
 

 86 

 

References 

 

ANON.  2008.  Thorium based nuclear power an alternative.  Nuclear Monitor. 

 

BALACK, P.A.  2010.  Framework for the cost of policy implementation of the South 

African nuclear expansion program.  North-West University. (Dissertation-MEng). 

 

BJORK, K.I.  2012.  Thorium-plutonium fuel for long operating cycles in PWR’s- 

Preliminary calculations,  Paper presented at the Thorium and Rare Earths 2012 Conference, 

Cape Town, Feb 22. 

 

BJORK, K.I., FHANGER, V., DEMANZIERE, C.  2011.  Comparison of thorium-based 

fuels with different fissile components in existing boiling water reactors.  Progress in 

Nuclear Energy, 53(6):618-625. 

 

CANER, M. & DUGAN, E.T.  2000.  ThO2–UO2 annular pins for high burnup fuels.  Annals 

of nuclear energy, 27(9):759-770.  

 

DE ROO, G. & PARSONS, J.E.  2011.  A methodology for calculating the levelized cost of 

electricity in nuclear power systems with fuel recycling.  Energy economics, 33(5):826-839. 

 

DEY, P.K. & BANSAL, N.K.  2006.  Spent fuel reprocessing: A vital link in Indian nuclear 

power program.  Nuclear engineering and design, 236(7–8):723-729. 

 

DUFFEY, R.B. & SUR, B.  2011.  Towards a sustainable future using pressure tube reactor 

technology.  Energy procedia, 7:286-292. 

 

EMWG (Economic Modeling Working Group).  2007.  Cost Estimating Guidelines for 

Generation IV Nuclear Energy Systems. 

http://www.gen4.org/Technology/.../EMWG_Guidelines.pdf Date of access: 30 Jun. 2012. 

 

ESKOM.  2007.  Koeberg Safety Analysis Report. Revision 4d. 



 

 87 

FRANÇOIS, J.L., DEL CAMPO, C.M. & HERNÁNDEZ, J.  2002.  Design of an over 

moderated fuel and a full MOX core for plutonium consumption in boiling water reactors.  

Annals of nuclear energy, 29(16):1953-1965. 

 

FRIDMAN, E. & KLIEM, S.  2011.  Pu recycling in a full Th-MOX PWR core. part I: 

Steady state analysis.  Nuclear engineering and design, 241(1):193-202. 

 

GALPERIN, A., RADKOWSKY, A & TODOSO, M.  2002.  A competitive Thorium Fuel 

Cycle for Pressurized water reactors of current Technology. Thorium fuel utilization: Options 

and trends, IAEA Tecdoc 1319. 

 

GALPERIN, A., REICHERT, P. & RADKOWSKY, A.  1997.  Thorium Fuel for Light 

Water Reactors Reducing Proliferation Potential of Nuclear Power Fuel Cycle.  Science 

Global Security, 6:265-290. 

 

GONZALEZ, B.G.  2011.  Material requirements for a thorium based nuclear fuel. Aalto 

University School of Science. (Thesis-MSc). 

 

GRAVES, H.W.  1979.  Nuclear Fuel Management.  New York: John Wiley & Sons, Inc. 

 

GRENECHE, D., SZYMCZAK, W.J., BUCHHEIT, J.M, DELPECH, M., VASILE, A. & 

GOLFIER, H  2007.  Rethinking the Thorium Fuel Cycle: An Industrial Point of View. Paper 

presented at ICAPP 2007, Nice, May 13-18. 

 

GRENECHE, D.  2010.  Thorium cycle - An overview. [PowerPoint presentation]. 

 

HAAS, J.R., PALEN, B.E. & THRALL, C.L.  2005.  Thorium Based Mixed Oxide Fuel for 

the Consumption of Transuranic Elements in PWR’S.  HTP Global Technologies: 1-13. 
http://www.mlds-networks.com/~brockp/papers/FinalDesignReport2_ners442.pdf Date of 

access: 15 Sept. 2011 

 

HEDRICK, J.B.  2007.  Thorium. U.S. Geological Survey, Mineral Commodity Summaries.  

 



 

 88 

HERRING, J.S., MACDONALD, P.E., WEAVER, K.D. & KULLBERG, C.  2001.  Low 

cost, proliferation resistant, uranium–thorium dioxide fuels for light water reactors.  Nuclear 

engineering and design, 203(1):65-85. 

 

HESKETH, K. & WORALL, A.  2010.  The Thorium Fuel Cycle, An independent 

assessment by the UK National Nuclear Laboratory, Position Paper.  

 

HYUNG-KOOK, J., JAE-MAN, N., JAE-WOON, Y., JIN-YOUNG, C., SANG-YOON, P. & 

MOON-HEE, C.  2004.  Alternative Applications of Homogeneous Thoria-Urania Fuel in 

Light Water Reactors to Enhance the Economics of the Thorium Fuel Cycle.  Nuclear 

Technology, 147(1):37-52. (Abstract). 

 

IAEA (International Atomic Energy Agency).  2000.  Thorium based fuel options for 

generation of electricity developments in the 1990s. IAEA-TECDOC-1155. 

 

IAEA (International Atomic Energy Agency).  2002.  Thorium fuel utilization Options and 

Trends. IAEA-TECDOC-1319. 

 

IAEA (International Atomic Energy Agency).  2003.  Potential of thorium based fuel cycles 

to constrain plutonium and reduce long lived waste toxicity. IAEA-TECDOC-1349. 

 

IAEA (International Atomic Energy Agency).  2005.  Thorium fuel cycle — Potential 

benefits and challenges. IAEA-TECDOC-1350. 

 

IAEA (International Atomic Energy Agency).  2012.  Role of Thorium to Supplement Fuel 

Cycles of Future Nuclear Energy Systems. Nuclear Energy Series No NF-T-2.4 

 

KAMEI, T., HAKAMI, S.  2011.  Evaluation of implementation of thorium fuel cycle with 

LWR and MSR.  Progress in Nuclear Energy, 53:820-824. 

 

KANG-MOK, B. & MYUNG-HYUNG, K.  2005.  Core design for heterogeneous thorium 

fuel assemblies for PWR(I)-nuclear design and fuel cycle economy.  Nuclear Engineering 

and Technology, 37(1):91-100. 

 



 

 89 

KAZIMI, M.S., CZERWINSKI, K.R., DRISCOLL, M.J., HEJZLAR, P. & MEYER, J.E.  

1999.  On the use of thorium in LWRs.  Massachusetts Institute of Technology. MIT-NFC-

TR-016. 

 

KO, W.I., CHOI, J.W., KANG, C.H., LEE, J.S. & LEE, K.J.  1998.  Nuclear fuel cycle cost 

analysis using a probabilistic simulation technique.  Annals of nuclear energy, 25(10):771-

789. 

 

KOOMEY, J & HULTMAN, N.E.  2007.  A reactor-level analysis of busbar costs for US 

nuclear plants, 1970–2005.  Energy Policy, 35(11):5630–5642. 

 

LAMARSH, J. R. & BARATTA, A. J.  2001.  Introduction to Nuclear Engineering. Third 

Edition.  New Jersey: Prentice Hall. 

 

LUNG, M. & GREMM, O.  1998.  Perspectives of the thorium fuel cycle.  Nuclear 

engineering and design, 180(2):133-146. 

 

MII (Mineral Information Institute)  2011  Mineral Photos – Thorium. 

http://www.mii.org/Minerals/photothorium.html Date of access: 30 Oct. 2011. 

 

PUILL, A.  2002.  Thorium utilization in PWRs, neutronics studies. Thorium fuel utilization: 

Options and trends, IAEA Tecdoc 1319 

 

RAGEB, M.  2011.  Thorium Resources in Rare Earth Elements. 

 

RHODES, J., DEOKJUNG, L. & SMITH, K.  2007  CASMO-5/CASMO-5M, A Fuel 

Assembly Burnup Program, User’s Manual.  Studsvik Scandpower, Inc. 

 

ROELF, W. 2012. S.Africa considers nuclear fuel cycle facilities. 

http://www.reuters.com/article/2012/04/02/safrica-nuclear-idUSL6E8F21AU20120402. 

 

ROSE, S.J., WILSON, J.N., CAPELLAN, N., DAVID, S., GUILEMIN, P., IVANOV, E.,  

MEPLAN, O., NUTTIN, A. & SIEM, S.  2011.  Minimization of actinide waste by multi-

recycling of thoriated fuels in the EPR reactor.  Annals of Nuclear Energy, 38:2619–2624. 



 

 90 

 

SECKER, J.R., JOHANSEN, B.J., STUCKER, D.L., OZER, O., IVANOV, K., YILMAZ, S. 

& YOUNG E. H.  2005.  Optimum discharge burnup and cycle length for PWRs.  Nuclear 

Technology, 151(2):109-119. 

 

SCHNEIDER, E.  2007.  Uranium Price Trends for this Century An Analogy to Historical 

Mineral Market Data.  Nuclear Energy Review, p28-32. 

 

SCHNEIDER, E.A., DEINERT, M.R. & CADY, K.B.  2009.  Cost analysis of the US spent 

nuclear fuel reprocessing facility.  Energy Economics, 31(5):627–634. 

 

SCHRAM, R.P.C. & KLAASSEN, F.C.  2007.  Plutonium management with thorium-based 

fuels and inert matrix fuels in thermal reactor systems.  Progress in nuclear energy, 

49(8):617-622. 

 

SHELLEY, A., AKIE, H., TAKANO, H. & SEKIMOTO, H.  2000.  Radiotoxicity hazard of 

U free PuO2+ZrO2 and PuO2+ThO2 spent fuels in LWR.  Progress in Nuclear Energy, 

31(1-4):317-382. 

 

SI, S.  2009.  Roadmap Design for Thorium-Uranium Breeding Recycle in PWR,  Shanghai 

Nuclear Engineering Research and Design Institute, Shanghai, China IAEA-CN-164-5S09. 

 

SHULTIS, J.K., & FAW, R.E.  2002.  Elements of Nuclear Science and Engineering.  New 

York: Marcel Dekker. 

 

SILVERIO, L.B. & LAMAS, W.D.Q.  2011.  An analysis of development and research on 

spent nuclear fuel reprocessing.  Energy policy, 39(1):281-289. 

 

SA (South-Africa).  2011.  Integrated Resource Plan for Electricity 2010-2030. 

http://www.energy.gov.za/IRP/irp%20files/SO_IRP%202010%20Energy%20Forecast%20Fi

nal%20Report.pdf Date of access: 10 June 2011 

 

KIM, T.K. & DOWNAR, T.J.  2001.  Thorium Fuel Performance in a Tight Pitch LWR 

Lattice,  Purdue University.  



 

 91 

 

TARJANNE, R., LUOSTARINEN, K.  2003.  Competitiveness comparison of the electricity 

production alternatives,  Lappeenranta University of Technology. ENB-156. ISBN 951-764-

895-2, ISSN 1459-2630. 

 

THORENERGY.  2009.  Thorium power: abundant climate neutral energy source.  

[PowerPoint presentation]. 

 

TRELLUE, H.R., BATHKE, C.G. & SADASIVAN, P.  2011.  Neutronics and material 

attractiveness for PWR thorium systems using Monte Carlo techniques.  Progress in nuclear 

energy, 53(6):698-707. 

 

UNAK, T.  2000.  What is the potential use of thorium.  Progress in Nuclear Energy, 

37(4):137-144. 

 

VAN ROOYEN, M., MASHAI, P. & LYDALL, M.  2012.  Thorium: SA's most 

underestimated energy source? Paper presented the Thorium and Rare Earths 2012, Cape 

Town, Feb 22. 

 

VAPIREV, E.I., DIMITROV, V.I., JORDANOV, T.J. & CHRISTOSKOV, I.D.  1996.  

Conversion of high enriched uranium in thorium-232-based oxide fuel for light and heavy 

water reactors: MOX-T fuel.  Nuclear engineering and design, 167(2):105-112. 

 

WARIS, A. PERMANA, S. KURNIADI, R. SU’UD, Z. & SEKIMOTO, H.  2010.  Study on 

Equilibrium Characteristics of Thorium-Plutonium-Minor Actinides Mixed Oxides Fuel in 

PWR.  Paper presented at 2nd International Conference on Advances in Nuclear Science and 

Engineering.  American Institute of Physics, 1244:85-90.  

 

WEAVER, K.D., HERRING, J.S.  2002a.  The Effect of the Hydrogen to Heavy Metal Ratio 

(H/HM) on Reactivity and Discharge Isotopics of Homogeneous Thoria-Urania Fuel,  Paper 

presented at 10th International Conference On Nuclear Engineering, Arlington, VA, 14 April. 

 

WEAVER, K.D., HERRING, J.S.  2002b.  Performance Of Thorium-Based Mixed Oxide 

Fuels For The Consumption Of Plutonium In Current And Advanced Reactors. Paper 



 

 92 

presented at International Congress On Advanced Nuclear Power Plants (ICAPP) 2002 ANS 

Annual Meeting, 9 June. 

 

WESTINGHOUSE.  2006a.  Westinghouse Burnable Absorbers– Advanced Core 

Management Products,  Nuclear Fuel. 

http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja& ved 

=0CDQQFjAA&url=http%3A%2F%2Fwww.westinghousenuclear.com%2Fproducts_%26_s

ervices%2Fdocs%2Fflysheets%2FNF-FE 

0009.pdf&ei=lr41UaisA6qG0AXJiIDoDQ&usg=AFQjCNGleMw6pObNVawKgfRQDBc6z

AJr_A&sig2=LxN5CioeNI7Adz6jooi-7A Date of access: 24 May 2012. 

 

WESTINGHOUSE.  2006b.  Zirconium Diboride Integral Fuel Burnable Absorbers,  Nuclear 

Fuel. 

http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&ved=0C

DQQFjAA&url=http%3A%2F%2Fwww.westinghousenuclear.com%2Fproducts_%26_servi

ces%2Fdocs%2Fflysheets%2FNF-FE-0028.pdf&ei=GL81UbjfA-

ek0AXp74DADw&usg=AFQjCNEe2erBNOb_CWWhPlj_gWmq1qOnrg&sig2=qkU4-

a7bKtNf6iqvzef2jg Date of access: 24 May 2012. 

 

WILSON, J.N., BIDAUD, A., CAPELLAN, N., CHAMBON, R., DAVID, S., GUILLEMIN, 

P., IVANOV, E., NUTTIN, A. & MEPLAN, O.  2009.  Economy of uranium resources in a 

three-component reactor fleet with mixed thorium/uranium fuel cycles.  Annals of nuclear 

energy, 36(3):404-408. 

 

WNA (World Nuclear Association).  2010.  Nuclear Power in South Africa. 

http://www.world-nuclear.org/info/inf88.html Date of access: 20 Feb. 2012. 

 

WNA (World Nuclear Association).  2011a.  Thorium. http://www.world-

nuclear.org/info/inf62.html Date of access: 30 Oct. 2011. 

 

WNA (World Nuclear Association).  2011b.  Plutonium. http://www.world-

nuclear.org/info/inf15.html Date of access: 3 Nov. 2011. 

 



 

 93 

WNA (World Nuclear Association).  2012.  South Korea. http://www.world-

nuclear.org/info/inf15.html Date of access: 3 Nov. 2011. 

 

X-RATES.  2012.  South African Rand Exchange Rates Table. http://www.x-

rates.com/d/ZAR/table.html Date of access: 24 May 2011. 

 

XU, Z.  2003.  Design Strategies for Optimizing High Burnup Fuel in Pressurized Water 

Reactors. MIT. (Thesis – PhD). 

 

ZABUNOGLU, O.H. & OSDEMIR, L.  2005.  Purex co-processing of spent LWR fuels: 

comparative fuel cycle cost analyses.  Annals of Nuclear Energy, 32:137–149. 

 

 



 

 94 

Appendix A 

 

A.1 Fuel cycle cost 

The mass of fuel was calculated per refuelling cycle. Equation A.1 shows the formula used. 

 

𝑀𝑎𝑠𝑠  𝑜𝑓  𝑓𝑢𝑒𝑙
𝑡𝐻𝑀
𝑦𝑒𝑎𝑟

=
𝑇ℎ𝑒𝑟𝑚𝑎𝑙  𝑝𝑜𝑤𝑒𝑟 𝑀𝑊 ∗ 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 ∗ 365  (𝑑𝑎𝑦𝑠)

𝐵𝑢𝑟𝑛𝑢𝑝 !"#
!"#

∗ (𝑦𝑒𝑎𝑟)
 

(A.1) 

 

Table A.1 illustrates the values taken from Koeberg used in the calculations. It is assumed 

that the availability is increased by 2,5% when the refuelling cycles are extended from 18 

months to 24 months. 

The burnup used in equation A.1 is calculated from equation A.2. 

𝐵𝑢𝑟𝑛𝑢𝑝 = 236,25 ∗ 𝑃(
𝑘𝑊
𝑘𝑔 ) ∗ 𝐿 ∗ 𝑛 ∗ 𝑇!(𝑦𝑒𝑎𝑟𝑠) 

(A.2) 

𝑃 = 𝑠𝑝𝑒𝑠𝑖𝑓𝑖𝑐  𝑝𝑜𝑤𝑒𝑟
𝑘𝑊
𝑘𝑔 ~38,3  𝑓𝑜𝑟  𝐾𝑜𝑒𝑏𝑒𝑟𝑔 

(A.3) 

𝐿 = 𝑂𝑣𝑒𝑟𝑎𝑙𝑙  𝑐𝑦𝑐𝑙𝑒 − 𝑎𝑣𝑒𝑟𝑎𝑔𝑒  𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦  𝑓𝑎𝑐𝑡𝑜𝑟 (A.4) 

1/𝑛   = 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛  𝑜𝑓  𝑡ℎ𝑒  𝑐𝑜𝑟𝑒  𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑑  𝑒𝑎𝑐ℎ  𝑟𝑒𝑓𝑢𝑒𝑙𝑙𝑖𝑛𝑔 (A.5) 

𝑇𝑐 = 𝐶𝑦𝑐𝑙𝑒  𝑙𝑒𝑛𝑔𝑡ℎ  𝑖𝑛  𝑦𝑒𝑎𝑟𝑠 (A.6) 

 

The values used in equation A.1 and A.2 are taken from Koeberg and are given in Table A.1. 
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Table A.1 Koeberg values 

Property Value Unit 

Thermal power 2 785 MWth 
Availability (18 months) 80 % 
Availability (24 months) 82,5 % 
Fraction of the core replaced each refuelling 1/3 - 
 

The composition of the fuel was calculated according to Table A.2. 

 

Table A.2 Composition of fuels 

 U Th Pu 

UO2 100% - - 
(Th/U)O2 25% 75%  
(Th/Pu)O2 - 87% 13% 
 

The amount of raw materials was calculated by taking into account the losses of every 

process step. The losses for each process step are given in Table A.3. 

 

Table A.3 Process step losses for front end of fuel cycle 

Process step Losses 

Conversion 0,5% 
Fabrication 1% 
 

The separative work units (SWU) were calculated according to equation A.7  
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𝑆𝑊𝑈  (
𝑡𝑜𝑛
𝑐𝑦𝑐𝑙𝑒) = 𝑀𝑝 ∗ 𝑉 𝑥𝑝 +𝑀𝑡 ∗ 𝑉 𝑥𝑡 −𝑀𝑓 ∗ 𝑉(𝑥𝑓) (A.7) 

𝑀𝑝 = 𝑀𝑎𝑠𝑠  𝑜𝑓  𝑝𝑟𝑜𝑑𝑢𝑐𝑡  𝑠𝑡𝑟𝑒𝑎𝑚  (
𝑡𝑈
𝑐𝑦𝑐𝑙𝑒) 

(A.8) 

𝑀𝑡 = 𝑀𝑎𝑠𝑠  𝑜𝑓  𝑡𝑎𝑖𝑙𝑠  𝑠𝑡𝑟𝑒𝑎𝑚  (
𝑡𝑜𝑛
𝑐𝑦𝑐𝑙𝑒) 

(A.9) 

𝑀𝑓 = 𝑀𝑎𝑠𝑠  𝑜𝑓  𝑓𝑒𝑒𝑑  𝑠𝑡𝑟𝑒𝑎𝑚  (
𝑡𝑜𝑛
𝑐𝑦𝑐𝑙𝑒) 

(A.10) 

𝑉 𝑢𝑟𝑎𝑛𝑖𝑢𝑚  𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛  𝑜𝑓  𝑠𝑝𝑒𝑠𝑖𝑓𝑖𝑐  𝑠𝑡𝑟𝑒𝑎𝑚 = 𝑉𝑎𝑙𝑢𝑒  𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 (A.11) 

𝑉𝑎𝑙𝑢𝑒  𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛:𝑉 𝑥 = 1− 2𝑥 ∗ 𝑙𝑛  (
1− 𝑥
𝑥 ) (A.12) 

 

A.2 Cost of refuelling downtime  

The cost of refuelling downtime was calculated by using equation A.13 

 

𝑂𝑢𝑡𝑎𝑔𝑒  𝑐𝑜𝑠𝑡 = 𝑝𝑜𝑤𝑒𝑟 𝑘𝑊 ∗    [(𝐼! ∗
!!"#$
!"#$%&

)+ (𝐶!" ∗ 𝑡!" ∗ 𝑡!)] (A.13) 

𝐼! = 𝑖𝑛𝑐𝑜𝑚𝑒  𝑜𝑓  𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦
𝑅

𝑘𝑊ℎ  (A.14) 

𝐶!" =   𝑐𝑜𝑠𝑡  𝑜𝑓  𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡  𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦
𝑅

𝑘𝑊ℎ  (A.15) 

𝑡!" =   𝑟𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡  𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦  𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 !!"#$
!"#

) (A.16) 

𝑡! = 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛  𝑜𝑓  𝑟𝑒𝑓𝑢𝑒𝑙𝑙𝑖𝑛𝑔(𝑑𝑎𝑦𝑠) (A.17) 

 

 

The values used to calculate the refuelling outage cost are given in Table A.4. 
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Table A.4 Values used to calculate the refuelling outage cost 

Property Value Unit 

Running cost of electricity 0,206 R/kWh 
Selling price of electricity 0,52 R/kWh 
Income of electricity 0,314 R/kWh 
Replacement electricity cost 0,374 R/kWh 
Replacement duration (for peak times) 5 hours/day 
Duration of refueling 30 days 
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The excel model developed for the uranium fuel cycle calculation is shown in Figure A.1 

 
Figure A.1 Model for the uranium fuel cycle calculation 

 
 

The excel model developed for the Th/U fuel cycle calculation is shown in Figure A.2 

 

Figure A.2 Model for the Th/U fuel cycle calculation 

Raw materials Conversion 99,5% Enrichment Fabrication 99% Reactor
Feed kg U/year Feed kg U/year Loss 0,5% Feed kg U/year (Mf) Ann SWU 101956 Feed kgU/year (Mp) Loss 1% product kgU/year Year 365 days

157 264,87      $/kgU 64,4 157 264,87     $/kgU 7,9 156 478,55                $/SWU 107,4 16 311,03                 $/kgU 244,2 16 147,92             Thermal Power 2785 MWth
Vxf 4,87 Capacity Fact 83% Results

Feed Assay (xf) Vxt 5,84 Product assay (xp) Refueling time 18       months Total fuel cycle cost 38,30 $M/year
$M/year 10,128 $M/year 1,242 0,711% Vxp 2,81 4,4% $M/year 3,98 Burnup  52249 Mwd/tHM Lifetime 60,00   years

$M/year 10,95 Fuel cycle cost for reactor life 2297,89 $M

Tails Assay (xt) 0,282%
1% Tails kgU/year (Mt) 140 167,52  1% Persentage material to fuel cost 26,4%

Tails Disposal
$/kgHM 536 $/kgHM 120

$/kgU 10
$M/year 1,402 $M/year 8,66 $M/year 1,94

Package and storage 
outside reactor

Transportation and 
employment in depository

Tails assay optimizer
21,078

Raw materials Conversion 99,5% Enrichment Fabrication 99% Reactor Results
Feed kg U/year Feed kg U/year Loss 0,5% Feed kg U/year (Mf) Ann SWU 117228 Feed kgU/year (Mp) Loss 1% product kgU/year Year 365 days Total fuel cycle cost 35,92 $M/year

137604,14 $/kgU 64,4 137604,14 $/kgU 7,9 136 916,12                $/SWU 107,4 3 058,32                    $/kgHM 300 3 027,73                Thermal Power 2785 MWth Lifetime 60,00    years
Feed kg Th/year $/kgTh 55,8 Vxf 4,87 product kgTh/year Capacity Fact 85,5% Fuel cycle cost for reactor life 2155,38 $M

9083,20 Feed Assay (xf) Vxt 5,84 Product assay (xp) 8 992,37                Refueling time 24         Months Fuel cycle savings compared to U 142,51 $M
$M/year 9,369 $M/year 1,087 0,711% Vxp 0,86 19,50% $M/year 3,64 Burnup  71 764  Mwd/tHM Fuel cycle cost compared to U 93,80%

$M/year 12,59
0,5% 1%

Tails Assay (xt) 0,282% Persentage of raw fuel cost 26,1%

Tails kgU/cycle (Mt) 133 857,80  Uranium savings 12,5%
Tails Disposal
$/kgU 10 $/kgHM 536 $/kgHM 120 Fuel composition

ThO2 75%
$M/year 1,339 UO2 25%

$M/year 6,44 $M/year 1,45

Fuel cycle cost 
for reactor life 

Fuel cycle 
savings 

compared to U
Lifetime

Fuel cycle cost for 
reactor life 

Fuel cycle savings 
compared to U

Lifetime
Fuel cycle cost 
for reactor life 

Fuel 
cycle 

savings 
compare

d to U

Lifetime

2 155,38              142,51             60,00     2 155,38                    142,51                   60,00     2 155,38          142,51   60,00                                            
38,64$            0,60 1942,700 355,189 60,00     33,48$                      0,60 2143,216 154,672 60,00     64,44$             0,60 1853,21 444,67 60,00                                            
41,86$            0,65 1969,285 328,604 60,00     36,27$                      0,65 2144,737 153,152 60,00     69,81$             0,65 1890,99 406,90 60,00                                            
45,08$            0,70 1995,870 302,019 60,00     39,06$                      0,70 2146,257 151,631 60,00     75,18$             0,70 1928,76 369,13 60,00                                            
48,30$            0,75 2022,455 275,433 60,00     41,85$                      0,75 2147,778 150,110 60,00     80,55$             0,75 1966,53 331,36 60,00                                            
51,52$            0,80 2049,040 248,848 60,00     44,64$                      0,80 2149,298 148,590 60,00     85,92$             0,80 2004,30 293,59 60,00                                            
54,74$            0,85 2075,625 222,263 60,00     47,43$                      0,85 2150,819 147,069 60,00     91,29$             0,85 2042,07 255,82 60,00                                            
57,96$            0,90 2102,210 195,678 60,00     50,22$                      0,90 2152,340 145,549 60,00     96,66$             0,90 2079,84 218,05 60,00                                            
64,40$            1,00 2155,381 142,508 60,00     55,80$                      1,00 2155,381 142,508 60,00     107,40$           1,00 2155,38 142,51 60,00                                            
70,84$            1,10 2208,551 89,338 60,00     61,38$                      1,10 2158,422 139,467 60,00     118,14$            1,10 2230,92 66,97 60,00                                            
74,06$            1,15 2235,136 62,752 60,00     64,17$                      1,15 2159,942 137,946 60,00     123,51$           1,15 2268,69 29,20 60,00                                            
77,28$            1,20 2261,721 36,167 60,00     66,96$                      1,20 2161,463 136,426 60,00     128,88$           1,20 2306,46 -8,58 60,00                                            
80,50$            1,25 2288,306 9,582 60,00     69,75$                      1,25 2162,983 134,905 60,00     134,25$           1,25 2344,23 -46,35 60,00                                            
83,72$            1,30 2314,891 -17,003 60,00     72,54$                      1,30 2164,504 133,385 60,00     139,62$           1,30 2382,01 -84,12 60,00                                            
86,94$            1,35 2341,476 -43,588 60,00     75,33$                      1,35 2166,024 131,864 60,00     144,99$           1,35 2419,78 -121,89 60,00                                            
90,16$            1,40 2368,062 -70,173 60,00     78,12$                      1,40 2167,545 130,344 60,00     150,36$           1,40 2457,55 -159,66 60,00                                            

Fuel cycle cost 
for reactor life 

Fuel cycle 
savings 

compared to U
Lifetime

Fuel cycle cost for 
reactor life 

Fuel cycle savings 
compared to U

Lifetime

2 155,38              142,51             60,00     2 155,38                    142,51                   60,00     
180,00$          0,60 2067,962 229,927 60,00     321,60$                    0,60 2000,754 297,135 60,00     
195,00$          0,65 2078,889 218,999 60,00     348,40$                    0,65 2020,082 277,806 60,00     
210,00$          0,70 2089,816 208,072 60,00     375,20$                    0,70 2039,411 258,478 60,00     
225,00$          0,75 2100,744 197,145 60,00     402,00$                    0,75 2058,739 239,150 60,00     
240,00$          0,80 2111,671 186,217 60,00     428,80$                    0,80 2078,067 219,821 60,00     
255,00$          0,85 2122,598 175,290 60,00     455,60$                    0,85 2097,396 200,493 60,00     
270,00$          0,90 2133,526 164,363 60,00     482,40$                    0,90 2116,724 181,165 60,00     
300,00$          1,00 2155,381 142,508 60,00     536,00$                    1,00 2155,381 142,508 60,00     
330,00$          1,10 2177,235 120,653 60,00     589,60$                    1,10 2194,037 103,851 60,00     
345,00$          1,15 2188,163 109,726 60,00     616,40$                    1,15 2213,366 84,523 60,00     
360,00$          1,20 2199,090 98,798 60,00     643,20$                    1,20 2232,694 65,195 60,00     
375,00$          1,25 2210,017 87,871 60,00     670,00$                    1,25 2252,022 45,866 60,00     
390,00$          1,30 2220,945 76,944 60,00     696,80$                    1,30 2271,351 26,538 60,00     
405,00$          1,35 2231,872 66,016 60,00     723,60$                    1,35 2290,679 7,210 60,00     
420,00$          1,40 2242,800 55,089 60,00     750,40$                    1,40 2310,007 -12,119 60,00     

Fabrication Sensitivity

Transportation and 
employment in depository

Package and storage 
outside reactor

U Price Sensitivity Enrichment SensitivityTh Price Sensitivity

Final desposal Sensitivity

Tails assay optimizer
21,452
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The excel model developed for the Th/Pu fuel cycle calculation is shown in Figure A.3 

 

Figure A.1 Model for the Th/Pu fuel cycle calculation 

 

Raw materials Reprocessing 1% Fabrication 99% Reactor Results
Feed kg Pu/year Loss 0% Feed kg Pu/year Loss 99% Feed kgPu/year (Mp) Loss 1% product kgPu/year Year 365 days Total fuel cycle cost 163,82 $M/year

157796,53 $/kgPu 0 157 796,53          $/kgHM 684,4 1 577,97                         $/kgHM 1780 1 562,19                   Thermal Power 2785 MWth lifetime 60,00         years
Feed kg Th/year $/kgTh 55,8 Capacity Fact 85,5% Fuel cycle cost for reactor life 9829,15 $M

20909,25 $M/year 107,996 product kg Th/year Refueling time 24            Months Fuel cycle savings compared to U -7531,26 $M
$M/year 1,167 $M/year 40,03 20 700,16                 Burnup  72 326,1  Mwd/tHM Fuel cycle cost compared to U 427,75%

9900,00% 1%
Fuel composition

ThO2 87,0%

PuO2 13,0%

$/kgHM 536 $/kgHM 120

Persentage of raw fuel cost 0,7%
$M/year 11,93 $M/year 2,70 Uranium savings 100,0%

Transportation and employment in 
depository

Package and storage outside 
reactor




