
Wolsong-1
The mixed bundle proposed here 
would have ThO2 in  the innermost 8 
elements, and SEU in the remaining 35 
elements.
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Description of CycleDescription of Cycle
This cycle is called “self-recycle” because it involves re-
inserting the central 8 thoria elements, after irradiation, into
the centre of a new mixed bundle which contains fresh SEU in 
the outer 2 rings.  

It is a “direct” cycle because the irradiated fuel elements are 
directly transferred, as they are, into a new fuel bundle, 
without any modification whatever to the elements.  

The small and simple CANDU fuel bundle facilitates the 
transferring of elements from an irradiated bundle to a fresh 
bundle.
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Description of CycleDescription of Cycle
This “direct self-recycle” option is therefore an extension of 
the once-through cycle, with recycling which does not involve 
reprocessing.  

Since the fuel pellets are not removed from the elements, and 
the latter are not altered in any way, and, since, further, no 
chemical reprocessing is involved, the direct self-recycle 
option would have a high degree of proliferation resistance.  

In addition, it has the potential of being substantially less 
expensive than reprocessing technology.
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Description of CycleDescription of Cycle
The calculations here do not represent an optimized final 
result.  No search for optimal parameters was done for this 
direct self-recycle (e.g., the relative quantities of thorium and 
SEU).  
The centre pin and inner ring of pins contain pure ThO2 fuel, 
with no fissile nuclide added.  The first cycle is started with 
2.7% SEU in the outer ring of elements, and 3% SEU in the 
intermediate ring.  In successive fuel cycles, the fuel pins in 
the outer ring contain 2.2% SEU, and in the intermediate ring 
2.7% SEU.  
In the model, the calandria-tube thickness has been increased 
to 2.5 mm.  Also, the reactivity margin to account for neutron 
leakage plus absorption by reactivity devices has been 
selected as 40 milli-k.
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ResultsResults
Table 1 gives details of fuel burnup attained at each 
cycle.  

The last row gives total burnup for the thorium-based 
fuel and the average burnup for the SEU fuel .
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Table 1Table 1
Thorium Burnup

(MWd/kg) 
SEU Burnup 
(MWd/kg) 

Cycle 
Number 

Bundle 
Average 
Burnup 

(MWd/kg) 
Centre 

Element
Inner 
Ring 

Intermediate 
Ring 

Outer 
Ring 

1 24.19 7.14 7.54 26.20 31.20 
2 24.41 13.99 15.16 25.06 28.65 
3 25.78 16.62 18.09 25.79 29.62 
4 25.94 17.47 19.00 25.64 29.56 
5 25.69 17.66 19.18 25.21 29.16 
6 25.46 17.73 19.23 24.87 28.82 

Total/Avg  90.61 98.20 25.46 29.50 
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ResultsResults
We can recast these results in terms of the natural-
uranium equivalent burnup (MWd per kg of natural 
uranium mined).  
As a measure of uranium utilization, this includes the 
energy derived from the Th-based fuel in the MWd, 
but does not include any allowance for the mass of
Th-based fuel in the mass of uranium.  
Assuming 0.2% tails, the NU equivalent burnup per 
cycle and the cumulative equivalent burnup are given 
in Table 2. 
Figure 1 plots the cumulative natural-uranium 
equivalent burnup as a function of cycle number.
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Table 2Table 2
Cycle NU-Equivalent Burnup  

per Cycle 
(MWd/kg) 

Cumulative NU-Equivalent 
Burnup 

MWd/kg 

1 6.13 6.13 

2 7.37 6.70 

3 7.77 7.03 

4 7.81 7.22 

5 7.73 7.32 

6 7.65 7.37 
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Figure 1Figure 1
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ResultsResults
The amount of spent fuel (SF) generated is another 
important consideration.  
In the direct-self-recycle fuel cycle, the thorium elements, 
which are recycled, should be counted only once, say in 
the last cycle before disposal, while the outer, SEU 
elements,  should be counted at each cycle, since they 
are not reused.  
Table 3 tabulates the mass of spent fuel generated at 
each cycle, and cumulative , per MWd(e).  
These results give the mass of initial heavy elements 
(IHE) converted to spent fuel, and assumes 32% 
efficiency in conversion of thermal energy to electricity.
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Table 3Table 3
Cycle Spent-Fuel Production in Cycle 

kg(IHE)/MWd(e) 
Cumulative Spent-Fuel Production 

kg(IHE)/MWd(e) 

1 0.129 0.129 

2 0.097 0.113 

3 0.092 0.106 

4 0.092 0.102 

5 0.092 0.102 

6 0.093 0.099 
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ConclusionsConclusions
While not optimized, the direct self-recycle thorium fuel 
cycle described here would provide very competitive 
values of uranium utilization (7.37 MWd/kg{NU}) and 
spent-fuel generation (0.099 kg{IHE}/MWd{e}).  
Optimizing some of the fuel cycle parameters, such as 
the relative quantities of thorium and uranium and the 
enrichment of the uranium, may possibly lead to further 
improved results.  
This cycle will also allow the build-up of a mine of 
valuable U-233, which could be recovered in the future 
once proliferation-resistant reprocessing technologies are 
developed. 
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Implementation of Thorium Fuel Cycle in Indian Nuclear Programme 
 

P.D. Krishnani and R. Srivenkatesan 
Reactor Physics Design Division, 

Bhabha Atomic Research Centre, Trombay 
Mumbai 400085, INDIA 

 
 
1. Introduction 
 
To ensure long term availability of nuclear energy in a sustainable manner, taking 
cognisance of its resource position, India has followed a closed fuel cycle option and 
chalked out a three-stage nuclear power programme based on uranium and thorium. 
The three stages of this programme comprise: 
 
• Natural uranium fuelled Pressurized Heavy Water Reactors 
• Fast Breeder Reactors utilising plutonium based fuel 
• Advanced nuclear power systems for utilization of thorium 
 
The technology for the first stage has already reached a level of maturity, and a 
commercial fast breeder reactor programme, comprising of the second stage, is due to 
start soon with the construction of Prototype Fast Breeder Reactor (PFBR). A large 
amount of research and development is going on for utilizing thorium. In this respect, 
an Advanced Heavy Water Reactor (AHWR) is being designed in India. The R&D 
work on thorium fuel cycle is discussed below. 
 
2. Status of R&D Activities on Thorium Fuel Cycle 
 

There are large reserves of thorium in India. A high priority is accorded to the 
development of fuel cycle based on thorium fuel. The progress of R&D done for 
thorium cycle is discussed below. 

 
2.1 Experiments with Uranyl Nitrate Solution in PURNIMA-II: Experiments were 
performed in PURNIMA-II facility at BARC (1984-86) with uranyl nitrate solution 
containing U233 reflected by BeO blocks. Variation of critical mass with different 
H/U233 ratio was measured. Measurements of various reactivity parameters and 
neutron lifetime were also performed. These experiments also gave confidence in 
handling U-233. 
 
2.2 Experiments with U233-Al Dispersion Fuel in PURNIMA-III: Experiments 
were performed with U233-Al Dispersion Fuel in the form of plates in PURNIMA-III 
(1990-93). BeO canned with zircaloy was used as reflector. Void coefficient and 
temperature coefficient of reactivity were also measured. These measurements helped 
in finalising the core of KAMINI reactor. They also helped in validating the cross 
sections of U-233 and Be.  
 
2.3 KAMINI Reactor: A reactor based on U233 fuel in the form of U-Al alloy was 
constructed at the Kalpakkam. It is the only operating reactor in the world with U-233 
as fuel. The reactor power is 30 KW and has very high flux to power ratio. It has 3 
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beam holes used for activation analysis and facility for neutron radiography of Fast 
Breeder Test Reactor fuel. 
 
2.4 Irradiation of Thorium in Indian PHWRs: Thorium bundles instead of depleted 
uranium bundles were loaded in Indian PHWRs of 220 MWe for initial flux flattening 
from KAPS Unit 1 onwards. The Post Irradiation Examination was carried out for one 
of the discharged bundles from KAPS Unit 2, which had seen 508 FPDs. The isotopic 
vector of the bred uranium was assessed experimentally by three different techniques 
in BARC. Theoretical analyses were also improved based on these measurements. 
 
2.5 Irradiations in Pressurized Water Loop of Cirus Reactor: Two fuel bundles 
have been irradiated in the pressurised water loop of experimental reactor Cirus. One 
of the fuel bundle contains six pins of ThO2 and other bundle contains two fuel pins 
each of UO2, (U, Pu)MOX and (Th, Pu)MOX. 
 
2.6 Design of AHWR: An Advanced Heavy Water Reactor (AHWR) is being 
designed making use of thorium fuel. The main objective for development of AHWR 
is to demonstrate thorium fuel cycle technologies, along with several other advanced 
technologies required for next generation reactors, so that these are readily available 
in time for launching the third stage. AHWR is a 300 MWe, vertical, pressure tube 
type reactor cooled by boiling light water and moderated by heavy water. The reactor 
is fuelled with 54-rod fuel cluster containing (U233-Th) MOX in the inner 30 pins and 
(Pu-Th) MOX in the outer 24 pins. It is nearly self-sustaining in U233. AHWR 
incorporates several advanced features to increase the safety, reliability and 
economics: 
 
• Heat removal by natural circulation under normal operation and shutdown 

conditions 
• Low core power density  
• Slightly negative void coefficient of reactivity 
• Direct spray of Emergency Core Cooling System (ECCS) water into fuel pins 

during Loss Of Coolant Accident (LOCA) 
• Gravity driven cooling system ensuring core cooling for three days following 

LOCA, without operator intervention 
• Passive containment cooling and isolation 
 
Fuel cycle related issues such as burnup penalty of U234 in successive recycling of 
AHWR fuel and radio-toxicity of the minor actinides have also been studied. 
 
2.7 Compact High Temperature Reactor (CHTR): CHTR based on thorium cycle 
is being designed for high temperature applications like production of hydrogen and 
refinement of low-grade coal and oil deposits to recover fossil fuel. The reactor core 
consists of 19 prismatic beryllium oxide moderator blocks. These blocks contain 
centrally located carbon fuel tubes. Each fuel tube carries within it the fuel inside 12 
equi-spaced longitudinal bores. The fuel is considered in the form of microspheres of 
(Th-U233)C2 kernel coated with three layers of soft pyrolitic carbon, ZrC and a hard 
outer carbon layer. The central portion of the graphite tube will serve as coolant 
channel through which Pb-Bi liquid metal coolant flows by natural circulation. 
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2.8 Critical Facility for AHWR & 500 MWe PHWR: A critical facility is being 
constructed for conducting lattice experiments for validating the physics design 
parameters of AHWR lattice and 500 MWe PHWR. It is a low power, heavy water 
moderated tank type research reactor with built in design features which allow 
arrangement of fuel rods, safety rods and experimental assemblies in the variable 
lattice spacing to simulate different core configuration as per the requirements of 
various reactor physics experiments. 
 
2.9 Study of thorium fuel in PHWRs: A preliminary study was conducted to use 
(Th-Pu)O2 fuel in 220 MWe PHWRs. The content of PuO2 in the MOX was 
considered to be 2.0 and 2.4 wt %.  
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Implementation of Thorium Fuel Cycle in Indian 
Nuclear Programme

P.D. Krishnani and R. Srivenkatesan

Reactor Physics Design Division,
Bhabha Atomic Research Centre, Trombay

Mumbai 400085, INDIA

T To ensure long term availability of nuclear energy in a sustainable manner, taking 
cognisance of its resource position, India has followed a closed fuel cycle option 
and chalked out a three-stage nuclear power programme based on uranium and 
thorium:

� • Natural uranium fuelled Pressurized Heavy Water Reactors
� • Fast Breeder Reactors utilising plutonium based fuel
� • Advanced nuclear power systems for utilization of thorium

Status of R&D Activities on Thorium Fuel Cycle
P PURNIMA – II (1984-1986)

� • Uranyl nitrate solution (U-233) fuel, BeO reflector
� • Variation of critical mass with H/U233 ratio
� • Minimum critical mass 0.4 kg of U-233
� • Measurement of various reactivty parameters and neutron lifetime
� • Comparison with theoritical calculation
� • Confidence in handling U-233
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PPURNIMA – III (1990-1993)

� • U-233-Al dispersion fuel in the form of plates manufactured in India for 
first time

� • Critical mass 0.6 kg
� • BeO canned in zircaloy as reflector
� • Experiments helped finalise core of reactor
� • Measurement of void coefficient and temperature coefficient
� • Measurements helped in validation of U-233/Be cross-section 

KAMINI (1996-----)

� • KAlpakkam MINI reactor of 30 kW power
� • Core same as PURIMA – III
� • Reflector configuration changed for increase in reactivity
� • 3 beam holes for activation analysis and neutron radiography of FBTR 

fuel
� • Only operating reactor in the world with U-233 as fuel 
� • Very high flux/ power ratio

Irradiation of Thorium in Indian PHWRs 

� • Thorium bundles instead of depleted uranium bundles were loaded in Indian 
PHWRs of 220 MWe for initial flux flattening from KAPS Unit 1 onwards

� • The Post Irradiation Examination was carried out for one of the discharged 
bundles from KAPS Unit 2, which had seen 508 FPDs. 

� • The isotopic vector of the bred uranium was assessed experimentally by 
three different techniques in BARC. 

� • Theoretical analyses were also improved based on these measurements.
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I  Irradiations in Pressurized Water Loop of Cirus Reactor

• Two fuel bundles have been irradiated in the pressurised water loop of 
experimental reactor Cirus 

• One of the fuel bundle contains six pins of ThO2
• Other bundle contains two fuel pins each of UO2, (U, Pu)MOX and (Th, Pu)MOX

Design of AHWR

� • An Advanced Heavy Water Reactor (AHWR) is being designed making use 
of thorium fuel

� • The main objective for development of AHWR is to demonstrate thorium 
fuel cycle technologies, along with several other advanced technologies 
required for next generation reactors, so that these are readily available in time 
for launching the third stage

� • AHWR is a 300 MWe, vertical, pressure tube type reactor cooled by boiling 
light water and moderated by heavy water

� • The reactor is fuelled with 54-rod fuel cluster containing (U233-Th) MOX in 
the inner 30 pins and (Pu-Th) MOX in the outer 24 pins

� • It is nearly self-sustaining in U233
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• AHWR incorporates several advanced features to increase the safety, 
reliability and economics:

•Heat removal by natural circulation under normal operation and shutdown 
conditions

•Low core power density 

•Slightly negative void coefficient of reactivity

•Direct spray of Emergency Core Cooling System (ECCS) water into fuel pins 
during Loss Of Coolant Accident (LOCA)

•Gravity driven cooling system ensuring core cooling for three days following 
LOCA, without operator intervention

•Passive containment cooling and isolation

•Fuel cycle related issues such as burnup penalty of U234 in successive 
recycling of AHWR fuel and radio-toxicity of the minor actinides have also 
been studied.

Compact High Temperature Reactor (CHTR)

� • CHTR based on thorium cycle is being designed for high temperature 
applications like production of hydrogen and refinement of low-grade coal and oil 
deposits to recover fossil fuel 

� • The reactor core consists of 19 prismatic beryllium oxide moderator blocks. 
These blocks contain centrally located carbon fuel tubes Each fuel tube carries 
within it the fuel inside 12 equi-spaced longitudinal bores. The fuel is considered 
in the form of microspheres of (Th-U233)C2 kernel coated with three layers of soft 
pyrolitic carbon, ZrC and a hard outer carbon layer. 

� • The central portion of the graphite tube will serve as coolant channel through 
which Pb-Bi liquid metal coolant flows by natural circulation.

mandlw
36



5

CHTR-19 Fuel Bed Core

Critical Facility for AHWR & 500 MWe PHWR

� • A critical facility is being constructed for conducting lattice experiments for 
validating the physics design parameters of AHWR lattice and 500 MWe PHWR 

� • It is a low power, heavy water moderated tank type research reactor with built 
in design features which allow arrangement of fuel rods, safety rods and 
experimental assemblies in the variable lattice spacing to simulate different core 
configuration as per the requirements of various reactor physics experiments

S Study of thorium fuel in PHWRs

� • A preliminary study was conducted to use (Th-Pu)O2 fuel in 220 MWe 
PHWRs 

� • The content of PuO2 in the MOX was considered to be 2.0 and 2.4 wt %. 

mandlw
37



6

Fuel Cycle Performance Indices

Ref: Myung-Hyun Kim, Kwan-Hee Kim and Young.il Kim, 
“Fuel Cycle Performance Indices in a High-Converting LWR 
Core Design with Once-Through Thorium Cycle”

• Heavy Metal Saving
• Fissile Inventory Ratio, Fissile Gain
• Bare Critical Mass (BCM)
• Spontaneous Fission Source (SNS) 
• Thermal Heat Generation (TG)
• Effective fission Half-Life (EFHL)
• Short-term & Long-term Radio-toxicity index

(Th,U233)MOX

Displacer region
(Dy in ZrO2)

(Th,Pu)MOX

Water rod

AHWR Physics Design -4 

• Burnable absorber in circular cluster (D5 cluster)
– Central displacer region containing dysprosium; two kinds of fuel pins 

(Th,233U)MOX & (Th,Pu) MOX
– Circular cluster ; uniform burnup profile ; even distribution of coolant ; 

Better TH margins
– Higher average exit  burnup
– Higher HM content
– Larger Calandria tube ; Void tubes to reduce moderator volume
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D5 cluster design
Fuel pins
No. of Fuel pins / OD mm
Fuel clad
Material / Thickness, mm

54 / 11.2

 Zircaloy 2/ 0.6
Fuel Type / No. of Pins  / Enrichments
Inner ring
Middle ring
Outer ring

(Th,233U) MOX / 12 / 3.0
(Th,233U) MOX / 18 / 3.75
(Th,Pu) MOX / 24 / 3.25 (av)

Pitch circle diameter, mm 51.4  / 77.4  / 103.7

Pu-isotopic composition, %:
Pu- 239 /240 /241 /242 68.79 /24.6 /5.26 /1.35
Heavy Metal, kg
Lattice pitch, mm
Moderator

120.2
270
Heavy water with void tubes
in inter-lattice locations

Absorber - 12 Shutdown  rods - 36

•Power from thorium 
~64%

•Slightly negative void 
coefficient of reactivity 
~2 to 3 mk

•Average Burnup > 24 
MWd/kg

Reactor Physics

 D20  MODERATOR

VOID TUBE

CALANDRIA TUBEPR. TUBE

Current Design
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Characteristics of pressure tube type water cooled reactors
 
 ACR 

700 MWe 
D-ATR 

606 MWe 
AHWR 

300 MWe 
Bundle/ Cluster 
length/ Outside dia 

495.3 mm /  
103.0 mm 

4.493m / 
 111.6mm 

4.3 m / 
109.3 mm 

Fuel Material 
Weight of HM 

SEU(2.0%) 
18.0 kg 

(U,Pu)MOX 
 

(Th,233U)O2(Th,Pu)O2  
120 kg 

 NU in central pin 
with Dy 

Central Water Pin Central Displacer Rod 
with Dy 

Elements in a bundle 43 36 /  54 54 
Fuel bundles/ 
clusters in core 

284 x 12 616 452 

Fuel bundles / 
clusters in channel 

12 1 1 

Maximum channel 
power 

7.5 MWth  2.3 MWth 

Lattice pitch 220 mm 240 mm 270 mm 
Moderator Heavy Water Heavy Water Heavy Water 
Coolant Light Water 

Limited Boiling 
Boiling Light Water Boiling Light Water 

Void reactivity - 3.0 mk Almost Zero -3.0 mk 
 

232T h
1.41x10 10  y

231T h
25.52 h

233T h
22.3 m

231P a
3.27x10 4  y

232P a
1.31 d

232U
68.9 y

233U
1 .59x10 5y

233P a
26 .95 d

n 2n
E  >  6.34   M eV

β -

β -
β -

α

α

n γ

n  ,2nn γ
n γ

200  b

n  γ
74  b

T he  T h or ium  B ur n up  c h ain

(n ,2 n) cross se ction s
(b arn s; in  W IM S fo rm at)

2 3 2T h E N D F 1 .06  b JE N D L   0 .96  b

2 3 3Pa E N D F 0 .32  b JE N D L   0 .78  b

2 3 3U E N D F 0 .25  b JE N D L   0 .10  b

C :\M y D ocum en ts\n 2n ch ain .doc

α

n ,2n

n ,2n
α
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Experimental analysis of irradiated Th fuel 
• J-11 (9) ThO2  bundle

• 508 FPDs irradiation time ; 4.5 years cooling time
– PIED made available about 5 gms from above bundle
– Dissolution studies (PDD, NRG)
– Gamma spectrometric analysis (RCD )
– Burnup determination - TIMS ( FCD)

Burnup 232U/233U
Calculated 10,500 MWd/t      ~ 100 ppm ( old) 

540 ppm (new results) (RPDD)
67.4 ppm (PDD-old)

Measured 569 ppm ( PDD)
12,500 MWd/t (FCD) 549 ppm (FCD)
11,600 MWd/t (RCD)

Future work 
• PIE of KAPS-2 Thoria bundles ; J-rods of CIRUS
• FBTR thoria subassemblies - measurements of 232U & 233U

Performance characteristics of AHWR D5 cluster  with 

different datasets

Burnup
MWd/Te

Dataset k-
infinity*

Void
reactivity
(0-100 %

Voids)
mk

Cluster
peaking
factor

0.0 Old-WIMS 1.19744 -10.49 1.303
ENDF-B/VI 1.20029 -11.66 1.329
JENDL-3.2 1.21024 -9.59 1.321

JEF-2.2 1.21048 -9.35 1.326

24000.0 Old-WIMS 0.92969 +12.65 1.073
ENDF-B/VI 0.93996  + 8.73 1.089
JENDL-3.2 0.93877 +12.90 1.084

JEF-2.2 0.94540 +12.51 1.085
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Performance characteristics of PHWR cluster - 19 rod Natural 
UO2

B urnup
M W d/T e

D ataset k-infin ity
V oid

reactivity
(0% -100
%  V oids)

m k

C luster
peaking

factor

0 + O ld-W IM S 1.07675 +11.77 1.075
E N D F-B /V I 1 .07788 +11.13 1.075
JE N D L -3 .2 1 .08190 +10.68 1.075

JE F-2 .2 1 .07936 +10.83 1.076

6500 O ld-W IM S 1.0005 +8 .39 1.072
E N D F-B /V I 1 .0027 +8 .49 1.071
JE N D L -3 .2 1 .0037 +8 .15 1.071

JE F-2 .2 1 .0038 +8 .36 1.072

Choosing different libraries only for 232Th in lattice 
calculations show differences in k∞. For a typical 
AHWR cluster for k∞: 

WIMS-1986 - 1.256

WIMS (ENDF/B-VI) - 1.253 

WIMS (JENDL3.2) - 1.264

mandlw
42



11

Choosing different libraries only for 232Th in lattice 
calculations show differences in k∞. For a typical 
AHWR cluster for k∞: 

WIMS-1986 - 1.256

WIMS (ENDF/B-VI) - 1.253 

WIMS (JENDL3.2) - 1.264

“A perturbation calculation executed by 
substituting 233U cross sections of ENDF/B-VI for 
those of JENDL-3.2, the reactivity difference 
becomes –0.5% ∆k/k (-5 mk) which is considered 
more than –1 $ (2.6 mk in AHWR) in the 233U fueled 
system”. Since this magnitude of reactivity 
difference can be easily measured by the critical 
experiments, it is necessary to perform systematic 
critical experiments to resolve such issues.

Shiroya et al, “Assessment of 232Th Nuclear 
Data through Critical Experiments Using the 
Kyoto University Critical Assembly (KUCA)”, 
Paper presented in the Technical Committee 
Meeting on “Utilization of Thorium Fuel 
Options”, IAEA, Vienna, November 1999.
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Critical Facility for AHWR and 500 MWe PHWR

• Validation of theoretical simulation models and Nuclear Data
• The physics and engineering design completed – PSAR being reviewed by 
Design Safety Review Committee

•Calandria : 330 cm dia, 500 cm height 
Variable pitch 20-30 cm

Nominal Reactor Fission Power: 100 Watts
Thermal Neutron Flux (Average): 108 n/cm2/sec
72 cm bottom graphite zone
6 shut off rods
Partial Moderator Dump

Three Types of Cores:

•Reference Lattice Core : 19 rod cluster NU metal (RLC) (Dhruva pin size)
61 lattice locations (6 for SRs)
27 cm pitch

•AHWR                            : Central 9 positions for AHWR cluster; rest RLC 

•PHWR 500 : 69 lattice locations (6 for SRs) 
Six 37 rod  standard fuel bundles per channel

Critical facility for AHWR
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CRITICAL FACILITY FOR AHWR AND 500 MW(e) 
PHWR (Under construction)
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IAEA 
Consultancy Meeting on  

“Implementing Thorium in Nuclear Reactor Fuel  
Cycles: Potential Benefits and Challenges” 

9 - 11 December, Vienna, Austria 
 

Main Investigation Directions of Implementing  
Thorium in Nuclear Reactor Fuel Cycles 

 
V. Dekoussar, A. Kalashnikov 

State Scientific Centre of Russian Federation, 
Institute of Physics and Power Engineering 

Obninsk 
 

 Dear colleagues, my name is Alexander Kalashnikov. SSC RF - IPPE is leading institute of 
MINATOM RF in the field of thorium cycle investigations for the nuclear power. But 
unfortunately this subject has very limited funding, therefore our investigations are mostly kept in 
the bounds of the conceptual studies. This studies are underway basically in the following 
directions: 

— the improvement of Pu disposition efficiency in the reactors with use of thorium 
instead of 238U; 

— 233U buildup with small content of 232U and its using as a fuel in the mixture with 
depleted uranium; 

— feasibility investigations for realizing closed fuel cycle using 233U and thorium in the 
future. 

 
1. Improvement of Pu Disposition Efficiency in the Reactors  

with Use of Thorium instead of 238U 
 
 As a result of reduction of nuclear arms in Russia and USA significant stocks of 
weapons-grade plutonium become accessible. This figure was evaluated to 34 tons. Besides, at 
present in Russia over 30 tons of reactor-grade plutonium have been accumulated, which is 
extracted at the factory RT-1. Annually its stock is increasing by o.5 tons approximately. The high 
radiotoxicity of plutonium and its danger from the point of view of non-proliferation do the 
problem of plutonium disposition rather urgent. 
 According to the Russian scenarios of plutonium disposition it have to be utilized in the 
form of MOX fuel in reactors VVER-1000 and BN-600. 
 

1.1. Pu Disposition in VVER Type Reactors Loaded with Pu and Th Dioxides 
 
 The fuel based on thorium as contrasted to uranium and MOX fuels doesn't produce 
plutonium itself, therefore for the reactor with such fuel one would expect the best plutonium 
consumption. The tentative calculations showed that VVER-1000 type reactor with full inventory 
of fuel based on thorium dioxide annually consumes about 1700 kgs reactor grade-plutonium - that 
is equal the plutonium buildup in 7 conventional VVER-1000 reactors. 
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 The difference between plutonium loading and unloading, that is amount of annually burnt 
plutonium, is about 800 kgs. The similar amounts for the full MOX fuelled reactor are 1400 kgs 
and 400 kgs respectively. Besides, the same amounts of americium (~ 40 kgs) and curium 
(~ 20 kgs) are generated per year in the both reactors. Hence the reactor with plutonium-thorium 
fuel is able to burnup annually double amount of reactor plutonium than the same reactor with 
MOX fuel, but with equal to the latter one americium and curium buildup. 
 As compared with MOX reactors, the essential reduction of fission isotope 239Pu fraction 
takes place as well. The spent FAs with thorium fuel may be not reprocessed and removed for 
long-term storage. The high γ-activity of spent FAs for a long time, determined by great 232U 
content (thousands of ppm), deteriorated plutonium composition, and difficulties of reprocessing 
thorium dioxide caused by its more high chemical stability make unauthorized extraction of 
residual plutonium and buildup 233U quite unattractive and complicated. 
 The safety characteristics of reactor with plutonium-thorium fuel are closed to those of 
conventional uranium reactor. The more large boron acid concentration at outage as compared 
with conventional reactor is an exclusion. The essential reduction in effective fraction of delayed 
neutrons should be noted also. 
 

1.2.  Pu and Actinides Utilization in BN-Type Reactors with Pu-Th Fuel 
 
 The possibility to utilize plutonium and actinides when changing MOX fuel into mixture of 
Pu and Th oxides in BN-800 reactor was examined. The calculations gave the following 
preliminary results. 
1. BN-800 type reactor loaded with mixture of plutonium and thorium dioxides at load factor 

0.8 annually utilizes about 1940 kg of plutonium and 103 kg of actinides generated in 
VVER-1000 reactors. Besides, this reactor fully utilizes own actinides. It should be noted, that 
annual productions of plutonium and actinides in VVER-1000 are equal to about 230 kg and 
20 kg respectively. Hence one reactor considered is capable of utilizing Pu and actinides from 8 
and 5 VVER-type reactors respectively. In this case actinide fraction in loaded fuel is equal 
about 7.4 %, and 238Pu fraction in unloaded plutonium is not more than 5 %, that is considered 
as acceptable factor from viewpoint of fuel self-heating. 

2. Temperature coefficients are negative in reactor considered. Sodium void reactivity effect is 
equal nearly zero with special measures adopted for standard BN-800 reactor (sodium volume 
over the core and decreasing core high). 

3. βeff value is decreased as compared with standard BN-800 reactor (0.28 % and 0.38 % 
respectively). It is connected with recycling of actinides. 

4. Reactivity worth of control rod system is equal to 6.3 % versus 7.1 % for standard reactor. It is 
possible that some measures on reactivity worth increasing will be required. 

2. VVER-1000 Type Reactor with Fuel Based on Mixture of 
233U and Depleted or Regenerated U 

 
 233U is buildup in the blankets of the BN-800 type reactor, to do this oxide of depleted 
uranium in BN-800 blankets is replaced by thorium oxide or metallic thorium. In so doing 
uranium production in the blankets can achieve 300 kgs per year with 233U content about 97 %. 
232U content is about 100 ppm. 
 233U produced is used as a fuel in VVER-1000 type reactors in mixture with depleted or 
regenerated uranium. 
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 In case of using fuel as 233U and depleted uranium mixture annual consumption of uranium 
from BN-800 blanket comprises about 630 kgs. Total uranium consumption comprises 23.3 tons 
with 2.8 % 233U enrichment. However approximately 30 % of FAs should be fuelled with MOX 
fuel to ensure negative reactivity coefficient on water temperature. For the same purpose and to 
flatten power distribution within uranium FAs in some fuel pins gadolinium oxide is introduced. 
Moderate content of 232U in produced uranium and following dilution with depleted uranium 
significantly facilitate fuel fabrication and handling. 
 Also recycling of spent uranium is possible, because 232U content in spent fuel is about 
1 ppm and doesn't increase when recycling. Plutonium separated from spent fuel can be used also 
in fast reactor in process of 233U production. 
 Safety characteristics of the reactor are at the same level as those for a conventional 
VVER-1000. 
 The only exclusion is reduction of βeff from 0.56 % till 0.39 %. These are minimal values 
during refuelling interval. 
 From the point of view of the sequence of realization this option of fuel cycle can be 
regarded as the following one for plutonium-thorium open cycle considered before. 
 

3. Investigations of Fuel Buildup in Uranium-Thorium Cycle.  
Feasibility to Create the Breeder Reactor 

 
 As thorium doesn't content fissile isotopes, to launch the thorium-bearing reactors is 
possible using fissile isotopes of uranium and plutonium. However, in order to create closed 
uranium-thorium fuel cycle without external makeup of fissile materials, it is required to have the 
reactor with breeding ratio more then unity. Therefore the problem of improvement of this 
characteristic have received much attention in our investigations. 
 The characteristics of some considered reactors fuelled with uranium-thorium fuel are 
presented below in the table. The data for AMFB reactor are presented for a comparison. This 
reactor was designed in USA on the base of creation and operating experience Shippingport NPP 
reactor. 
 One can see from the table that in the light-water reactor breeding ratio slightly exceeding 
unity can be achieved only in case of quite considerable reduction of burnup and specific power as 
compared with those of modern PWRs. This way is not acceptable from the point of view of 
economics. The most attractive reactor from considered light water reactors is reactor with super 
critical parameters of water. It allows to reach or to approach very close to fuel self-sustaining and 
in so doing to have specific characteristics at the same level and more high then those of modern 
PWRs and BWRs. 
 Large increase in enthalpy is a special feature of a reactor cooled by supercritical water. 
This makes possible to reduce drastically water flow (by a factor of 8) as compared with PWRs 
and BWRs. So we can use the maximum tight pin lattice, in so doing specific power is not 
reduced. Maximum tight pin lattice and decreasing water density result in maximum increase of 
breeding ratio. 
 Fuel breeding is obtainable in fast neutron reactor when enlarging fuel fraction in core as 
compared with BN type reactors. Having considered reactor with heavy coolant (lead or 
lead-bismuth), we obtained breeding ratio essentially exceeding unity (1.136). However, there can 
be no doubt that similar result can be obtained in the case of sodium fast reactor as well.
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Character is t ics  of  reactors  with  Th fuel  

№         Characteristics VVER-1000 (Th) AMFB VVER-HC SCFR BN-800 (Th) BN-HMC

1. Fuel 
0.7(233U+Th)O2 

0.3(Pu+Th)O2 
(233U+Th)O2   (233U+Th)O2 (233U+Th)O2 233UO2+Th (233U+Th)O2 

2. Coolant water water water water Na Pb - Bi 

3. Power (electric / thermal), MWt 1000 / 3000     1000 / 3113 1000 / 3113 1150 / 2600 800 / 2100 800 / 2300 

4. Core dimension, DxH, m 3.16 x 3.55     5.38 x 3.05 5.4 x 3.05 2.87 x 4.0 2.47 x 0.964 4.20 x 1.0 

5. Specific power, MWt/m3       108 45 45 100 454 166

6. Total HM loading (core / reactor), t 67.8 / 67.8     288.1 / 401.9 308. / 424.5 108.3 / 125 13.71 / 58.92 64.5 / 158.7 

7. Year core HM loading, t / y / Xf , % 20 / 4.2    62.6 / 2.9 68.3 / 2.96 
(4.0)* 

17.9 / 6.5 9.34 / 16.7 11.0 / 11.7 

8. Cycle length, eff. day 276 1333 475 
(1316)* 

600   147 584

9. Burnup, MWd / kg HM 43.5 14.5 14.5 
(40)* 

43.5   66.1 61.1

10. Fuel fraction, % 29 49 52 49 39 58 

11. Neutron spectrum thermal thermal thermal    intermediate fast fast

12. 232U / U (core), ppm 815 2370 1860 2500 2900 3100 

13. FIR (core / full)     0.56 / 0.56 0.978 / 1.012 0.968 / 0.999 
(0.836 /        )* 

0.975 / 1.016 0.871 / 1.0175 0.973 / 1.136 

* Increasing burnup variant 
 
 

 4 
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2

Dear colleagues, my name is Alexander Kalashnikov. SSC RF - IPPE is 
leading institute of MINATOM RF in the field of thorium cycle 
investigations for the nuclear power. But unfortunately this subject has 
very limited funding, therefore our investigations are mostly kept in the 
bounds of the conceptual studies. This studies are underway basically in 
the following directions:

● the improvement of Pu disposition efficiency in the reactors with 
use of thorium instead of 238U;

● 233U buildup with small content of 232U and its using as a fuel in the 
mixture with depleted uranium;

● feasibility investigations for realizing closed fuel cycle using 233U 
and thorium in the future.
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1. 1. Improvement ofImprovement of PuPu Disposition Disposition 
Efficiency in the Reactors Efficiency in the Reactors 

with Use of Thorium instead of with Use of Thorium instead of 238238UU

As a result of reduction of nuclear arms in Russia and USA significant 
stocks of weapons-grade plutonium become accessible. This figure was 
evaluated to 34 tons. Besides, at present in Russia over 30 tons of 
reactor-grade plutonium have been accumulated, which is extracted at 
the factory RT-1. Annually its stock is increasing by o.5 tons 
approximately. The high radiotoxicity of plutonium and its danger from 
the point of view of non-proliferation do the problem of plutonium 
disposition rather urgent.

According to the Russian scenarios of plutonium disposition it have to 
be utilized in the form of MOX fuel in reactors VVER-1000 and BN-600.

4

1.1.1.1. PuPu Disposition in VVER Type Disposition in VVER Type 
Reactors Loaded withReactors Loaded with PuPu and Th Dioxidesand Th Dioxides

The fuel based on thorium as contrasted to uranium and MOX fuels
doesn't produce plutonium itself, therefore for the reactor with such fuel 
one would expect the best plutonium consumption. The tentative 
calculations showed that VVER-1000 type reactor with full inventory of 
fuel based on thorium dioxide annually consumes about 1700 kgs reactor 
grade-plutonium - that is equal the plutonium buildup in 7 conventional 
VVER-1000 reactors.

The difference between plutonium loading and unloading, that is amount 
of annually burnt plutonium, is about 800 kgs. The similar amounts for the 
full MOX fuelled reactor are 1400 kgs and 400 kgs respectively. Besides, 
the same amounts of americium (~ 40 kgs) and curium (~ 20 kgs) are 
generated per year in the both reactors. Hence the reactor with 
plutonium-thorium fuel is able to burnup annually double amount of 
reactor plutonium than the same reactor with MOX fuel, but with equal to 
the latter one americium and curium buildup.
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1.1.1.1. PuPu Disposition in VVER Type Disposition in VVER Type 
Reactors Loaded withReactors Loaded with PuPu and Th Dioxidesand Th Dioxides

(continuation)(continuation)

As compared with MOX reactors, the essential reduction of fission isotope 
239Pu fraction takes place as well. The spent FAs with thorium fuel may be 
not reprocessed and removed for long-term storage.

The high γ-activity of spent FAs for a long time, determined by great 232U 
content (thousands of ppm), deteriorated plutonium composition, and 
difficulties of reprocessing thorium dioxide caused by its more high 
chemical stability make unauthorized extraction of residual plutonium and 
buildup 233U quite unattractive and complicated.

The safety characteristics of reactor with plutonium-thorium fuel are closed 
to those of conventional uranium reactor. The more large boron acid 
concentration at outage as compared with conventional reactor is an 
exclusion. The essential reduction in effective fraction of delayed neutrons 
should be noted also.

6

1.2.1.2. PuPu and Actinides Utilization inand Actinides Utilization in
BNBN--Type Reactors withType Reactors with PuPu--Th FuelTh Fuel

The possibility to utilize plutonium and actinides when changing MOX fuel 
into mixture of Pu and Th oxides in BN-800 reactor was examined. The 
calculations gave the following preliminary results.

1. BN-800 type reactor loaded with mixture of plutonium and thorium 
dioxides at load factor 0.8 annually utilizes about 1940 kg of 
plutonium and 103 kg of actinides generated in VVER-1000 reactors. 
Besides, this reactor fully utilizes own actinides. It should be noted, 
that annual productions of plutonium and actinides in VVER-1000 
are equal to about 230 kg and 20 kg respectively. Hence one reactor 
considered is capable of utilizing Pu and actinides from 8 and 5 
VVER-type reactors respectively. In this case actinide fraction in 
loaded fuel is equal about 7.4 %, and 238Pu fraction in unloaded 
plutonium is not more than 5 %, that is considered as acceptable 
factor from viewpoint of fuel self-heating.
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1.2.1.2. PuPu and Actinides Utilization inand Actinides Utilization in
BNBN--Type Reactors withType Reactors with PuPu--Th Fuel Th Fuel 

(continuation)(continuation)

2. Temperature coefficients are negative in reactor considered. Sodium 
void reactivity effect is equal nearly zero with special measures 
adopted for standard BN-800 reactor (sodium volume over the core 
and decreasing core high).

3. βeff value is decreased as compared with standard BN-800 reactor 
(0.28 % and 0.38 % respectively). It is connected with recycling of 
actinides.

4. Reactivity worth of control rod system is equal to 6.3 % versus 7.1 % 
for standard reactor. It is possible that some measures on reactivity 
worth increasing will be required.

8

22. . VVERVVER--1000 Type Reactor with1000 Type Reactor with
Fuel Based on Mixture of Fuel Based on Mixture of 

233233U and Depleted or Regenerated UU and Depleted or Regenerated U
233U is buildup in the blankets of the BN-800 type reactor, to do this oxide of 
depleted uranium in BN-800 blankets is replaced by thorium oxide or metallic 
thorium. In so doing uranium production in the blankets can achieve 300 kgs
per year with 233U content about 97 %. 232U content is about 100 ppm.

233U produced is used as a fuel in VVER-1000 type reactors in mixture with 
depleted or regenerated uranium.

In case of using fuel as 233U and depleted uranium mixture annual consumption 
of uranium from BN-800 blanket comprises about 630 kgs. Total uranium 
consumption comprises 23.3 tons with 2.8 % 233U enrichment. However 
approximately 30 % of FAs should be fuelled with MOX fuel to ensure negative 
reactivity coefficient on water temperature. For the same purpose and to flatten 
power distribution within uranium FAs in some fuel pins gadolinium oxide is 
introduced. Moderate content of 232U in produced uranium and following 
dilution with depleted uranium significantly facilitate fuel fabrication and 
handling.
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9

22. . VVERVVER--1000 Type Reactor with1000 Type Reactor with
Fuel Based on Mixture of Fuel Based on Mixture of 

233233U and Depleted or Regenerated UU and Depleted or Regenerated U
(continuation)(continuation)

Also recycling of spent uranium is possible, because 232U content in spent 
fuel is about 1 ppm and doesn't increase when recycling. Plutonium 
separated from spent fuel can be used also in fast reactor in process of 
233U production.

Safety characteristics of the reactor are at the same level as those for a 
conventional VVER-1000.

The only exclusion is reduction of βeff from 0.56 % till 0.39 %. These are 
minimal values during refuelling interval.

From the point of view of the sequence of realization this option of fuel 
cycle can be regarded as the following one for plutonium-thorium open 
cycle considered before.

10

33. . Investigations of Fuel Buildup inInvestigations of Fuel Buildup in
UraniumUranium--Thorium Cycle. Thorium Cycle. 

Feasibility to Create the Breeder ReactorFeasibility to Create the Breeder Reactor

As thorium doesn't content fissile isotopes, to launch the thorium-bearing 
reactors is possible using fissile isotopes of uranium and plutonium. 
However, in order to create closed uranium-thorium fuel cycle without 
external makeup of fissile materials, it is required to have the reactor with 
breeding ratio more then unity. Therefore the problem of improvement of 
this characteristic have received much attention in our investigations.

The characteristics of some considered reactors fuelled with uranium-
thorium fuel are presented below in the table. The data for AMFB reactor 
are presented for a comparison. This reactor was designed in USA on the 
base of creation and operating experience Shippingport NPP reactor.
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33. . Investigations of Fuel Buildup inInvestigations of Fuel Buildup in
UraniumUranium--Thorium Cycle. Thorium Cycle. 

Feasibility to Create the Breeder Reactor Feasibility to Create the Breeder Reactor 
(continuation)(continuation)

One can see from the table that in the light-water reactor breeding ratio 
slightly exceeding unity can be achieved only in case of quite considerable 
reduction of burnup and specific power as compared with those of modern
PWRs. This way is not acceptable from the point of view of economics. The 
most attractive reactor from considered light water reactors is reactor with 
super critical parameters of water. It allows to reach or to approach very 
close to fuel self-sustaining and in so doing to have specific 
characteristics at the same level and more high then those of modern
PWRs and BWRs.

Large increase in enthalpy is a special feature of a reactor cooled by 
supercritical water. This makes possible to reduce drastically water flow 
(by a factor of 8) as compared with PWRs and BWRs. So we can use the 
maximum tight pin lattice, in so doing specific power is not reduced. 
Maximum tight pin lattice and decreasing water density result in maximum 
increase of breeding ratio.

12

33. . Investigations of Fuel Buildup inInvestigations of Fuel Buildup in
UraniumUranium--Thorium Cycle. Thorium Cycle. 

Feasibility to Create the Breeder Reactor Feasibility to Create the Breeder Reactor 
(continuation)(continuation)

Fuel breeding is obtainable in fast neutron reactor when enlarging fuel 
fraction in core as compared with BN type reactors. Having considered 
reactor with heavy coolant (lead or lead-bismuth), we obtained breeding 
ratio essentially exceeding unity (1.136). However, there can be no doubt 
that similar result can be obtained in the case of sodium fast reactor as 
well.
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Characteristics  of  reactors  with  Th  fuel
№ Characteristics VVER-1000 (Th) AMFB VVER-HC SCFR BN-800 (Th) BN-HMC

1. Fuel
0.7(233U+Th)O2

0.3(Pu+Th)O2
(233U+Th)O2 (233U+Th)O2 (233U+Th)O2

233UO2+Th (233U+Th)O2

2. Coolant water water water water Na Pb - Bi

3. Power (electric / thermal), MWt 1000 / 3000 1000 / 3113 1000 / 3113 1150 / 2600 800 / 2100 800 / 2300

4. Core dimension, DxH, m 3.16 x 3.55 5.38 x 3.05 5.4 x 3.05 2.87 x 4.0 2.47 x 0.964 4.20 x 1.0

5. Specific power, MWt/m3 108 45 45 100 454 166

6. Total HM loading (core / reactor), t 67.8 / 67.8 288.1 / 401.9 308. / 424.5 108.3 / 125 13.71 / 58.92 64.5 / 158.7

7. Year core HM loading, t / y / Xf , % 20 / 4.2 62.6 / 2.9 68.3 / 2.96
(4.0)*

17.9 / 6.5 9.34 / 16.7 11.0 / 11.7

8. Cycle length, eff. day 276 1333 475
(1316)*

600 147 584

9. Burnup, MWd / kg HM 43.5 14.5 14.5
(40)*

43.5 66.1 61.1

10. Fuel fraction, % 29 49 52 49 39 58

11. Neutron spectrum thermal thermal thermal intermediate fast fast

12. 232U / U (core), ppm 815 2370 1860 2500 2900 3100

13. FIR (core / full) 0.56 / 0.56 0.978 / 1.012 0.968 / 0.999
(0.836 /        )*

0.975 / 1.016 0.871 / 1.0175 0.973 / 1.136

* Increasing burnup variant

14

Cooperation Cooperation 
ProposalsProposals

We should be glad to cooperate with 
IAEA on any one of above-presented 
investigation directions of implementing 
thorium in nuclear reactor fuel cycles.
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Fuel Cycle Performance Indices in a High-Converting LWR Core Design
with Once-Through Thorium Fuel Cycle
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Abstract

A design concept of pressure-tube type light water cooled reactor(HCPLWR) core was proposed as
a thermal high-conversion reactor using a thorium based once-through cycle strategy. In a previous
work, fuel cycle economics and nuclear safety were confirmed. In this work, HCPLWR was
evaluated in the aspects of proliferation resistance and transmutation capability. Evaluation was
done as a direct comparison of indices with PWR, CANDU and Radkowsky Thorium Fuel(RTF).
Conversion ratio was measured by fissile inventory ratio and fissile gain. Proliferation resistance of
plutonium composition from spent seed and blanket fuels was measured by bare critical mass,
spontaneous neutron source rate, and thermal heat generation rate. For the evaluation of long-lived
minor actinide transmutation was measured by a new parameter, effective fission half-life.

Two-dimensional calculation for the assembly-wise unit module showed each parameter values.
Even though conversion capability of HCPLWR was higher than one of RTF, it was concluded that
current HCPLWR design was not favorable than RTF.  Design optimization is required for the
future work.

1. Introduction

A nuclear design concept for high-conversion pressure-tube type LWR (HCPLWR) was proposed
as an advanced thermal reactor concept (Kim, 1999). The design objective of this core was to make
PWR have some favorable features under the restriction of once-through fuel cycle option. Those
were better fuel cycle economy, higher proliferation resistance, better environmental benefits in
spent fuel disposal and increased reactor safety.  This design concept was evolved out of previous
works.

The first one is a concept of light water cooled PHWR (Kim, 1998). A feasibility of a pressure-tube
type light water cooled reactor was shown in that work. Compared to the pressure vessel reactor, the
use of pressure tube might give some benefits. First of all, fuel bundles can be reloaded in
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continuous mode just like as in CANDU, which will bring higher reactor availability. Secondly,
much more reactivity control devices and core monitoring devices can be arranged within a space
between pressure tubes in core, which leads eventually to on-line monitoring and maintenance
capability. Thirdly, coolant flow rate for each fuel channels can be controlled when it is needed
because every fuel channels are separated from each other. This feature is essential for the seed and
blanket core concept where power generation densities from seed fuels are much higher than those
from blanket fuels.

The second one is a concept of high conversion PWR using thoria blanket fuel (Kim, 2000). In this
concept, a design modification of Radkowsky Thorium Fuel (RTF) concept (Galperin, 1997 &
1999) was done for the practical application of once-through thorium fuel cycle option. The use of
thorium-based seed and blanket concept gave acceptable fuel cycle economics in LWR with
additional benefits in proliferation resistance and production rate of long-lived minor actinides.

HCPLWR concept of this work was expected to have most of all favorable features from two design
concepts mentioned above. However, fuel cycle performance of this concept was checked only for
the high-conversion, i.e. fuel cycle economics, at the previous work (Kim, 1999).  The other aspects
of design feasibility such as proliferation resistance, minor actinide transmutation, radioactive
toxicity needed to be evaluated.  In the following sections, HCPLWR was compared with other
options with some performance indices.

2. Design Concept of HCPLWR

The core of high-conversion pressure-tube light water cooled reactor(HCPLWR) has the same
configuration as one of the CANDU except that it has dry calandria tank and thorium based seed
and blanket fuel bundles. Therefore, geometry and material of pressure tubes are same with
CANDU. Coolant circulating in the tubes, however, is chosen to be light water instead of heavy
water. Fuel bundles are designed to be hexagonal lattice array in order to be tightly pitched for the
high conversion. Just like as RTR (or RTF) (Galperin, 1997), thorium blanket fuel bundles are to be
loaded at the separate region, (here, at the different pressure tubes) from driver channels. Seed
bundles should be reloaded annually, whereas blanket bundles should be kept more than 10 years.
The complexity of reloading operation requirement can be solved without problem in a pressure-
tube type reactor.

Enrichment level of uranium both in seed and blanket should be high up to 20 w/o in RTR. In case
of the optimized design, U-235 enrichment of U-15%Zr seed fuel could be much less than RTR, as
of 13.5 w/o. The choice of blanket fuel material was pyro-carbon coated particle fuels which have
been used for MHTGR. This particle fuel has high mechanical integrity at extremely high burn-up
state. 259 biso-carbon-coated particles (209 ThO2 fertile particles with 50 UCO fertile particles)
were designed to be packed into a PWR fuel pellet shape graphite matrix. In this choice, the
enrichment level of U-235 in UCO was 5 w/o. Detail description of HCPLWR can be found in the
previous work. (Kim, 1999)

There was no flexibility in optimization of seed/blanket volume ratio in a core. The channel ratio of
seed to blanket was found to be 1/3 as shown in Fig.1.  The size of blanket pins was a little larger
than the one of seed fuel pins. Fig. 2 shows a cross-sectional view of a unit channel consisting of 3
blanket channels and one seed channels.
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Figure 1. Cross Sectional View of Reactor Core
                                   (Seed/Blanket Channels within a Vacant Calandria)

Figure 2. The Unit Module of the Optimized Seed/Blanket Channels
(Node Configuration for HELIOS calculation)

3. Fuel Cycle Performance Indices

In this section, various aspects of HCPLWR concept were measured by performance indices and
compared with PWR, CANDU and Radkowsky Thorium Fuel. For the exact comparisons, specific
power density was adjusted for each reactor type to the reference power generation of 900 GWD.
All calculation was done by 2-dimensional HELIOS calculation for a unit assembly module instead
of 3-dimensional whole core.
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3.1 Conversion Index

Fissile production rate in a blanket fuel is largely different from in a seed fuel in a seed/blanket core
depending on core arrangement, flux spectrum, and material compositions. Value of conversion
ratio changes by a large ratio through the cycle depended on both fissile production rate and burnout
rate. As a conversion index, fissile inventory ratio(FIR) and fissile gain (FG) were measured as an
overall performance indices. The following tables showed the differences among reactor concepts.
Compared with RTR, HCPLWR showed much higher conversion capability under the once-through
cycle option.

Table 1. FIR and Fissile Gain

Index PWR CANDU RTR-
seed

RTR-
blanket

HCPLWR
seed

HCPLWR
Blanket

FIR 0.35 0.72 0.21 1.37 0.67 1.96

Fissile Gain(%) -64.61 -28.18 -78.65 37.46 -33.15 96.05

Table 2. Fissile Inventory Change

Reactor type (kg)

PWR CANDU RTR
seed

RTR
blanket

HCPLWR
seed

HCPLWR
blanket

Burnup
(GWD/THM) 45 7 300EFD 100 44 171.5

U-233 0 0 0 0 0 0

U-235 2245.82 631.61 710.76 578.89 366.53 27.91

Pu-239 0 0 0 0 0 0

Feed
fissile

amount
(kg)

Pu-241 0 0 0 0 0 0
U-233 0 0 0 635 0 40.17
U-235 324.04 221.65 128.35 128.45 221.50 5.67
Pu-239 361.85 215.11 16.64 23.31 21.60 6.39

Discharged
fissile

amount
(kg)

Pu-241 108.98 16.87 5.55 8.97 1.92 2.48
Note : Data for RTR are translated from Ref (Galperin, 1997)

3.2 Proliferation Resistance Index

One of the major benefits of thorium based cycle is the non-proliferation potential of spent fuel.
Quality of spent fuel composition can be measured by the following three parameters. (Beller,
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1999) Bare critical mass (BCM), a required mass to make material critical is dependent on the
plutonium isotope vector. BCM values were evaluated by MCNP-4/B. Calculated BCM from
HCPLWR was not favorable compared with RTR. The amount of plutonium fissile in spent fuel,
however, is much less in HCPLWR than in RTR.

Table 3. Comparison of BCM, SNS and TG

Index Weapon
grade

PWR
grade

CANDU
grade

RTR-
seed
grade

RTR-
blanket
grade

HCPLWR-
seed
grade

HCPLWR-
blanket
grade

BCM (kg) 10.39 14.50 12.78 14.26 15.45 10.89 13.66

Ratio to WG 1 1.4 1.2 1.3 1.5 1.0 1.3

SNS (kg-sec)-1 5.35×104 4.16×105 2.61×105 5.27×105 7.90×105 1.31×105 6.36×105

Ratio to WG 1 7.8 4.9 9.8 14.8 2.4 11.9

TG (watt/kg) 2.22 12.58 3.76 41.68 72.66 10.31 69.36

Ratio to WG 1 5.7 1.7 18.8 32.7 4.6 31.2

Another parameter for proliferation resistance is a spontaneous fission source (SNS) rate from
reprocessed plutonium. SNS from HCPLWR seed is not larger than RTR, that is less favorable in
proliferation attribute. Thermal heat generation (TG) is a measure of alpha-decay heating per
critical mass. TG from HCPLWR seed is much less than RTR, which means that it is much
unfavorable than RTR.

3.3 Transmutation Index

It is not simple to measure the transmutation characteristics of minor actinides within a fuel. They
are transformed into fissile by the neutron capture and decay. Np-237 is transformed into Pu-239 by
a single path of neutron capture, whereas Am-241 has three paths to fissile. In a thermal reactor,
high capture cross sections of Np-237 and Am-241 lead to Pu-239 and Am-242m which have high
fission cross sections and are destroyed with high possibility. This performance can be measured by
a simple parameter definition. Effective fission half-life (EFHL) of a certain isotope represents its
fission loss potential by itself and daughters those were transmuted by capture and decay.
(Mukaiyama, 1990) Table 4 shows EFHL of three major long-lived minor actinides. HCPLWR seed
showed comparable values to those of RTR seed, whereas HCPLWR blanket gave much less value
than RTR blanket.

∑ ∑ σ
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where  i  = mother isotope,
            j = daughter isotope generated by neutron capture,
            k = daughter isotope generated by decay,

        jf   =  transmutation branching ratio of path from i to j,
           σf  =  fission cross-section,
           σγ

 =  capture cross-section,

           λ → ki
i  = decay constant of  isotope i to k.
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Figure 3. Capture and Decay Chain of Minor Actinides
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Table 4. Effective Fission Half-Life

Nuclide PWR CANDU RTR-seed RTR-
blanket

HCPLWR-
seed

HCPLWR-
blanket

Np-237 4.59 3.14 5.82 5.35 6.24 2.83

Am-241 1.38 0.85 1.77 1.59 2.80 0.77

Cm-244 9.69 15.8 10.6 10.1 9.24 9.04

4. Conclusion

A proposed design of HCPLWR showed high conversion characteristics, whereas proliferation
resistance was not favorable compared with RTR. However, it is expected to be almost comparable
to RTR because total amount of spent seed fuel is less than RTR. A simple measure of LLMA
transmutation capability showed that HCPLWR is a little favorable than RTR. Therefore, it is
concluded that HCPLWR is a potential option of high conversion LWR core based on fuel cycle
performance. The other favorable features expected from pressure-tube type core are summarized as
the followings. On-power fuel reloading capability gives flexibility in reloading strategies and high
plant availability.  The use of a dry calandria concept gives two good points - additional reactor
scram capability as a design diversity and a long-term cooling reservoir when a proper water
flooding system is designed for dry tank. The vacant space between pressure tubes gives a chance to
put any reactivity control devices and monitoring devices. A nuclear safety aspect was checked to
be acceptable by all negative temperature feedback coefficients. Compared with RTR design option,
separated pressure-tube coolant system gives a freedom of coolant flow rate control between seed
and blanket channels. This feature can mitigate a large ratio of power sharing between seed and
blanket, which is a current issue in RTF application in PWR.

HCPLWR design concept was optimized only for the high conversion capability in the previous
work. In this study, it is found that design optimization is required to make spent fuel more
proliferation resistant. Performance indices used in this study is not an exact parameters.
Development and validation of new fuel cycle performance indices should be followed for the
reliable design optimization in R&D activities of future reactor concept.
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