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Abstract 

A study was conducted at Oak Ridge National Laboratory co evaluate 
the role of thorium fuel cycles in power reactors. Three thermal rc^ctor 
systems were considered: Light Water Reactors (LWRs); High-Temperature 
Gas-Cooled Reactors (HTGRs); and Heavy Water Reactors (HWRs) of the 
Canadian Deuterium Uranium Reactor (CANDU) type; most of the effort was 
on these systems. A summary comparing thorium and uranium fuel cycles in 
Fast Breeder Reactors (FBRs) was also compiled. 

Relative co thermal reactors, the results show that better U3O3 
utilization is possible using thorium fuel cycles than can be achieved 
with uranium cycles. However, thorium cycle use does not change the need 
for FBRs so long as significant increases in nuclear power generation are 
needed for long times. Commercialization of thorium cycles, including 
recycle, would give added flexibility to the U.S. nuclear industry to deal 
with any del<?y in FBR introduction or with comnercialization of a low-gain 
FBR. Further, thorium fuel cycles under certain circumstances can produce 
lower cost power than uranium cycles, particularly at higher U3O3 prices. 
Generally, it appears more desirable economically to recycle plutonium 
with thorium rather than with uranium in thermal reactors. However, limi-
tations on the amount of available plutonium would significantly limit 
overall improvements in fuel utilization. 

The most direct vehicle in which to take advantage of the improved 
fuel utilization capabilities of the thorium fuel cycle are LWRs since 
they wilJ be generating most of the nuclear power during the next two 
decades. However, the thorium cycle does not appear to compete economically 
in present LWRs even at uranium prices over $100/lb. Of the thermal reactors 
and under reference conditions of tius study, thorium fueled HTGRs and HWRs 
have the best fuel utilization performance, while HTGRs offer the best 
opportunity for economic use of the thorium cycle. HWR(Th)s have about 
the same fuel utilization characteristics as HTGRs, but at a higher power 
cost. 

In FBRs, thorium or thorium/uranium cycles provide a more negative 
void coefficient of reactivity than does the uranium cycle; further, 
mixed cycles provide an alternative fuel in the event that a full recycle 
plutonium economy is limited. The use of metal fuel provides the best 
nuclear performance from thorium cycles, and the superior physical 
properties of thorium metal relative to uranium might lead to an economic 
FBR with high fuel-utilization characteristics. The use of thorium in 
FBRs can provide desirable fuel for both thermal and fast reactors while 
increasing the ratio of thermal-to-fast reactors that can be maintained 
in an FBR economy. 
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SUMMARY 

A study is made of the role that thorium fuel cycles can have In 
power reactors based on present estimates of economic factors* U3O3 

resources, and nuclear power growth scenarios. In doing this, fuel-
utilization characteristics and power costs are estimated for various 
reference reactor types, treating both the uranium *nd the thorlia fuel 
cycles to obtain die relative merits of the different systems. Three 
thermal reactor types are considered: Light-Water Reactors (LWRs)» 
High-Temperature Gas-Cooled Reactors (HTGRs), and Heavy-Water Reactors 
(HWRs). For these systems, benefits to be obtained by the introduction 
of the thorium fuel cycle are evaluated on the basis of the relative 
energy generation from a given UJOQ resource and on economic performance 
as a function of U3O8 and uranium enrichment costs. Overall economic 
benefits or penalties were estimated using a 7.5X/year discount factor. 
A suntary of the performance of thorium, uranium, and mixed fuel cycles 
in Fast Breeder Reactors (FBRs) is also prepared, with both Liquid-Metal 
Fast Breeder Reactors (LMFBRs) and Gas-Cooled Fast Reactors (GCRFs) being 
treated. 

This study considers that there are no restrictions on either fuel 
use or on fuel recycle and also determines the relative economic and 
fuel-utilization performance of the thorium and uranium vuel cycles 
in the vavlous thermal reactor typeB. The evaluation criteria are 
based primarily on economic performance, although U3O9 utilisation 
is also given importance. In determining economic performance, U3O8 
prices are varied from $25/.lb to $300/lb. On the above bases, the use 
of the thorium fuel cycle rather than the uranium cycle in thermal 
reactors result.? in better U3O8 utilization and, in some cases, improved 
economic performance. At the same time, if FBRs are introduced on planned 
schedules, the use of LWRs and FBRs on the uranium cycle gives better 
U3O8 utilization in a growing economy than does the use of the thorium 
cycle in thermal reactors. However, if FBR introduction is delayed 
significantly, the use of thorium fuel cycles is advantageous from a 
fuel-utilization viewpoint. 
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In the above, context, che application of che thorium fuel cycle rather 
Chan the uranium cycle is justified on che following bases. In thermal 
reactors, che thorium fuel cycle permits: (1) more energy to be extracted 
from U3OQ, thus providing a contingency position if commercial introduction 
of che LMFBR is delayed; (2) more economic power generation chan that from 
LWRS (uranium cycle), particularly ac higher U3O3 prices; (3) a decreased 
burden on FBRs relative to early expansion needs when FBRs are firsc 
introducted into the power economy; and (4) a higher ratio of therrcal-
to-fast reactors in an esCablished FBR power economy. In *'JSC reactors, 
the thorium or mixed thorium/uranium cycle permits: (l)a more negative 
void coe.' ficient in the core of che reactor, (2) the use of a "denatured" 
fuel (one in which uranium containing less than 20% fissile is the initial 
fliesile fuel) in selected reaccors, and (3) production of a fuel which 
has desirable feacures for boch fast and thermal reactors. 

The LWR provides the most direct route for application of the thorium 
fuel cycle; however, the uianium cycle in LWRs ir more economic than che 
thorium cycle for the reference conditionr.. Further, the estimated impact 
of the LWR(Th) (with 1980 introduction) in improved fuel utilization is 
less than that of either the HTGR or HWR (with 1995-2000 introduction); 
also, use of the thorium cycle in LWRs at an early date impacts the 
production of Pu for jarly use in FBRs, while similar use of HTGRs or 
HWRs at a later dace does noc. 

Of Che chermal reaccors invescigaced, and for the reference evaluation 
conditions, only che HTGR is more economic with che thorium cycle than with 
the uranium cycle at present nuclear fuel costs. If che uncertainties 
regarding commercial introduction of Che HTGR in che U.S. can be resolved 
favorably, then the HTGR appears to offer the best combination cf economics 
and fuel utilization performance wich Che Chorium fuel cycle. While HTGRs 
probably cannot be commercialized in cime Co put these advantages to wide 
use before about 1995-2000, their impact on improving fuel utilization can 
still be significant. The HWR is the next best system for thorium applica-
tion, having about Che same fuel utilization characteristics as che HTGR 
buc higher power cosCs; again, chis reacCor type is less commercialized in 
the U.S. than the LWR. In fast reactors, thorium or mixed fuel cycles in 
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LMFBRs appears attractive for obtaining improved void coefficients of 
reactivity, for use if metallic fuels are practical, and for use if 
"denatured" fuel cycles ate mandatory. 

The practical application of the thorium fuel cycle requires the 
development of fuel recycle capability. In particular, the lack of 
thorium fuel recycle capability has severe economic impacts on LWR(Th)s 
and HWR(Th)s. While much technology already exists upon which future 
work can be based with regard to fuel recycle development, considerable 
effort is still needed relative to providing a practical demonstration 
of recycle technology. Demonstration of recycle fuel irradiation 
performance is also needed. 

With regard to the application of plutonium fueling in thermal 
reactors, Pu/Th appears economically attractive relative to Pu/238U; 
further, Pu/Th appears economically preferable to 235U/Th fueling if 
Pu costs are those associated with recovery from LUR fuel. At the same 
time, the concentration of fissile plutonium in fuel discharged from 
natural-uranium HWRs appears to be too low to be economically recovered; 
use of an enriched uranium cycle in HWRs changes that situation. Overall, 
while Pu/Th fueling in thermal reactors appears economically desirable, 
such fueling has only a small influence on improving fuel-utilization 
performance, because of limited Pu availability. The primary justifica-
tion for Pu/Th use is an economic one and dependent on Pu price. 

Specific unit costs are estimated for fuel fabrication, reprocessing, 
refabrication, and associated operations; these are utilized with 
estimates of capital costs and operating and maintenance costs to give 
power costs. For U3O8 prices less than approximately $40/lb, the lowest 
power costs for thermal reactors are generally calculated when no fuel 
recycle takes place, considering all fuel cycles. However, increasing 
the U3OQ price makes fuel recycle the most economic option, and its 
application increases the energy extraction from a given U3O8 resource. 

For estimated reactor growth scenarios, thorium cycle use in LWRs 
(CR ^ 0.7) provides 12 to 16% more energy, while HTGRs or HWRs (with a 
CR 0.8) provides about 20 to 50% more energy, based on thorium reactors 
being introduced commercially on a large scale about 1995-2000. The 
increase can be larger if a conversion ratio of 0 . 9 is employed, and 
much larger if break-even breeders are utilized; however, in the KWRs 
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and HTGRs examined, such high conversion ratios generally lead to 
substantially increased fuel inventories as well as high fuel recycle 
costs, so that the associated economic performance is unattractive. 
Overall, for the reference conditions, economic benefits relative to 
LWR(U)s with Pu recycle (and discounted at 7.5%/yr) are greatest for 
HTGRs; based on HTGR capital costs being equal to LWR capital costs, 
U3O8 prices of $100/lb, U3O8 resources of 2.5-3.5 million tons, and 
an HTGR conversion ratio of ̂ 0.8, benefits are $6.4-21.6 billion. 
Corresponding benefits are $1-3.8 billion for HWRs; a penalty is 
associated with use of LWR(Th)s. Also, the discounted capital invest-
ment in separations facilities appears significantly less for LWRs and 
HTGRs than for HWRs. The above HTGR benefits do not take into considera-
tion the cost of developing commercial HTGRs. Estimating the cost of 
developing HTGRs at $2 billion (undiscounted), an increase in HTGR 
capital costs of $95-115/kW(e) cancels the benefits stated above. If 
costs for developing HWR(Th)s are $0.5 billion (undiscounted), an increase 
in HWR(Th) capital costs of $13-18 kW(e) cancels the HWR(Th) benefits 
stated above. 

Conclusions 

1. Developing of the thorium fuel cycle is justified on the bases 
of better U3O8 utilization, improved potential for long-term economics, 
and additional flexibility with regard to fuel recycle alternatives. 
Thus, introduction of the thorium fuel cycle provides additional power 
generation capability in case of delayed introduction of commercial 
FBRs, or in case there is introduction of a low-gain FBR on the reference 
schedule. 

2. Use of LWR(Th)s rather than LWR(U)s will increase the amount of 
energy generated from a given U30g resource by about 20% above the reference 
value, considering substitution of thoria for urania in present type LWR 
designs. Use of LWR(Th)s beginning in 1995-2000 increases the energy 
generation from specified U3O8 resources by 12-16% relative to complete 
use of LWR(U)s. However, LWR(Th) systems ̂ c..not appear economic compared 
to LWR(U) systems based on present commercial reactor designs even when 
the U3O8 price is $100/lb or more. 
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3. If the uncertainties regarding commercial introduction of the 
HTGR in the U.S. can be resolved favorably, then the HTGR appears to 
offer the best combination uf economics and fuel utilization with the 
thorium fuel cycle. Further, possible future increases in thermal 
efficiency through, application of combined cycle HTGRs significantly 
increases economic and fuel utilization potential. 

4. The HWR(Th) system appears better suited than the LWR(Th) 
system for attaining high conversion ratios. However, the capital 
component of the HWR power cost appears at least as high as that of 
LWRs, exclusive of the HWR requirement for heavy water, such that total 
power costs of HWRs appear higher than that of LWRs for U3O8 prices 
less than ̂ $50/lb. A decrease in HWR capital costs appears important 
to HWR application in the U.S. At $100/lb U308, the HWR(Th) system 
is more economic than either the LWR(Th) or LWR(U) systems. 

5. The use of HTGRs and HWRs with conversion ratios in the 0.8 to 0.9 
range increases energy generation from a given U 3 0 Q resource by 2 0 to 6 4 % , 

considering the introduction of these reactors by 1 9 9 5 - 2 0 0 0 . (Power growth 
scenarios utilized in estimating the above considered nuclear power levels 
to rise to 4 0 0 to 6 0 0 GW(e) by the year 2 0 0 0 . ) 

6. Operation of thermal reactors on Pu/Th fueling appears to be 
economically attractive when Pu is recovered from LWRs or enriched-uranium 
HWRs. However, the use of Pu/Th fueling does not have a large impact on 
fuel-utilization characteristics because of limited Pu availability. 
Further, the use of Pu in this manner does not permit Pu to be available 
for startup of FBRs. The Pu needs of FBRs under reference introduction 
and growth scenarios are such that reserving Fu for FBRs precludes 
large-scale use of Pu/Th fuel cycles. 

7. The economic application of the thorium cycle in thermal reactors 
generally requires the establishment of a fuel recycle industry, particularly 
for LWRs and HWRs (fuel recycle is also required for utilizing product 
Pu and uranium from the uranium cycle). Without fuel recycle, the thorium 
cycle can be used most effectively in HTGRs; however, recycle in HTGRs 
is desirable to increase fuel-utilization performance, and is also 
economically desirable when U3OQ costs rise above about $40/lb for the 
reference conditions of this study. 
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8. Converter reactor operation witli conversion ratios above about 
0.9 does not appear economical; the high fuel recycle costs associated 
with low fuel burnups and the high fissile inventory requirements out-
weigh the improvement in fuel utilization achieved. 

9. The discounted economic benefits from thorium cycle use in the 
various reference-type reactors, and relative to LWR(U)s with Pu recycle, 
vary from $1-3.8 billion for HWRs, and from $6.4-21.6 billion for HTGRs, 
based on capital charge equality for LWRs, llTGRs and HwRS, economic conver-
tion ratios, estimated power growth scenarios, thorium reactor introduction 
by 1995-2000, a U308 price of $100/lb, and U308 resources of 2.5-3.5 million 
tons. The use of thorium cycles in reference LWRs does not appear economic 
relative to use of LWR(U)s. 

10. The HTGR economic benefits given in (9) above are cancelled if 
the unit capital costs of HTGRs are increased by $95-115/kW(e) above 
those for LWRs; similarly, the HWR economic benefits are cancelled if the 
relative HWR capital costs are increased by $13-18/kW(e)„ 

11. Although the nuclear performance of the thorium fuel cycle in 
FBRs is generally not as good as the uranium cycle, use of mixed cycles 
in FBRs may be satisfactory and/or desirable. Also, use of metallic fuels 
might be possible with thorium while not with uranium because of the 
superior properties of thorium-based metal relative to uranium alloys. 
Use. of metallic thorium fuel improves the performance of the thorium fuel 
cycle relative to use of oxide fuel; however, safety considerations may 
influence the use of metallic fuel. 

12. From a safeguards viewpoint, developing a mixed uranium/thorium 
fuel cycle permits a "denaturing" of recycle fissile fuels, since 23 3u 
can be diluted with 238U. This flexibility could be important if fuel 
feed to certain FBR power stations were limited to ̂ >20% enriched uranium. 

Recommendations 

Strong support should be given to the thorium-cycle HTGR as the best 
contingency reactor in case there is a significant delay in the introduction 
of LMFBRs. The emphasis should be placed on commercializing HTGRs and 
introducing thum on a time schedule such that they can capture a large 
share of the nuclear power market by 1995-2000. 
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In addition to the above, continued studies and evaluations should be 
carried out on the LWR(Th) and HWR(Th) systems. Since LWRs are the most 
direct vehicle for thorium utilization, LWR(Th) systems should be studied 
more thoroughly to be sure the conclusions of this limited study are valid. 
Such studies should also evaluate LWR designs based on a more advanced 
technology; in the later case, care must be taken to consider the influence 
of licensing requirements on design. Relative to heavy water reactors, 
HWR(Th)s should be considered for conmercial introduction into the U.S. 
as a backup to the HTGR. Associated effort should include an evaluation 
of the costs and schedules for commercial introduction and licensing of 
HWRs, of the capital investments required for D2O separation plants, and 
an assessment of all costs not expected to be borne by industry. 

Finally, it should be noted that the above considers no limitations 
on fuel use or on fuel recycle other than those associated with economic/ 
technical factors. If limitations on fuel recycle are imposed upon the 
nuclear industry because of safeguards considerations, the use of thorium/ 
uranium mixed cycles :.n FBRs may be necessary to have a breeder economy, 
and could have implications on thermal reactor fuel cycles. This situation 
was examined only peripherally in this report; based on the results obtained, 
it is recommended that thorium/uranium fuel cycles in FBRs be studied in 
detail, along with their possible interactions with thermal reactors. 
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1. INTRODUCTION 

This report provides the results of a concentrated effort over a 
two-month period to assess the relative economic and fuel-utilization 
performance of thorium and uranium fuel cycles in various reactor types. 
Under the limited time condtions of this study, it was not possible to 
go into the detail that would be desirable. Further, we were dependent 
primarily on information which was quickly available to us, such as that 
from specific organizations performing work on the concepts of interest 
and from open literature publications and meeting presentations. With 
regard to LWRs, relatively little J*-ailed information regarding the 
performance of the thorium fuel cycle was initially* available; reactor 
physics information utilized was largely obtained from the open literature, 
along with results of independent calculations at ORNL; information was 
also obtained from General Electric (ERDA-sponscred study) and from 
Combustion Engineering (EPRI-aponsored study). In general, much of the 
open literature information on thorium cycles in LWRs appears inconsistent 
and optimistic with regard to use of the thorium cycle. The calculations 
we performed were generally consistent with the Combustion Engineering 
results and provided the basis for our evaluation of the thorium fuel 
cycle in LWRs. At the same time, the detailed analyses performed by GE 
indicate that the economic use of Pu with thorium in LWRs is much more 
complicated than presented by the relatively simple calculations utilized 
in this brief study; such aspects were not considered in this report. 

The HWR(Th) and CANDU results are largely based on studies performed 
by Canada, as reported by Argonne National Laboratory. Because of their 
interest, Canada has studied a wide number of uranium and thorium fuel 
cycle cases; as a result, this particular reactor type was studied in 
considerable detail relative to the comparative performance of thorium 
and uranium fuel cycles. 

For the HTGR, results obtained by General Atomic were utilized. ORNL 
has been involved in HTGR development for meny years and is quite familiar 
with this concept and its performance; only those cases and parameter 
values which were felt to be significant in evaluating the concept were 
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presented. No comparison is given between the thorium and uranium fuel 
cycles for this reactor type, since with fuel recycle (the case of interest 
in this study), the thorium cycle is preferred from both economic and fuel 
utilization viewpoints. 

Relative to FBRs, general information is based primarily upon open 
literature publications; in addition, some detailed, specific calculations 
relating to the relative performance of thorium and uranium fuel cycles 
in FBRs (LMFBRs and GCFRs) were carried out, with emphasis on the use of 
fissile uranium of less than 20% enrichment. 

One of the important items influencing the calculated performance 
of a given reactor type is the reactor physics analysis of the core. 
It should be noted that not all of the reactor physics information used 
here appears to be of the same quality. Specifically, we have confidence 
that the results presented for the physics performance of the HTGR are 
of high quality and are fair representations of what can be expected 
experimentally. We have L»ss confidence in the reactor physics data 
given for the high-conversion-ratio HWR(Th) systems and believe that 
the fissile fuel inventories tend to be low at the high conversion 
ratios. With regard to the LWR(Th)s, our confidence in the results 
was not great during the first part of this study, with the stated 
performance considered to be optimistic. Since that time we have 
modified our results, and more recently we have obtained detailed 
information fram Combustion Engineering on their comprehensive study 
of thorium use in pressurized water reactors; that information largely 
confirms the results given in the present report. 

The reactor plant capital costs, operating and maintenance costs, 
and associated economic bases used in tu_s study are based on what we 
believe to be consistent relative values for developed industries, 
based on evaluations by others. The estimates of fuel fabrication, 
refabrication, and reprocessing costs were based on consistent 
evaluations which we performed during this study, considering specific 
flowsheets, processes, and equipment. The resulting economic factors 
are termed the "reference" values employed in this study, and on which 
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Che results are based. At the same time, based on past experience, 
such reference cost estimates could have significant uncertainties. 
The influence of uncertainties in relative costs on the results were 
not treated in detail, but a few specific cases yere treated. 

This report initially contained an evaluation of the Light Water 
Breeder Reactor (LWBR) and its prebreeders; however, the LWBR design 
available to us did not represent the most recent design concept. 
As a result, ERDA-DNRA requested that the LWBR not be included at 
this time; they plan to evaluate the updated LWBR design at a future 
time. Also, the report does not consider molten-salt reactors. Further, 
relative to the reactors treated, only "reference-type" designs were 
considered in obtaining the results since these designs have passed 
through the licensing process. While designs other than reference can 
be considered, a much more detailed study would be required, since 
safety considerations would also have to be treated in detail. Specifi-
cally, LWRs could be redesigned to give improved nuclear performance at 
the expense of safety margin or by depending upon advances in heat transfer 
and fluid flow technology. Such designs were not considered, and no 
specific conclusions are reached concerning their economic and fuel-
utilization performance. 

An initial draft version of this report was widely distributed during 
July and August of 1976 to obtain review connents concerning this study. 
The responses obtained have been most helpful and were carefully considered 
during the preparation of the present report. As a result, a number of 
small technical changes were made; additional discussions have been provided 
to make the intent of certain sections more clear, and there have been 
changes in the overall presentation to make the report more readable. 

We believe this study to be a significant initial effort with 
meaningful overall results on which future work can be based; at the 
same time, there are considerable uncertainties in important economic 
and parameter estimates and in certain "ground rules." For example, 
this study generally assumed that there are no restrictions on fuel use 
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or on fuel recycle other than those dictated by technical and economic 
considerations. Changing that ground rule would drastically alter the 
interaction of fuel cycles. Thus, there is a continuing need to factor 
in new information as it develops relative to the evaluation of the 
tole of thorium fuel cycles in power reactors. 
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2. PRESENTATION OF REPORT 

Because, of the diverse nature of this study and the limited time 
period during which most of the information was developed, compiled, and 
written, various topics were treated separately, and these are presented 
in the appendices. The report proper makes use of the general results 
obtained in the separate studies, although additional evaluations were 
also performed. In general, the material in the appendices gives more 
detailed information concerning the specific subject matter. At the 
same time, because the evaluation approaches utilized in the various 
appendices are not always the same, differences in detail exist between 
the report proper and certain appendices. Sections 3 and 4 bilow 
provide the final evaluations. 

The attached appendices provide an information resource concerning 
various aspects of this study; a brief description of their content is 
given below. 

Appendix A summarizes the reactor physics aspects of thorium fuels 
in both thermal and fast neutron spectra. The purpose of this appendix 
is to provide perspective relative to the reactor physics features 
associated with the use of various fuels in power reactors* since these 
features influence the desirability and practicality of thorium fuel 
cycles. 

Appendices B, C, and D describe detailed studies performed on 
thorium fuel cycles in LWRs, HTGRs, and HWRs. The results in Appendix B 
are largely based on cpen literature publications in conjuction with 
additional Information obtained from various sources; both uranium and 
thorium fuel cycles were treated. It was difficult to get a consistent 
evaluation of the thorium fuel cycle based on the open literature publi-
cations; Appendix B compares the various results and places them in 
perspective. Appendix C summarizes thorium fuel cycles in HTGRs and 
the variation in performance associated with various core design features. 
Results were largely obtained from General Atomic. Appendix C also treats 
the operation of HTGRs as near-breeders, considering prismatic and pebble-
bed type fuel elements. Appendix D summarizes the performance of thorium 
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fuel cycles in HWRs of Che CANDU reactor type, based largely on Canadian 
designs. The information In Appendix D determined that the optimum 
conversion ratio for the plutonium/thorium fueled concept is about 0.9, 
while the optimum conversion ratio for the 235U/Th fueled concept is 
about 0.8. 

Appendices E and F concern fast breeder reactors; Appendix E 
summarizes open literature information on the tnorium and uranium fuel 
cycles in FBRs. Appendix F provides results on specific calculations 
performed relative to the use of 2i3U/238U in FBRs to examine the feasi-
bility of using uranium containing less than 20Z fissile material in 
LHFBRs or GCFRs. 

Appendix G illustrates ore and separative-work requirements in an 
integrated nuclear economy based on estimated reactor parameters and 
specified nuclear power growths. 

Estimates of the cost of fuel recycle are given in Appendices H and I. 
These estimates are based on specific flowsheets, on equipment require-
ments, and on operating requirements, with special emphasis o.i consistency. 
The unit costs for reprocessing various reactor fuels are given in Appendix 
H, along with unit costs for fuel shipping and waste storage. Similarly, 
Appendix I provides unit cost estimates for fuel fabrication and refabri-
cation. Appendix H gives a qualitative overview of the fuel recycle 
process technology required for the various reactor systems, and also 
estimates the sequential fuel recycle development costs for the various 
reactor types. 

Appendix J gives a brief discussion of some of the institutional 
considerations associated with the introduction of the thorium fuel 
cycle into the nuclear economy; Appendix K summarizes some of the studies 
and programs required to "Americanize" the CANDU systems. This latter 
appendix considers only R&D requirements and does not include demonstra-
tion programs or those programs that might be required as a result of 
licensing studies. 

Appendix N summarizes the power costs and ore-utilization performance 
of the various thermal reactors, based on information given in Appendices 
B. C, and D, and utilizing the calculational methods summarized in Appendix 
L. Not all the economic parameters used in this appendix are the same as 
given in Sections 3 and 4 below. 



Appendices 0, P, and Q give useful additional information in areas 
related to this study. Appendix 0 summarizes the irradiation performance 
of thorium-containing fuels for the various reactor types. Appendix P 
considers fissile availability in an FBR economy based on a specific 
power growth rate in which LWRs are utilized initially. The influence of 
HTGR use is also considered. Appendix Q gives an analysis of the HTGR 
while operating as a ntar- or break-even breeder. 

The relative performance of the thorium and uranium cycles in thermal 
and fast reactors are evaluated in Sections 3 and 4 below. For the 
thermal reactors, the relative fuel-utilization and economic performance 
of the two fuel cycles are considered for LWRs, HWRs, and HTGRs, considering 
several power growth scenarios and U3OQ resources. In evaluating thermal 
reactors, it is implicit that only the thermal reactor coirponent of a 
nuclear power industry be considered. So long as fissile material 
(assumed to be Pu) is stored for later use in FBRs, it will always be 
possible to initiate an FBR industry which can grow with time. For 
the fast reactors, nuclear performance is summarized relative to the 
use of thorium or uranium fuel cycles; in addition, some consideration 
is given to the use of denatured fuel cycles. Section 5 gives the 
conclusions ar..< recommendations based on Sections 3 and 4. 
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3. PERFORMANCE OF THORIUM AND URANIUM FUEL CYCLES 
IN THERMAL REACTORS 

In evaluating the rola of thorium fuel cycles, important criteria 
are fuel—utilization and economic performance (including associated 
economic benefits or penalties). In this section, the various chermal 
reactors considered are assessed with regard to their relative energy 
extraction from a given ore resource under various nuclear power growth 
scenarios, along with associated power costs, and economic benefits or 
penalties relative to a reference power cost. These evaluations also 
treat the influence of uranium-ore and separative-work prices on 
power costs as a function of reactor type and fuel cycle operation. 
Thermal reactors of the LWR, HWR, and HTGR type and of reference design 
are considered here. 

Two basic nuclear power growth scenarios are considered, in one, 
power capacity growth is maintained at 15 GW(e)/year up to a level of 
450 GW. After the power level reaches 450 GW, it is maintained at that 
level until it is necessary to reduce the capacity because of limitations 
in U3OQ resources. In the second scenario, nuclear power growth occurs 
at 30 GW/year until the capacity reaches a level of 900 GW(e). The 
power capacity is maintained at 900 GW(e) until it .is necessary to 
reduce the. level because of limitations in U3O8 resources. 

The power growth scenarios are indicated in Figures 1, 2, 3, and 4. 
In all cases, reference-type LWRs, termed LWR^s, are utilized initially; 
after a siven time, new reactors are built. The new reactors are either 
LWRa's (same as LWRi but identified differently to clarify results), 
LWR(Th)s (LWRs operating on the thorium cycle), HWRs, or HTGRs. For 
Scenario I given in Fig. 1, LWR^'s are installed at a rate of 15 GW(e)/ 
year from 1970 until the year 2000; after that time, they are withdrawn 
from use as their 30-year lifetime is attained. The LWR^'s withdrawn 
from use are replaced with a second type reactor as indicated above. 
As shown in Fig. 1, the power capacity is maintained at 450 GW(e) 
for a period of tine, te, defined as the time of extension associated 
with maintaining the power capacity at 450 GW(e). After time te, no new 
reactors are built, and those in use are operated until the end of their 
30-year lifetime. 
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A variation in the above power growth, scenario, termed Scenario 
IA, is also considered and shown in Fig. 2. In Scenario IA, LWRj's 
are installed from 1970 to 1995 at 15 GW(e)/year; no new LWRi reactors 
are built after 1995, and those in operation continue until the end of 
their 30-year life. Starting in 1995, a second reactor type is built 
(either LWR2, LWR(Th), HWR, or HTGR) such that the power capacity 
increases to 450 GW in the year 2000; the power capacity is then 
maintained at that level until it is necessary to shut the reactors 
down be ause of limitations in U3O3 resources. Again, the time during 
which new reactors are introduced, including the time the power capacity 
remains at 450 GW(e), is called te (time of extension); te is indicated 
in Fig. 2. 

The second type of power growth scenario, termed Scenario II, is 
shown in Fig. 3. In this specific case, the power capacity increases 
from zero in 1980, at a rate of 30 GW(e)/year, until a level of 600 
GW(e) is reached in the year 2000. The newly constructed LWRi reactors 
are operated for 30 years, resulting in the power capacity curve shown 
for LWRi. Starting in the year 2000, a second reactor is installed at 
a rate of 30 GW(e)/year, such that the total power level rises to 900 
GW(e) by the year 2010. After that time, the power level is maintained 
at 900 GW(e) until the U3O8 commitment associated with a 30-year reactor 
life equals the U3O8 resource. The time during which new reactors are 
installed, along with the time at which the power capacity is maintained 
at 900 GW(e), is again termed te, the time of extension, and is indicated 
in Fig. 3. 

A variation in the above power growth scenario, termed Scenario I1A, 
is given in Fig. 4. In Scenario IIA, the time of growth of LWRi's takes 
place from 1980 to 1995, after which time new reactors are installed. 
As shown, the maximum power capacity rises to 900 GW(e). Again, te 

designates the time during which new reactors are built and includes 
the time during which the power capacity remains at 900 GW(e). 

The above power growth scenarios, along with the U3O3 requirements 
of the various reactors, permits the calculation of the energy that can 
be generated from a given U30g resource. In calculating the mined U3O0 

needs, the reactor lifetime requirements given in Table 1 are employed. 
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Table 1. Relative U308 Needs0 

[One 1000-MHCe) Reactor; 21 Full-Power Years, 
0.2% Tails] 

u30aa 
Reactor Fuel Recycle (Tons) 

LWR No 6010 
LWR U only 4780 
LWR U/Pu 3890 
LWR(Th) Yes 3242 
CANDU No 4650 
CANDU Yes 2710 
HTGR (CR = 0.66) No 43 x? 
HTGR (CR = 0.66) Yes 2680 
HWR or HTGR (CR = 0.82) Yes 2032 
HWR or HTGR (CR = 0.85) Yes 1925 
HWR or HTGR (CR - 0.90) Yes 1774 
HWR or HTGR (CR = 1.0) Yes 1710 

aU30g requirements include initial core inventory; however, Cor HWR or 
lii'GR with CR = 1, the entire fuel cycle inventory is included. 

The values in Table 1 are estimated U3O8 needs associated with one 
1000-MW(e) reactor operating for 21 full-power years; also, the concen-
tration of 235U in the "tails" from the enrichment process is taken to 
be 0.2% 235U. The U308 requirements include the initial core inventory. 
Although at first it will take more than the initial core inventory 
because of the inventory associated with fuel fabrication and reprocessing, 
all the inventory becomes available later as the plants are shut down. 
However, the availability of that inventory may not always correspond 
to U30g needs; for reactors with a fuel conversion ratio (CR) less than 
unity, the core inventory is included to compensate for the possibility 
that fuel-cycle-inventory availability may not be properly phased with 
the U30g needs of the remaining plants as nuclear capacity is decreasing. 
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However, In che case o£ a break-even breeder, energy can be generated 
indefinitely. As a result, it is necessary to include the inventory 
needs of che entire fuel cyclc, as is done in Table 1. 

Based on the above nuclear power growth scenarios and the lifetime 
UjOg requirements associated with the various reactors, estimates of the 
relative energy generated by the various reactors are obtained, as well 
as estimates for te, the years during which new reactors are being 
constructed and the power level is being maintained. In obtaining those 
estimates, ic is always assumed chat 1200 KT of th»j fissile Pu generated 
by LWR) will be stored and saved for KBR use [this would be the quantity 
of fissile PU required by FBRs in a power growth economy of 30 GW(e)/year, 
where the FBRs have a specific inventory of 4 kg fissile/hW(e) and an 
overall fuel doubling time of 20 years (simple doubling time, including 
the fuel cycle inventoryJ. Further, the ore resource considered available 
for reactor use is either 2.5 million tons UjOg or 3.5 million tons t'30g. 

The results obtained are given in Figs. 5, 6, and 7 for the various 
power growth scenarios and reactor types. As stated previously, LWR2 
represents a continued construction of LURj, but is specifically identified 
to clarify the results. As shown in Fig. 5, for power growth Scenario I 
and a UaOg resource of 2.5 aillion tons, LV^'s have a te of 8.6 years. 
Further, the energy generated by LWRj plus LWR? is considered as the 
reference energy generation based on the use of LWRs (on the uranium fuel 
cyle) to consume the entire ore resource (except for 1200 tons of fissile 
Pu which is held in storage for FBRs). On that basis, the relative energy 
generated by LWRj plus LWR2 is unity, as indicated in Fig. 5. Also shown 
in Fig. 5 are the results when 3.5 million tons U3OQ are considered, as 
given by the dashed lines. In this latter case, te for LWR2 is 25 years, 
and again the relative energy generation for LWRj plus LWR2 is unity. The 
results for the various reactor systems are also shown, with "LWR(Th)" 
representing LWRs operating on the thorium fuel cycle with recycle of. bred 
fuel.* "HTGR(0.66)" represents a steam-cycle HTGR operating with a fuel 

* 
Relative to LWR(Th) use, all the capacity of LWRs is converted to 
LWR(Th)s at the time LWR(Th)s are introduced. 
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conversion ratio of 0.66 and with recycle of bred fuel; "HTGR(0.66)-CC 
after 10 years" represents the use of steam cycle HTGRs initially, with 
combined cycle HTGRs (which employ gas turbine topping cycle ond an 
ammonia turbine bottoming cycle) utilized for all new reactor construction 
10 years, after the introduction of HTGRs; "HTGR/HWR(0.82)" represents use 
of steam-cycle KTGRs or HWRs operating on the thorium cycle, with either 
reactor type having a fuel conversion ratio of 0.82; "HTGR(0.82)-CC after 
10 years" represents HTGRs with a conversion ratio of 0.82 and combined-
cycle HTGRs being built 10 years after HTGR introduction; similarly, 
HTGRs and HWRs with a CR of 0.90 are also considered. The use of 
combined-cycle HTGRs permits the additional generation of energy because 
of the higher thermal efficiency of that system (efficiency is estimated 
to be 48% compared with 39% for ."he steam cycle HTGR). 

The results in Fig. 5 show that the relative energy generation is 
significantly influenced both by reactor type and by the amount of UjOg 
available for use. Using 2.5 million tons of U^Oe, about 12% more energy 
is obtained with LWR(Th)s rather than LWRs after the year 2000;* if HTGRs 
or HWRs with a conversion ratio of 0.82 are employed, the relative energy 
generation is 20% more than the reference value. If HTGRs with a conversion 
ratio of 0.9 are utilized, with combined-cycle HTGRs employed 10 years 
after the introduction of steam-cycle HTGRs, the relative energy generation 
is about 130%. Alternatively, if the U3O8 resource is 3.5 million tons, 
the latter value increases to 165% of the reference value. The times of 
extension for the various cases are given in Fig. 5 and range from 8.6 to 
66 years. 

If new reactors are started in 1995 rather than in 2000, different 
values for te and relative energy generation are obtained. Figure 6 
gives results for Power Growth Scenario IA (Fig. 2), with 2.5 million 
tons of U308 br-., . utilized; as shown, the relative energy generation is 
114% for the LWR(Th) case, rising to 132% for HWRs or HTGRs with a CR 
of 0.82 and to 141% for HWRs or HTGRs with a CR of 0.9. Similarly, the 
_ 

Relative to LWR(Th) use, all the capacity of LWRs is converted to 
LWR(Th)s at the time LWR(Th)s are introduced. 
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tine of extension, te, varies from 19.5 to 30 years relative to a value 
of 13.6 for the reference LWR. Comparing the results from Fig. 6 and 
Fig. 5 indicates chat introducing HWRs or HTGRs vich a CR of 0.82 in 
1995 instead of 2000 increases the relative energy generation from a 
value of 1202 to 132Z. 

Figure 7 gives relative energy generation results for Power Growth 
Scenarios II and LIA (initial growth of 30 GW(e)/year; new ireactor types 
ip either 1995 or 2000) for a U30e resource of 3.5 million tons. With 
new reactors introducted in the year 2000, the relative energy generation 
by new reactors gives energy increases of 13% for LWR(Th)s, 25% for either 
HTGRs or HWRs ha/ing a CR of 0.82, and 46% for HTGRs having a CR of 0.9, 
along with the introduction of combined-cycle HTGRs 10 years after the 
introduction of steam-cycle HTGRs. The value of te increases from 7.6 
years for LWRs to 18.6 years for steam-cycle HTGRs. When new reactors 
are introduced in 1995 instead of 2000, the relative energy generation 
by new reactors gave energy increases of 16% (instead of 13%) for LWR(Th)s, 
42% (instead of 25%) for HTGR/HWRs (0.82), and 55% (instead of 33%) for 
HTGR/HWRs (0.9). The values of te increase from 12.7 years for LWRs to 
28 years for HTGR/HWRs (0.9). 

In addition to fuel-utilization aspects, it is important co evaluate 
the economic performance of the various reactor types, This evaluation 
is accomplished by treating uranium-ore and separative-work prices as 
parameters for the various reactor types. The calculations performed 
and cost factors employed are similar to those utilized in Appendix N 
and are discussed below. The results given present a consistent evaluation 
of the relative power costs in the various thermal reactor concepts as a 
function of U3O8 costs, separative-work costs, and for consistent estimates 
of the fuel fabrication, refabrication, and reprocessing costs. The unit 
recycle costs take into consideration the throughput of the recycle plant 
associated with a specific reactor concept, with some consideration given 
to the influence of scale on unit costs as the throughput of the plant 
is increased. At the same time, the costs of fuel recycle do not include 
estimates for fuel shipping, storage, and waste treatment, as given in 
Appendix H. The slightly lower effective recycle costs utilized here 
(relative to those given in Appendices H and I) give somewhat preferential 
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treatment to those reactors having relatively low fuel exposures. The 
fuel cycle cost factors employed are listed in Table 2, which also gives 
the l^Og and separative-work prices that are considered, in addition to 
the estimated cost of thoria. Specific values for the fabrication of 
fresh fuel, for reprocessing of fuel, and for the refabrication of recycle 
fuel are given for the various reactor concepts; these values represent 
1976 cost estimates. Effective fuel storage costs used here are also 
listed. The cost to recover fissile plutonium considers only that cost 
associated with reprocessing the material. On the above bases, and 
assuming that the first reactor cycle always pays for fuel storage, the 
cost of recovering fissile Pu is about $20/g for LWRs and about $24 to 
$50/g for HWRs. The above effectively assumes that the first reactor 
fuel cycle will "write off" any fuel value of the product Pu. 

Other general features of the fuel cycle cost calculations employed 
in this section are given below. With the CANDU reactor (operating with 
natural uranium), the fuel is considered to be obtained for fuel fabrica-
tion 1/2 year before reactor exposure; in all other reactor concepts, 
fuel fabrication is considered to require having fuel "on hand" one year 
before reactor exposure. The time for fuel reprocessing and conversion 
is considered to require fuel to be "on hand" for one year following 
reactor exposure, for all reactor concepts. In the case where fuel is 
stored, the fuel and fabrication "inventory" is written off over the 
reactor lifetime and an appropriate "inventory factor" is utilized to 
properly account for those costs over the period of fuel exposure. When 
fuel is recycled, two basic situations are considered; in one, the 
first cycle is considered specifically; the second treats all subsequent 
operations to be on the "equilibrium cycle." For the first cycle, the 
fuel and fabrication "inventory" is considered to be written off over 
the lifetime of the fuel; as a result, fuel which is recycled to subse-
quent cycles has no cost to those cycles other than costs associated 
with fuel refabrication and reprocessing. As a result, for the equilibrium 
cycles, the "inventory" charge is only associated with the "makeup" fuel, 
and with the write-off of working capital associated with fuel fabrication/ 
refabrication. The average fuel cycle cost is then obtained by averaging 
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Table 2. Fuel Cycle Cost Factors 

A. Ore and Separative Work Factors 

Û Ofl, $/lb/SWU, $/kg Th02 
25/75 
40/100 
100/150 
300/200 

$30/kg 
(no recycle considered) 

Reactors 
LWR Ij235/{j238 

Pu/U 
U235/Th 
U233/Th 
Pu/Th 

B. Fuel Cycle Cost Parameters, $/kg 

Fuel Fab. Fuel Reprocess. 

114 

152 

221 
221 
250 
250 
260 

Fuel Refabrication 

500 

570 
510 

HWR 
Natural U 
Enriched U 
Pu/U 
U235/Th 
U233/Th 
Pu/Th 

50 
80 

100 

150 
160 
160 
210 
210 
220 

310 

390 
320 

HTGR 
U 2 3 5 

U233/Th 
JJ235/JJ238 
Pu/Th 

400 750 
750 
730 
750 

1030 

1030 

C. Effective Fual Storage Costs 

Reactor Fuel 
HWR (natural U) 
HWR (enriched) 
LWR 
HTGR 

Storage Costs, $/kg 
25 
100 
100 
400 

Cost to Recover Fissile Pu 

LWR 
HWR 

$20/g 
$24-$50/g 
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the fuel costs of the first cycle and the equilibrium cycles on the basis 
that the reactor lifetime is 30 years and that a discount factor of 7.5%/ 
year applies. Other than the items mentioned above, the general calculation 
of the fuel cycle costs employed the same methods as described in Appendices 
N and L. 

Table 3 lists the additional power cost factors which are employed 
here to obtain power costs. As shown, the capital charge rate is 16%/ 
year (however, the capital charge rate relative to fuel cycle working 
capital is taken to be 15%/year). The heavy watsr cost is taken to be 
$110/kg, and the heavy water inventory of an HWR is considered to be 
0.8 kg/kW(e); heavy water losses from HWRs are taken to be 2%/year. 
Reactor operating and maintenance costs are taken to be a nominal 2 
mills/kWhr(e), which is estimated to be the appropriate value for 
approximately 1980. The capital cost of LWRs is considered to be the 
reference basis for capital costs. An LWR unit capital cost of 
$800/kW(e) is utilized here and is based on estimates for a plant 
starting operation in the early 1980s.* The absolute value of the 
capital cost is not so important in this study as the relative capital 
costs for the different reactor types. Reasonable changes in the above 
LWR cost estimate would not have a significant influence on the results 
of this study so long as relative costs are correct. Thus, the use of 
capital costs based on reactor operation in 1982-83 and of consistent 
fuel recycle costs based on construction of recycle plants in 1976 still 
permits a valid evaluation of thorium and uranium fuel cycles in the 
different reactors. 

The capital cost for an HWR uranium system considers that the unit 
capital cost of an HWR operating at 80% load factor is the same as that 
of an LWR operating at 75% load factor. These relative values are in 
reasonable agreeement with the information presented by Argonne National 
Laboratory in their draft 1976 report on HWRs, and also are consistent 
with the relative cost information developed for LWRs and HWRs as reported 
£ 

W. K. Davis, "Economics of Nuclear Power," Proceedings of the Inter-
national Symposium on Nuclear Power Technology and Economics, Vol. I, 
pp. 29-69, Taipei, Republic of China, January 13-20, 1975. 
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Table 3. Power Cost Factors 

Capital Charge Rate: 16%/year (15%/year for fuel cycle) 
D20 Cost: $110/kg 
020 Inventory: ^0.8 kg/kW(e) 
D2O Losses: 2%/year 

Reactor Capital Cost Load O&M D?0 Cost 
Type $/kW(e) mills/kWhr(e) factor ,5 i mills/kWhr(e) raills/K.Whr(e) 

LWR 800 19.5 75 2.0 
HWR(U) 853 19.5 80 2.0 2.26 
HWR(Th) 843 19.3 80 2.0 2.0 

HTGR-SC 800 19.5 75 2.0 
HTGR-CC 720 17.6 75 2.0 

in WASH-1087.* Further, the capital cost of the thorium-fueled HWR 
relative to the uranium-fueled HWR is somewhat lower due to the slightly 
tighter lattice spacing that could be used for the thorium cycle system. 
This difference is also reflected in the heavy water costs for HWR(Th) 
systems, with the D20 inventory and makeup costs reduced by about 10% 
relative to those costs for uranium-fueled HWRs. 

The relative capital costs of the HTGR are based on recent evaluations 
by United Engineers and Constructors,"'' who estimated that the unit capital 
costs for SC-HTGRs (when developed to the same extent as LWRs) were 
essentially the same as those for LWRs. The CC-HTGR costs are taken to 
be 10% less than those of the SC-HTGR costs (the UE&C cost estimate for 
this system was about 15% less than the SC-HTGR). 

Advanced Converter Task Force, An Evaluation of Advanced Converter 
Reactors, WASH-1087, April 1969. 
•j-
United Engineers and Constructors, Inc., Gas-Cooled Reactor Assessment 
for the Energy Research and Development Administration, Vol. II, "Capital 
and Operating Costs — Safety and Environmental Assessments," June 22, 1976. 
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The resulting calculated power costs t.or tlie various raactor systems 
are summarized in Figs. 8-11. The calculated costs for the LWR are 
given in Fig. 8; as shown, results are given for the LWR operating on the 
uranium cycle with storage of fuel and for the LWR with recycle of uranium 
and plutonium; the latter case is considered to give the reference power 
cost against which new systems need to compete. Results are also given 
for the LWR(Th), initially fueled with thorium and 235U and with recycle 
of bred 233U. 

With regard to the horizontal lines associated with Pu/Th or 
Pu/238U fueled systems, the term "limited" implies there is a limited 
amount of Pu which is available. Further, the horizontal lines imply 
that the power cost is independent of l^Og cost. The Pu cost is that 
cost associated with recovery from the first LWR uranium cycle, with 
the "fuel value" of the Pu being "written off" over the first cycle. 
It can be noted in Fig. 8 that the use of Pu with thorium has a power 
cost about 1.5 mills/kWhr(e) lower than the use of Pu with uranism based 
on the estimates and calculations employed here. 

Recycle Pu can have a value higher than the cost of recovery, 
particularly if it is recycled soon after discharge from the reactor. 
However, if the spent fuel is stored after exposure without certainty 
of recycle, its value should be written off over the fuel exposure. 
Further, since the uranium cycle in LWRs appears to be able to "write 
off" exposed fuel economically, acceptance of this procedure encourages 
fuel recycle and reactor operation at relatively high fuel conversion 
ratios. 

As shown in Fig. 8, use of uranium cycle LWRs with storage of fuel 
appears to be the most economic option for LWRs up to a U3O8 cost of 
about $50/lb. Above the cost, it appears more economical to recycle 
uranium and Pu. However, use of LWR(Th)s with recycle of fuel does 
not appear preferable to the uranium cycle even at high U3O8 costs. 
Maintaining the cost of separative work constant at $100/kg SWU for 
U308 costs above $40/lb would help the thorium cycle in LWRs. U3OB 
costs/SWU costs of $100 per lb of U30s/$100 per kg SWU instead of 
$100/$150, respectively, decreases LWR(Th) costs by about 0.3 mills/ 
kWhr(e) relative to LWR(U) systems; similarly, employing costs of 
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U3O8 COST (4/lb)/SW COST (•/kg SWU) 

Fig. 8. LWR power costs. 
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U 3 0 8 COST ($ / lb ) /SW COST ($/kg SWU) 

Fig. 9. HTGR power costs. 
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Fly. 10. HWR power costs. 
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U3O9 COST (*/lb]/SW COST (*/kg SWU) 

Fig. 11. Comparative power costs for CC-HTGR(GT) and HTGR, HWR, 
and LWR. 
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$300 per lb/§100 per kg instead of $300/$200 decreases the relative 
LWR(Th) costs hy about 0*5 mills/kWhr(e). Such changes would make the 
LWR(Th) cycle more attractive at the higher U3O8 costs, based on the 
evaluations given here. [Recent results by Combustion Engineering, 
however, indicate that the above economic performance for LWR(Th)s 
relative to LWR(U)s is optimistic.]* 

Figure 9 gives estimated power costs for HTGRs as a function of 
U3O3 and separative work costs. Results are generally for the thorium 
cycle with recycle of the bred 233U; however, storage of spent fuel is 
treated for the low CR design. Costs are also given for Pu/Th fueling 
with recycle of bred 233u 

for various conversion—ratio designs; in these 
cases there are a limited number of reactors which can be built because 
of the limited amount of Pu which is available. The associated costs 
are shown independent of U3OQ cost on the same bases given above for 
Fu/Th use in LWRs. Because of its limited application, little emphasis 
is given to the use of Pu, other than pointing out that Pu use with 
thorium appears economically attractive. Overall, Fig. 9 shows that 
up to a U30q price of about $40/lb, it is about as economic to store 
fuel as it is to recycle fuel in the most economic reactor, which has 
a conversion ratio of about 0.66. (In the case of fuel storage, the 
CR is less than 0.66; however, in order to identify the specific core 
design, the term "CR = 0.66" is used.) As the cost of U3O8 rises, 
it becomes important to recycle fuel, and at $100/lb for U308 the cost 
of power from an HTGR with a CR of about 0.82 is about the same as that 
from a reactor with a CR of 0.66, based on the estimates and calculations 
used here. At a CR of 0.9, however, the power cost does not appear as 
favorable as with a CR of 0.82. At the same time, if low-cost Pu is 
available, high CR systems appear economically attractive. 

Figure 10 gives the estimated HWR power costs. The results indicate 
that the natural uranium system with fuel storage is the most economic 
Private communication from Norton Shapiro, Combustion Engineering, 
to Paul Kasten, ORNL, October 19, 1976. 
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one up to U3OQ prices of about $100/lb U308. At U308 prices above about 
$130/lb, the thorium cycle with a CR of 0.82 becomes more economic than 
the natural-uranium cycle with fuel storage. However, use of natural 
uranium plus Pu, with fuel recycle, is more economic than either of the 
above cycles at the higher ore prices. (In this case, the number of 
reactors operating on this cycle are limited by Pu availability.) The 
use of Pu with Th appears economically attractive at U308 prices above 
about $60/lb in reactors with a CR about 0.9. (Again, the cost is shown 
to be independent of U308 price because Pu is considered to be available 
from the first uranium cycle for only the cost of recovery; the number 
of reactors which can be operated on this cycle is limited because of 
limited availability of Pu.) 

Pu can also be recycled in HWR uranium cycles, however, recycle 
of Pu in natural uranium systems is not as ecoromic as the natural-
uranium cycle with fuel storage, because of the refabrication penalty 
associated with adding Pvi to all of the fuel. If Pu is to be recycled 
in uranium systems, it should be employed in conduction with the enriched 
uranium cycle, with the Pu utilized in only a fraction of the fuel 
elements in order to reduce the effective fuel refabrication penalty. 
As indicated in Fig. 10, use of the latter cycle (enriched U/Pu, recycle) 
gives power costs about the same as the. thorium cycle, with the thorium 
cycle tending to be lower at U308 prices above about $40/lb. 

Figure 11 gives a summary of selected cost information taken from the 
previous figures so as to place power costs of the various reactor systems 
in perspective, and in addition shows the economic performance of the 
combined cycle HTGR (CC-HTGR)* with a CR of 0.82. It can be noted that 
the CC-HTGR system has significantly lower power costs than the other 
systems; at the same time, it will take longer to introduce the CC-HTGR 
commercially than the SC-HTGR. 

Figure 12 summarizes power costs of thorium cycles in the different 
reactors (with fuel recyle) relative to LWRs recycling uranium and Pu. 

The CC-HTGR refers to an HTGR employing a gas turbine topping cycle 
and an ammonia turbine bottoming cycle, with an overall thermal 
efficiency of 48% (the steam cycle HTGR has an efficiency of 39%). 
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On chat basis, the power cost differentials between s given thorium 
system and the LWR with U/Pu recycle is given as a function of U3O8 
and separative work, costs. The cost differentials given for the differnt 
systems show that an HWR(Th) system with a CR of 0.82 does not become 
economical relative to LWRs unt.il U3O8 costs exceed about $70/lb, and 
that the economic advantage at $100/lb U3O8 is only about 0.5 mills/kWhr(e). 
The LWR(Th) system at a CR of approximately 0.7 does not become economical 
at any of the U3O8 prices considered under the evaluation conditions 
utilized. HTGRs are the most economical systems shown in Fig. 12, having 
a power cost advantage relative to LWRs for all U30g prices employed; at 
U3O8 prices of approximately ?100/lb, the economic advantage of the steam-
cycle HTGR with CRs of 0.66 to 0.82 is about 3 mills/kWhr(e), whereas that 
of CC-HTGRs is 6 mills/kWhr(e). 

Based on the above cost bases, economic factors, and the associated 
power cost differentials given in Fig. 12, the economic benefits of the 
various systems can be calculated. In all cases, the benefits are 
calculated relative to a reference power cost equal to the LWR (U/Pu 
recycle) system. Figures 13 and 14 give the results of these calculations 
using a discount factor of 7.5%/year to obtain discounted benefits (back 
to 1976), with Fig. 13 considering Power Growth Scenarios I and IA, and 
with Fig. 14 considering Power Growth Scenarios II and IIA. The term 
"delta" in the above figures refers to the unit power cost of savings 
associated with the specific system, and is relative to the cost of power 
from the LWR (U/Pu recycle) system. It is assumed that the reference 
cost of power always applies, even though the LWR may not always be 
available; thus, if the reference power source alternative to the LWR 
were to cost more than that of LWR (U/Pu recycle), the benefits obtained 
would be higher than those shown. In calculating the discounted benefits 
of future systems, it is assumed that the price of U3O8 will be $100/lb 
at that time, and the relative cost differentials associated with that 
price are used in calculating the discounted benefits shown in Figs. 1J 
and 14. The terms used to describe the various reactor systems are those 
used previously. 
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Fig. 13. Discounted benefits for pouer growth scenarios I and IA 
(Initial power growth = 15 GW(e)/year). 
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Fig. 14. Discounted benefits for power growth scenarios II and IIA 
(Initial power growth = 30 GW(e)/year; U308 resource = 3.5 x 106 tons). 
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Figure 13 gives the benefits (discounted to 1976) for Power Growth 
Scenarios I and IA (see Figs. 1 and 2), where the initial power growth 
rate is 15 GW(e)/year, and new reactors are introduced in either 1995 
or 2000. Since LWR2 in this case is LWR (U/Pu recycle), and provides 
the reference cost, there are no benefits shown for LWR2. Similarly, 
since the LWR(Th) system has higher costs than LWR(U) systems, there 
are no benefits shown for LWR(Th)s. [At the same time, if the cost 
of separative work is considered to be $100/kg SWU instead of $150/kg, 
the LWR(Th) benefits are about $1.9 4 $2.3 billion for Power Growth 
Scenario I and for U3O8 resources of 2.5 to 3.5 x 106 tons, based on 
this study. In obtaining this benefit, all LWRs which are in service 
in the year 2000 are converted to LWR(Th)s at that time; subsequently, 
only LWR(Th)s are utilized.] 

Similarly, results are given for the other reactor systems. By far 
the most benefits are obtained with HTGRs, with introduction of SC-HTGRs 
followed by CC-HTGRs having the most benefits. For HTGRs (CR = 0.82) 
introduced in 2000, and with a U3O8 resource of 2.5 x 1Q6 tons, the 
benefits are $6.4 billion. If a combined-cycle HTGR is introduced 
10 years after introduction of the steam cycle HTGR, and a unit power 
cost savings of 3 mills/kWhr(e) is applied to all HTGRs, the discounted 
benefits are $6.7 billion. If, on the other hand, the CC-HTGR had a 
unit power cost saving of 6 mills/kWhr(e) rather than 3, the discounted 
benefits are about $8.2 billion. For this latter case, if the U3O8 
resource is increased to 3.5 million tons, then the discounted benefits 
increase to $12.8 billion. 

For the HWR with a CR of 0.82, and with new reactors introduced in 
2000 and a U3O8 resource of 2.5 x 106 tons, the discounted benefits are 
estimated to be about $1 billion; increasing the U3O8 resource to 
3.5 x 106 tons increases the benefits to $1.5 billion. Introducing 
such reactors in 1995 (with a U3O8 resource of 2.5 x 106 tons) results 
in benefits of $1.8 billion. 

If the cost of separative work is $100/kg instead of $150/kg, the 
above relative benefits will increase by about 8% for the SC-HTGR. 
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Figure 14 gives results similar LO those in Fig, 13, except Power 
Growth Scenarios H and IIA are treated (see Figs. 3 and 4), where the 
initial power growth rate Is 3Q GW(e)/year, and new reactors are introduced 
in either 1995 or 2000. In all cases a U308 resource of 3.5 x 106 tons 
is assumed. The results show no benefits for LWR(Th)s under the reference 
evaluation conditions. Similarly, HTGRs with a CR of 0.82 show benefits 
of $11.4 billion for introduction in 2000 and $21.6 billion for intro-
duction in 1995; analogous benefits for HKTRs (CR = 0.82) are $1.9 billion 
and $3.6 billion, respectively. Figure 14 also shows the benefits; 
associated with HTGRs having a CR of 0.66, and with introduction of CC-HTGRs. 
Overall, HTGRs again show the largest benefits for the evaluated conditions. 

The results in Figs. 13 and 14 show that it is important to bring in 
a new system as early as possible in order to increase the benefits to be 
obtained from that system (for the scenarios studied, relative benefits 
increase by about 90% when new reactors are introduced in 1995 rather 
than in 2000). On the other hand, the results also indicate that the 
economic benefits from HTGRs introduced in 2000 are significantly greater 
than the benefits from HWRs or LWR(Th)s introduced in 1995. 

Another economic factor to consider is the capital investment for 
separation facilities required with the various reactor systems. In 
particular, heavy water separation plants are required for HWRs, while 
enriched-uranium reactor systems require uranium enrichment facilities. 
Comparing the separation facility investments for natural-uranium HWRs 
with those of LWRs and HTGRs indicates there is a higher discounted 
capital investment required for HWRs than for either LWRs or HTGRs. 
Specifically, based on estimated relative investments of $3 billion for 
a uranium enrichment plant producing 107 kg SWU/year, and of $1 billion 
for a heavy water plant producing 1000 MT D20/year, and a nuclear power 
growth rate of 30 GW(e)/year, the discounted capital investment associated 
with the separations facility (employing a discount factor of 7.5%/year) 
is about $12 billion for HTGRs, about $14 billion for LWRs (uranium cycle), 
and about $24 billion for HWRs (natural uranium). Thus, the HWR requires 
about $12 billion more in discounted capital investments for separations 
facilities than does the HTGR. If the nuclear capacity growth were 
15 GW(e)/year, the capital investments would be one-half of those above, 
in which case the HWR would require $6 billion more than the HTGR. 
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Another factor to consider is the development costs associated with 
introducing a new reactor concept. Developing a commercial HTGR could 
cost more than developing a commercial HWR(Th) or LWR(Th). Specifically, 
the anticipated development costs for SC-HTGRs are estimated to be about 
$1.4 to $1.5 billion* (including about $900 million for fuel recycle 
development and demonstration), with development of CC-HTGRs costing 
about $500 million* more when developed with the SC-HTGR. Thus, the 
total development costs of SC- and CC-HTGRs are estimated to be about 
$2 billion. The discounted value of the above $2 billion would be about 
$1.4 billion (at a discount factor of 7.5%/year). Thus, even though there 
were no development costs associated with HWR(Th) or LWR(Th) systems, the 
net economic benefits to be obtained with HTGRs for the reference conditions 
are greater than from either of the other systems. Of course, there are 
development costs associated with commercializing HWR(Th)s and LWR(Th)s; 
it is estimated that costs of fuel recycle development plus those of a 
demonstration fuel recycle facility would be about $600 million or more. 
An uncertainty in HWR costs also involves in part the uncertainty in 
design and development required to license HWRs in the U.S. 

As shown previously in Figs. 11 and 12, the CC-HTGR has significantly 
lower power costs than the other systems. This illustrates the economic 
importance of increasing the thermal efficiency of a given reactor system 
when doing so does not cause a corresponding increase in plant capital 
costs, and does not require a nety type, more expensive fuel system. At 
the same time, the benefits for the CC-HTGR relative to the SC-HTGR are 
dependent upon the discount factor employed and the time of introduction 
of the reactor systems; the benefits shown in Figs. 13 and 14 are based 
on introduction of CC-HTGRs 10 years after SC-HTGRs, and a discount 
factor of 7.5%/year. As a result, the discounted benefits from CC-HTGR 
use relative to SC-HTGR use are not as large as might be expected from 
the results given in Fig. 11. Nonetheless, the benefits are still 
significant, and justify estimated expenditures for CC-HTGR development. 

A. D. Little, Inc., Gas-Cooled Reactor Assessment, Vol. Ill, prepared 
for ERDA, August 1976 (NTIS, Springfield, Va.). 
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The correct value to use for the discount factor is difficult to 
determine. In commercial ventures, discoum. factors greater than 7.5%/ 
year are prevalent. However, for something so basic as the ability to 
produce energy for long periods of time, values much less than 7.5%/year 
can be appropriate. While we believe the value used is appropriate for 
the evaluation performed, it should be recognized that there is significant 
uncertainty as to the correct value to employ. A value lower than 7.5%/ 
year would give more weight to future benefits than given here, while a 
higher value would give more weight to near-term benefits. 

Although not treated here, increasing the core specific power and/or 
the mean energy of neutrons causing fission tends to help the relative 
performance of the thorium cycle in LWRs. The basic questions related 
to the development of such LWRs concern the permissible safety margins 
and the associated heat transfer/fluid flow performance. Licensing 
requirements are thus a key concern for such LWR designs. 
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4. PERFORMANCE OF THE THORIUM AND URANIUM FUEL CYCLES 
IN FAST REACTORS 

This section provides a summary of the performance of thorium, 
uranium, and mixed fuel cycles in fast breeder reactors (FBRs), wxth 
both Liquid-Metal Fast Breeder Reactors CLMFBRs) and Gas-Cooled Fast 
Reactors (GCFRs) being treated. In these reactors, the use of thotium 
or thorium/uranium fuel cycles provides a more negative void coefficient 
of reactivity in the core than does the use of the uranium fuel cycle; 
since the coolant void coefficient of reactivity is much larger in 
LMFBRs than in GCFRs, the above effect is more important in LMFBRs. 
However, the use of the thorium cycle in conjunction with ceramic fuels 
leads to lower breeding ratios than does the use of the uranium cycle. 
While oxide fuels based on the thorium cycle have slightly better material 
and tnermal performance properties than similar fuels for the uranium 
cycle, such differences do not appear significant. 

With regard to metallic fuels, the material and irradiation 
performance properties of thorium-based metal alloys are more suitable 
to reactor use than are uranium metal alloys. Thus, the use of metallic 
fuels might be possible with thorium but not with uranium. Further, the 
use of metallic fuels based on the thorium cycle leads to breeding ratios 
comparable to those obtained with ceramic fuels on the uranium cycle. 
From a thermal hydraulic viewpoint under steady-state conditions, thorium 
metal fuels appear able to operate at higher heat ratings than do oxide 
fuels; however, safety considerations may limit power densities in metal-
fueled systems. Also, while irradiation experience to date with thorium 
metal fuels in encouraging, it is limited, and much more development work 
is required before utilization of such fuels can become a reality. 

It is evident that the recycle of fuels is required for fast reactors 
to operate effectively as breeders. The development of fuel recycle 
capability involves similar effort and demonstration for either the 
uranium or thorium fuel cycle. The present effort is on the uranium 
cycle; the inclusion of thorium cycles will require an incremental increase 
in effort to address those problems peculiar to use of thorium fuels. 
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A feature of thorium fuel cycles in FBRs that sight become very 
significant in the future is related to safeguard aspects. Developing 
a mixed uranium/thorium fuel cycle permits the denaturing of recycle 
fissile fuels since 233U can be diluted with 238U. This flexibility 
can be important if fuel feed to certain FBR power stations is limited 
to about 20% enriched uranium. Either LMFBRs or GCFRs can operate 
with such fuels; further, the nuclear performance of such fuels appears 
to be satisfactory. The use of the mixed fuel cycle, however, leads 
to some plutonium production. The use of that p.latonium at restricted 
sites increases the fuel-utilization characteristics possible; if the 
plutonium cannot be recycled, it is more important to have a high breeding 
ratio in FBRs. 

Finally, the use of thorium in fast reactors leads to a fissile fuel 
that is desirable for thermal reactors; this in combination with thorium 
cycle use in thermal reactors helps permit the ratio of thermal-to-fast 
reactors to be relatively high in a stabilized nuclear industry. 
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5. CONCLUSIONS AND RECOMMENDATIONS 

A number of conclusions and recommendations are listed below, 
based on the reference conditions of this study. At the same time, it 
should be recognized that there are uncertainties in a number of the 
economic parameters and cost estimates utilized, and the results should 
not be taken out of context. Nonetheless, several variations in economic 
parameters were considered, and for the specific cases investigated, the 
general conclusions remained valid. Further, the results for the thermal 
reactors tacitly consider that FBRs will eventually be applied and that 
thermal reactors will not always be utilized to expand the nuclear economy. 
In that context, thorium fuel cycles can have the advantages given. If 
thermal reactors are always used to expand the economy, the use of advanced 
converters has less impact on improved fuel utilization. Also, it is not 
an ensured feature of thorium fuel cycles that they will be economic. The 
results given in this report indicate that unless reactors such as the 
HTGR are successfully developed, thorium fuel cycles in thermal reactors 
will find it difficult to compete economically with the uranium cycle. 
Further, the HTGR is not ensured to be an economic system under all 
circumstances. 

5.1 Conclusions 

1. Development of the thorium fuel cycle is justified on the bases 
of better U3O8 utilization, improved potential for long-term economics, 
and additional flexibility with regard to fuel recycle alternatives. 
Thus, introduction of the thorium fuel cycle provides additional power 
generation capability in esse of the delayed introduction of commercial 
FBRs, or in case there is introduction of a low-gain FBR on the reference 
schedule. 

2. Use of LWR(Th)s rather than LWR(U)s will increase the amount of 
energy generated from a given U3O3 resource by about 20% above the reference 
value, considering substitution of thoria for urania in present type LWR 
designs. Use pf LWR(Th)s beginning in 1995-2000 increases the energy 
generation from specified U30s resources by 12-16% relative to complete 
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use of LWR(U)s. However, LWR(Th) systems do not appear economic compared 
to LWR(U) systems based on present commercial reactor designs ever: when 
the U3O8 price is $100/lb or more. 

3. If the uncertainties regarding commercial introduction of the HTGR 
in the U.S. can be resolved favorably, then the HTGR appears to offer the 
best combination of economics and fuel utilisation with the thorium fuel 
cycle. Further, possible future increases in thermal efficiency through 
application of combined cycle HTGRs significantly increases economic and 
fuel utilization potential. 

4. The HWR(Th) system appears better suited than the LWR(Th) 
system for attaining high conversion ratios. However, the capital 
component of the HWR power cost appears at least as high as that of 
LWRs, exclusive of the HWR requirement for heavy water, such that total 
power costs of HWRs appear higher than that of LWRs for U308 prices less 
than 'V'SSO/lb. A decrease in HWR capital costs appears important to HWR 
application in the U.S. At $100/lb U308, the HWR(Th) system is more 
economic than either the LWR(Th) or LWR(U) systems. 

5. The use of HTGRs and HWRs with conversion ratios in the 0.8 to 
0.9 range increases energy generation from a given U3O3 resource by 20 
to 64%, considering introduction of these reactors by 1995-2000. (Power 
growth scenarios utilized in estimating the above considered nuclear 
power levels to rise to 400 to 600 GW(e) by the year 2000.) 

6. Operation of thermal reactors on Pu/Th fueling appears to be 
economically attractive when Pu is recovered from LWRs or enriched-
uranium HWRs. However, the use of Pu/Th fueling does not have a large 
impact on fuel-utilization characteristics because of limited Pu 
availability. Further, the use of Pu in this manner does not permit 
it to be available for startup of FBRs. The Pu needs of FBRs under 
reference introduction and growth scenarios are such that reserving 
Pu for FBRs precludes large-scale use of Pu/Th fuel cycles. 

7. The economic application of the thorium cycle in thermal reactors 
generally requires establishment of a fuel recycle industry, particularly 
for LWRs and HWRs (fuel recycle is also required for utilizing product 
Pu and uranium from the uranium cycle). Without fuel recycle, the 
thorium cycle can be used most effectively in HTGRs; however, recycle in 
HTGRs is desirable to increase fuel-utilization performance and is 
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economically desirable when U3O3 costs rise above about $40/lb for the 
reference conditions of this study. 

8. Converter reactor operation with conversion ratios above 
about 0.9 does not appear economical; the high fuel recycle cr ;ts 
associated with low fuel burnups and the high fissile inventory 
requirements outweight the improvement in fuel utilization achieved. 

9. The discounted economic benefits from thorium cycle use in the 
various reference-type reactors, and relative to LWR(U)s with Pu recycle, 
vary from $1-3.8 billion for HWRs, and from $6.4-21.6 billion for HTGRs, 
based on capital charge equality for LWRs, HTGRs and HWRs, economic conver-
sion ratios, estimated power growth scenarios, thorium reactor introduction 
by 1995-2000, a U308 price of $100/lb, and U308 resources of 2.5-3.5 
million tons. The use of thorium cycles in reference LWRs does not appear 
economic relative to use of LWR(U)s. 

10. The HTGR economic benefits given in (9) above are cancelled if 
the unit capital costs of HTGRs are increased by $95-115/kW(e) above 
those for LWRs; similarly, the HWR economic, benefits are cancelled if 
the relative HWR capital costs are increased by $13-18/kW(e). 

11. Although the nuclear performance of the thorium fuel cycle in 
FBRs is generally not as good as the uranium cycle, use of mixed cycles 
in FBRs may be satisfactory and/or desirable. Also, use of metallic fuels 
might be possible with thorium while not with uranium because of the 
superior properties of thorium-based metal relative to uranium alloys. 
Use of metallic thorium fuel improves the performance of the thorium 
fuel cycle relative to use of oxide fuel; however, safety considerations 
may influence the use of metallic fuel. 

12. From a safeguards viewpoint, developing a mixed uranium/thorium 
fuel cycle permits a "denaturing" of recycle fissile fuels, since 233u 
can be diluted with 238U. This flexibility could be important if fuel 
feed to certain FBR power stations were limited to 'v»20% enriched uranium. 

Recommendations 

Strong support should be given to the thorium-cycle HTGR as the best 
contingency reactor in case there is a significant delay in the introduction 
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of LMFBRs. The emphasis should be placed on commercializing HTGRs and 
introducing them on a time schedule such that they can capture a large 
share of the nuclear power market by 1995-2000. 

In addition to the above, continued studies and evaluations should 
be carried out on the LWR(Th) and HWR(Th) systems. Since LWRs are the 
most direct vehicle for thorium utilization, LWR(Th) systems should be 
studied more thoroughly to be sure the conclusions of this limited study 
are valid. Such studies should also evaluate LWR designs based on a more 
advanced technology; in the latter case, care must be taken to consider 
the influence of licensing requirements on design. Relative to heavy 
water reactors, HWR(Th)s should be considered for commercial introduction 
into the U.S. as a backup to the HTGR. Associated effort should include 
an evaluation of the costs and schedules for commercial introduction and 
licensing of HWRs, of the capital investments required for D20 separation 
plants, and an assessment of all costs not expected to be borne by industry. 

Finally, it should be noted that the above considers no limitations 
on fuel use or on fuel recycle other than those associated with economic/ 
technical factors. If limitations on fuel recycle are imposed upon the 
nuclear industry because of safeguards considerations, the use of thorium/ 
uranium mixed cycles in FBRs may be necessary to have a breeder economy, 
and could have implications on thermal reactor fuel cycles. This situation 
was examined only peripherally in this report; based on the results obtained, 
it is recommended that thorium/uranium fuel cycles in FBRs be studied in 
detail, along with their possible interactions with thermal reactors. 



APPENDIX A 

PHYSICS CONSIDERATIONS 

Summary: The physics aspects of thorium fuels in both thermal and fast 
neutron spectra are discussed. Higher conversion ratios (CR) are pos-
sible using the thorium fuel cycle in a thermal neutron spectrum because 
of the favorable ratio of neutron captures to fissions in U-233. The 
importance of this ratio in the conversion ratio can be seen in Eq. (Al): 

CR = TIE f - 1 - losses , (Al) 

where 
CR = conversion ratio, 
n = v/(1 + a) = neutrons created per neutron destroyed (eta), 
v = neutrons produced per fission (nu), 
at = ratio of captures to fissions (alpha), 
e1 = ratio of total fissions to fissile fissions (epsilon prime). 

Neutron losses to fission products and captures in higher isotopes are 
also discussed. 

In a fast neutron spectrum the values of alphas for U-233 and Pu-239 
are about the same. Pu-239 has a higher value of nu, and the U-238 
fertile isotope has nuclear properties which yield a higher value of 
epsilon prime than in the Th-232 fertile atoms. The overall result is a 
higher conversion ratio for the U-Pu fuel cycle in a fast spectrum. 
However, there are safety advantages associated with thorium fuel in a 
fast spectrum, which are discussed in some detail. In addition, the 
physical properties of thorium metal are more favorable for use as a 
nuclear fuel than the physical properties of uranium metal. A fast 
breeder reactor using thorium metal fuel in the core would have a lower 
breeding gain than a plutonium oxide fueled core, but might require a 
lower specific inventory because of the higher power density achievable 
with metal fuel. This would partially compensate for the lower breeding 
gain associated with thorium cycles. 

A-1 
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The discussion which follows describes in detail those particular 
physical attributes of the thorium fuel cycle which make it attractive 
for implementation in thermal reactor systems. It is extracted essen-
tially verbatim from one of the review papers on the topic.2 

Table A.l shows the important nuclear parameters of the principal fissile 
isotopes available for use in nuclear power reactors. Figu're A.2 shows 
the spectrum averaged n values6 (plotted as n-1) for a series of binary 
mixtures of 233U, 235U, and 239 P u 

in a graphite moderator at room tem-
perature, at 573°K, and at 900°K. Figure A.2 may be taken as a good 
indication of the various isotopes' potential for high conversion ratios 
in thermal reactors, and it may be seen that only 233U has values of ri 
appreciably larger than 2.0. (Also shown in Fig. A.2 is the "thermality" 
or fraction of all neutron absorptions in fuel that occur at neutron 
energies below 0.45 eV.) 
The attainable conversion ratio, in a thermal reactor, depends somewhat 
on the choice of moderator. The principal moderators are water, heavy 
water, beryllium, beryllium oxide, and graphite. The maximum conversion 
ratio for 233U in each of these moderators, allowing only for losses in 
the moderator itself, is shown in Fig. A.3 as a function of the slowing-
down power, Co , per fuel atom, (a is the free-atom scattering cross s s 
section of the moderator, and £ is the mean logarithmic energy loss of 
neutrons in collision with moderator atoms.) 

The curves generally exhibit a maximum, resulting from the opposing 
effects of rising n" and increasing moderator loss as moderator-to-fuel 
ratio increases. Losses in D20 are very small, even with an allowance 
(which is included in the curve) for 0.14 percent H20 in the D20. The 
maximum breeding ratio in H20 is only 0.02 less than in carbon; however, 
as with D20, losses in structure may be important. Beryllium would 
appear to be especially suitable as a moderator for thermal reactors; 
its large (n,2n) cross section is only partly offset by a low-threshold 
(n,a) reaction, yielding a net fast-effect factor of about 1.07 (for 
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Table A. l . Neutron Cross Sections (in Barns) of the Principal 
Fissile Nuclides 2 3 3 U. 2 3 5 U, 2 3 9 Pu, and 2 4 1 Pua 

(Neutron energy=0.0252 eV, velocity=2200 m/sec) 

J»u MSU ia»Pu »ipu 

<r.b 578 ±2 678 ±2 1013 ±4 1375 ±9 
531 ± 2 580 ±2 742 ±3 1007 ± 7 

<ry 47 ± 1 98 ±1 271 ±3 368 ±8 
a 0.089±0.002 0.169±0.002 0.366±0.004 0.365 ±0.009 
V 2.284 ±0.006 2.072±0.006 2.109±0.007 2.149±0.014 
9 2.487±0.007 2.423 ±0.007 2.880±0.009 2.934 ±0.012 

» Hanna, G. C. et al 1969. At. Energ. Rev. 7:3-92. Figures in the referenced article 
were all given to one additional significant figure. 

b <ra=<r/+v7', a~<r7/a/i neutrons per fission=ij(l+at). 
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Fig. A.2. Spectrum-averaged eta maximum theoretical breeding 
ratio, and "thermality" (fraction of absorptions below 0.45 eV) as 
functions of moderator-to-fuel atom ratio. Carbon moderator. Temper-
atures as indicated. 
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Fig. A.3. Maximum theoretical conversion ratio for various 
moderators, as a function of moderator-to-fuel atom ratio. Fuel is 
233V antj temperature is 900°K unless otherwise Indicated. 
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Be)2 or 1.04 for SeO.* Unfortunately, the Be(n,a) reaction produces 
6Li, which has a neutron absorption cross section of 940 barns at 0.025 
eV, and therefore reaches saturation rather quickly — more quickly than 
the fuel burns up. In Fig. A.3 we therefore indicate the reduced con-
version ratio that would follow saturation of the 6 H . (Higher-order 
gaseous producv«!» and JHe, which would result from neutron capture in 

are presumed to be unimportant, as poisons, because of the long 
life and mobility of the 3H.) 

Fast neutron multiplication can also result from fissions or (n,2n) 
reactions in 2 3 5U, 232Th, or other even-even nuclides such as 23**U, 
2 3 6U, or 2-Opu. In contrast to the situation in fast-breeder reactors, 
however, these reactions make only minor contributions to the overall 
neutron production in thermal breeders. Fast fission in 232Th is much 
less important than in 2 3®u because the cross section above threshold is 
much lower for 232Th than for 2 3 8U. 

Control of the neutron loss due to leakage is largcsly a matter of eco-
nomics. Leakage can be reached by surrounding the active core by a 
blanket region containing mainly the fertile material — e . g . , 232Th — 
the extent of the reduction depending in part on the thickness of the 
blanket. Increasing the blanket thickness, we reach a point beyond 
which a further increase would cost more than the value of the additional 
neutrons saved. Indeed, it may be found that no blanket is economically 
justifiable. In any event, as a general rule, leakage losses in a 
reactor designed for minimum power cost are not likely to be less than 
0.01 to 0.02 (relative to n source neutrons). 

Neutron losses to the high-cross-section fission product 135Xe are well 
known. The xenon poison fraction — i.e., neutron absorptions in xenon 
per absorption in fuel — may be related to the fuel specific power, 

*Based on ENDF/B-Version III cross sections for Be. Version II for other 
nuclides. 
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S[MW(t)/kg fissile], which is a useful generalized measure of Che 
neutron flux level in a reactor. Using the xenon yield for thermal-
neutron fission of 2 3 3U (0.060) and cross sections appropriate to a 
graphite core at 600*C with Nc/N;>3 * 9000, we find for the xenon poison 
fraction 

P 2 Q.054S(0.44 + S)~L . 

For typical in-core inventories of fissile fuel, values of S of 1 to 3 
MW<t}/kg will normally be attained, corresponding to values of P of 
0.037 to 0.047, Thus, a reduction of about 0.04 in conversion ratio 
will usually be associated with equilibrium concentrations of 135Xe. 

Following a reactor shutdown or reduction in power, the xenon poisoning 
temporarily increases, passing through a maximum 10 Co 12 hours after 
the shutdown. The magnitude of this transient additional poison frac-
tion also depends on the fuel specific power, and is approximately 0.01, 
0.04, or 0.07 for S - 1, 2, or 3 MW(t)/kg, respectively. Although the 
temporary loss is not significant by itself, a reactivity reserve for 
xenon override, if normally compensated by control rods, would represent 
a permanent loss of neutrons. 

A potentially significant neutron loss in Th fueled thermal reactors is 
that due to capture in 2*3Pa, which is an intermediate in the breeding 
reaction 

2 3 2 T h ( n , Y ) 2 3 3 T h — 2 3 3 P a £ ^ . 233u . 

2 3 3Pa has a thermal-neutron cross section of about 43 b and a resonance 
integral of about 8S0 b. The loss of neutrons by absorption in 233P a 

is similar to the 135Xe loss, in that it involves a competition between 
neutron capture and radioactive decay, and is roughly proportional to 
fuel specific power for c(Pa)$/X « 1. However, since absorption of a 
neutron by 2 3 3Pa destroys a nascent 2 3 3U atom, as well as removing a 
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neutron that might have created yet another 2 3 3U atom, the loss to 2 3 3Pa 
is double the simple ratio of absorptions in 2 3 3Pa to absorptions in 
2 3 3 U . 

We relate the 2 3 3Pa loss to specific power in a way similar to that used 
for xenon. While the ratio of spectrum-averaged cross sections, a(233Pa)/ 
o(233U), does depend on the reactor spectrum, a value of one-third may 
be taken as typical. Assuming that the conversion ratio is close to 
unity, and noting that the decay constant of 2 3 3Pa is 0.0257/day, we 
find that the loss in conversion ratio is given approximately by 

6BR * 2S(64 + S)"1 , 

with values of 0.03, 0.06, and 0.09 for S - 1, 2, and 3 MW(t)/kg, respec-
tively. 

This loss may be reduced by partial segregation of the thorium and 
fissile uranium so tlv>t the thorium, and hence the protactinium, ex-
periences a low neutron flux, while the fissile uranium is exposed to a 
higher flux. The factors involving the specific power in the above 
expression would then be multiplied by the ratio of effective flux in 
the thorium to that in the fuel. 

An interesting consequence of the relatively long mean life of 2 3 3Pa 
(39 days) is that a significant reactivity addition can occur during a 
prolonged reactor shutdown. During normal, steady-state reactor oper-
ation, the ratio of 2 3 3Pa inventory tc fissile uranium inventory is 
approximately S/20, where S is, again, the in-core fuel specific power 
in MW(t)/kg (fissile). Thus, for S in the range 1 to 3 MW(t)/kg, an 
increase of 5 to IS percent in fuel inventory would occur, with a time 
constant for approach to saturation of 39 days. While the reactivity 
effect of this additional 2 3 3U would depend on its location — i.e., on 
the initial degree of segregation of the fissile and fertile materials 
in the reactor — the effect could be as much as 40 percent of the frac-
tional increase in fuel inventory; thus a reactivity increase 6k/k * 0.02 
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to 0.06 could occur. Such a reactivity increase need not be a problem, 
but appropriate control devices would be required to compensate for it. 
After the reactor is brought back to power, some loss of neutrons to 
control poisons might be involved, while equilibrium concentrations of 
fuel and protactinium are reestablished. Unfortunately, the reactivity 
increase associated with 2 33pa 

decay cannot provide xenon override 
capability, since the time constants for the two processes are very 
different — i.e., 39 days vs 10 hours. 
One of the most important sources of neutron loss, from the standpoint 
of achieving high conversion ratios in a thermal reactor, is the loss to 
slowly saturating or nonsaturating fission products. In contrast to 
135Xe and lli9Sm, whose very large neutron-absorption cross sections 
cause them to reach saturation very quickly, the great majority of the 
fission products have cross sections which are comparable to or smaller 
than that of the fuel itself. Thus, the aggregate poisoning effect of 
these fission products is roughly proportional to the fractional burnup 
of the fuel prior to its removal from the reactor for chemical processing. 
The fission product poisoning depends also on the neutron spectrum, on 
the predominant species of fuel in the reactor, on the fuel-replacement 
strategy employed^ and on the flux level, or fuel specific power. It is 
hardly possible, therefore, to exhibit a single universal relationship 
between fuel burnup and fission-product poisoning. Nonetheless we show 
a few typical points in Fig. A.4 in which the fractional fuel burnup is 
expressed in terns of fifa — i.e., fissions per initial fissile atom in 
fresh fuel. (Note that with fuel regeneration by breeding, exposures 
greater than one fifa are possible.) It may be inferred from Fig. A4 
(with due allowance for the effects of other variables) that neutron 
losses in the neighborhood of 0.10 (per neutron absorbed in fissile 
atoms) may be expected for fuel exposures of 1 to 1.5 fifa. 

Another rather important factor that tends to reduce conversion ratio in 
a thermal reactor is the presence of higher isotopes of uranium, resulting 
from successive neutron captures in the chain starting with 2 3 3U. The 
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reduction results in part from the weighted contribution of the lower n 
of 235U and in part from the added neutron loss in 236u and 237Np. 

It should also be noted that the buildup of 236U, and of any nuclides 
beyond it in the chain, may be rather slow, owing to a rather small 
cross section of 236U relative to that of 233U. For a fuel specific 
power of 1 MW(t)/kg, the time constant for the approach of the 236u 
concentration to equilibrium is something like 50 years at 0.8 plant 
factor (40 equivalent full-power years). Of course a higher specific 
power would produce a shorter time constant. (For this calculation, the 
specific power must be based on the entire inventory of fissile uranium 
chargeable to the reactor — i.e., including the out-of-pile as well as 
in-pile inventories.) On the other hand, it should also be noted that 
if a reactor system is started up initially with 235U, owing to a lack 
of 233U for startup, then an amount of 236U much greater than the equi-
librium amount would be produced early in the life of the system, and 
the equilibrium concentration would be approached from the high side. 
This extra poisoning effect must be experienced somewhere in the nuclear 
power complex, whether or not the extra 236U is retained in the reactor. 

Quite apart from the cost factors involved, rapid chemical processing 
may prove to be undesirable if the recovery of fissile material from 
exposed fuel elements is incomplete. If a small fraction of the fuel is 
lost during each fuel processing cycle, an effective reduction in con-
version ratio is experienced which is inversely proportional to the 
discharge fuel exposure, expressed in fissions per initial fissile atom. 
For example, at an exposure of one fifa (neglecting a small correction 
due to radiative capture), a processing loss of 0.5 percent would give 
rise to a 0.005 reduction in conversion ratio, while at 0.1 fifa the 
same processing loss would lower the effective conversion ratio by 0.05. 
In Fig. A.5, we see how the combined loss of conversion ratio due to 
fission products and processing losses might vary with fuel discharge 
exposure, for a postulated linear loss due to the fission product aggregate 
(excluding 135Xe and 1I+9Sm). 
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For solid fuel elements, material losses in processing and refabrication 
are customarily supposed to be in the neighborhood of 1.0 percent. 
Figure A.5 would suggest an optimum exposure of about 0.3 fifa for this 
rate of loss; but in fact, because of fabrication and processing costs, 
the economic optimum exposure would typically be much greater than this. 

The differences between the 233U-232Th and 239Pu-238U fuel cycles can be 
explicitly quantified by considering the two flow charts given in Fig. 
A.6. These charts represent the fissile and fertile transmutation 
chains and neutron utilization in two idealized thermal reactor cores 
optimized for the respective fuel cycles.3 The 233U—232Th system is a 
heavy water moderated reactor and the 239Pu-238U system is an optimized 
light water reactor. In addition, it is assumed for purposes of exposition 
that no neutrons are lost to leakage or parasitic captures in structure, 
moderator or fission products. The neutron balances are based on the 
destruction of 100 atoms of the fissile isotope. 

Consideration of these flow charts shows that for these idealized thermal 
fuel cycles the 233U-232Th system yields a conversion ratio of 1.18, 
i.e., 118 atoms of 233U are produced for each 100 atoms destroyed, while 
the 2 3 9pu_2 38(j CyCie yields a conversion ratio of 0.99. Neither of 
these values is achievable in practice because of parasitic captures and 
neutron leakage, but the incremental difference between the thorium and 
uranium fuel cycles carries over to actual reactors and can be exploited 
by the clever nuclear designer. 

Characteristics of Thorium Fuel in a Fast Neutron Spectrum 

In a thermal neutron spectrum higher conversion ratios are possible with 
thorium fuels with 233U as the fissile isotope because of the lower 
ratio of captures to fissions in 233U compared with 235U and 239Pu. 
This advantage does not exist in a fast neutron spectrum, as shown in 
Figs. A.7 and A.8 from ref 5. In a fast spectrum the larger value of v 
for 239Pu dominates and results in a higher conversion ratio (higher ri), 
as shown in Fig. A.9. Table A.2 (ref 7) lists values of v for several 
isotopes. 
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Table A.2. Meutrons Emitted per Fission (v) Produced 
by 1.5 MeV Neutrons 

Isotope v 

Th-232 
U-233 
U—235 
U—238 
Pu-239 
Pu-240 
Pu-241 

2 . 2 
2.66 
2.58 
2.57 
3.09 
3.1. 
3.2 

Another feature of thorium in a fast neutron spectrum is the relatively 
low contribution of neutrons from fertile fissions in Th-232, compared 
with U-238. An important component of the conversion ratio (breeding 
ratio) is the fast fission factor, E', shown in Eq. (Al). As shown in 
Fig. A.10 the fission threshold energy is considerably lower in Th-232 
than in U-238, and the fission cross section is much higher in U-238 at 
all neutron energies above 1 MeV. A similar plot in Ref (2) shows the 
fission cross sections for Pu-240 to be significantly higher than even 
U-238. Substantial quantities of Pu-240 are present in Pu-U FBR fuels. 

Because of the neutronic properties described above, thorium fuels are 
inferior to uranium-plutonium fuels in fast reactors, with respect to 
breeding potential. In an LMFBR such as the Clinch River Breeder 
Reactor, fast fissioning in U-238 and the higher fertile isotopes of Pu 
contribute 17% of the power produced. ' If Th-232 replaced U-238 as the 
fertile material, the fast fission contribution would drop to approxi-
mately 3%. The contribution of U-238 to direct energy production in an 
FBR is an advantage from the standpoint of resource utilization; however 
this large fast fission effect has a safety drawback. 

It has been shown that the Th-U fuel cycle has superior conversion 
characteristics in a thermal neutron spectrum, while in a fast spectrum 
the U-Pu fuel cycle has superior characteristics. For a fast spectrum 
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with a median neutron energy of 0.15 Mev (typical of an LMFBR) Pu-239 
has a higher breeding potential than U-233. As the average energy of 
the neutron spectrum increases, the relative Pu-239 to U-233 breeding 
advantage increases. This increase is due in part to the increased 
contribution of U-238 fissions as the neutron energy spectrum hardens. 
This characteristic of the U-Pu fuel can lead to control problems during 
potential sodium voiding incidents. 

Sodium voiding in an FBR core has two major effects on reactor neu-
tronics. First, the average neutron energy increases and second neutron 
leakage (loss) increases. 

In a large FBR fueled with 2 3 9Pu and 238„ the higher neutron energy 
causes increased 2 5 8U fissions and a higher eta value for 239Pu. These 
positive reactivity effects dominate the negative leakage effect and 
lead to a large increase in reactivity which **an cause an unstable 
control condition. In a thorium fueled reactor the lack of a signif-
icant fast fission factor causes leakage to be the dominant effect so 
that the sodium void effect is negative or much less positive than in 
the case of a 239pu_238u core. The positive sodium void effect for 
2 3 9Pu- 2 3 8U can occur only in large cores. The use of a thorium based 
fuel would mitigate this problem and would yield improved inherent 
safety for the LMFBR. 

The effect of 2 3 3Pa as a neutron poison is less severe in the case of a 
fast spectrum as compared to a thermal spectrum because the ratio of the 
capture cross sections cf 2 3 3Pa and 2 3 2Th is only 1.5 in a fast spectrum 
whereas this ratio is in a thermal spectrum. The higher power density 
in an FBR causes a higher rate of burnout of 2 3 3Pa than occurs in a 
thermal reactor. This effect decreases the production rate of 2 3 3U. 

The actual breeding performance of FBRs fueled with Th and 2 3 3U depends 
significantly on the fuel form, specific power, and type of core cooling. 
Table A.3 shows the relative breeding ratios of FBRs fueled with 233U-Th 
and 239Pu-U. 
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Table A.3. Breeding Ratios of 2500 MW(th) FBRs3 

Fuel Nuclides Fuel Camposition Coolant 
Power 

Density 
[MW(Th)/liter] 

Breeding 
Ratiob 

233U-Th Metal Na 0.62 1.26 
Oxide Na 0.39 1.16 

2 3 3U~Th Metal He 0.45 1.29 
Oxide He 0.24 1.21 

239Pu-U Oxide Na 0.38 1.35 
Oxide He 0.24 1.44 

Source: B. R. Sehgal, C. Lin, J. Naser, W. B. Loewenstein, 
"Thorium-Based Fuels in Fast Breeder Reactors," Trans. Arner. Nuol. Soa. 
21: 422 (1975). 

^The values shown are for a spherical reactor and would be smaller 
for the usual cylindrical reactor. 
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No 239Pu-U metal fuel is shown in Table A.3 because the poor irradiation 
properties of uranium-plutonium metal alloys exclude their consideration 
for economical FBRs. The Th metal systems show substantial breeding 
gains over Th oxide systems. The 239Pu-U oxide systeis has a better 
breeding ratio than either the Th metal or oxide cases. The higher 
power density considered in the Th metal system caused this reactor to 
have a signficantly lower fissile inventory than the oxide fueled cores 
and the lower inventory would partially compensate for the breeding 
ratio difference between the thorium metal and uranium oxide cases. 
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APPENDIX B 

THORIUM FUEL CYCLES IN LWRs 

Summary: Several studies have been done which have considered the use of 
thorium fuel cycles in light-water reactors to improve uranium ore utiliza-
tion. These studies are described and compared in this Appendix. Fuel cycle 
cost calculations have been made for these thorium cycles using a consistent 
technique (described in Appendix L) that has also been used for other 
reactor concepts using thorium fuel cycles. According to the studies 
cited, conversion ratios of up to 0.73 are possible using 233U02_Th02 
fuel in standard LWR fuel elements, achieving burnups similar to those 
achieved by LWR fuels operating on the uranium fuel cycle (about 30 
MWd/kg HM). Slightly higher conversion ratios (up to about 0.79) are 
possible with 233U-Th metal fuels. The reprocessing and refabrication 
costs of metal fuels are not known, but it is anticipared that considerable 
cost savings could be realized in fabrication if metal fuel and zircaloy 
cladding were coextruded. It has been concluded that a considerable 
development effort would be required to qualify the processes and product 
for this concept and that the expense incurred may not be justified in 
terms of the benefits received. 

Conversion ratios of near unity have been calculated for metal fuels operating 
to very low exposures. It is emphasized that these calculations have been 
made for a standard LWR core arrangement, with no modifications except co 
replace ceramic U02 with Th-U metal fuel and to decrease fuel exposures. 
The fuel cycle cost calculated, assuming the same costs on a §/kg HM basis 
as those used for ceramic fuels, was very high for this concept because 
of the frequent reprocessing required. 

The initial and makeup uranium inventory for all the cases considered in 
this Appendix were 93% enriched in U-235. According to the studies, Pu can 
be substituted for the highly enriched uranium with some economic advantage. 
Nuclear performance is slightly better with uranium fissile feed. 
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Ore Utilization Using Thorium Fuel Cycles in LWRs 

Calculations derived from several literature sources have been used as 
indicators of the ore utilization capabilities of LWRs using thorium-
uranium and thorium-plutonium fuel cycles. Table B.l describes several 
parameters for 1000 MW(e) PWRs operating with U02» urania-thoria, uranium-
thorium metal, plutonia-«-thoria, plutonium-thorium metal, and urania-
plutonia. The table also has similar information for BWRs using U02 and 
uranium-thorium metal fuel. Several items of interest are: 

1. Only the first and second cycles are included in the table. Information 
on the equilibrium cycle is needed to make valid comparisons, 

2. The conversion ratio for the first uranium cycle is lower than that 
for the second cycle. This is contrary to what is usually reported 
and is not explained in the reference. These results are probably 
caused by use of inconsistent cross sections for plutonium. 

3. It was assumed that the reactor is operating with annual reloading and 
that the fuel is discharged after reaching 33 MWd/kg HM burnup. 

4. The isotopic composition of the discharge Pu after 33 MWd/kg KM is 
58.9% Pu-239, 21.4% Pu-240, 14.2% Pu-241, and 5.5% Pu-242. 

The large amount of Pu-240 that converts to Pu-241 is the reason for 
the higher conversion ratio in the plutonia-urania column, compared 
with that in the UO2 column. It appears that inconsistent cross 
sections were used for plutonium isotopes, distorting the result. 

5. The burnup character of U02, Pu02, and U-Th metal fuels is compared in 
Fig. B.l. There is a very rapid reactivity change in the U02 lattice. 
The large amount of Pu-240 in the Pu02 lattice helps to reduce the 
reactivity swing through the full fuel cycle. The metal fuel (U-Th), 
which has the Uighest conversion ratio of the three, shows the least 



Table B.l. I.WR Fuel Cycle Characteristics for 1000 MW(e) Reactors 

PWR BWR 
U02 U02-Th02 U-Th Pu02-U02

a Pu02-Th02
a Pu-Tha U02 U-Th 

Initial fissile enrichment-w/o U-3.20 U-4.50 U-3.91 Pu-2.37 
U-0.72 

Pu-4.48 Pu-3.71 U-2.70 U-3.67 

Initial uniform loading 
(MT fi?sile) 

U-2.740 U-3.681 U-4.583 Pu-2.079 
U-0.618 

Pu-3.720 Pu-4.398 U-3.802 U-6.830 

Natural U (102MT) 5.028 7.189 8.951 6.889 13.337 
Separative Work (102KG) 4.063 9.324 11.608 5.148 17.299 

Conversion ratio of first fuel cycle 0.61 0.76 0.81 0.74 0.78 0.81 0.62 0.81 

Makeup requirement per year 
(MT fissile) 

U-0.459 U-0.315 U-0.176 Pu-0.253 
U-0.206 

Pu-0.310 Pu-0.302 

Natural U (10ZMT) 0.824 0.615 0.344 
Separative work (102KC) 1,018 0.798 0.446 

Conversion ratio of second cycle 0.67 0.79 0.84 0.75 0.81 0.84 
aValues of Pu are those of Pu-239 plus Pu-241 only. 
Source: C. Lin and B. Zolotar, "Thorium: An Alternative Fuel Eor LWRa," Electric Power Research Institute (EPRI) 

Research Progress Report NP-2 (February 1975) p. 19. 
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Fig. B.l. Burnup character of uranium and thorium fuels. Source: 

C. Lin and B. Zolotar, "Thorium: An Alternative Fuel for LWRs," Electric 
Power Research Institute (EPRI) Research Progress Report NP-2 (February 
1975), p. 19. 
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reactivity change. The initial dip in reactivity is due to the 27-day 
half life of Pa-233 decaying to U-233. The small relative reactivity 
change in the U-Th fuel reduces the amount of poison control required 
and therefore enhances the conversion ratio. 

6. The BWRs require somewhat more fuel because of the lower power density 
relative to PWRs. The same trends were noted in comparing UO2 and 
U-Th metal in the BUR, as had been observed for the PWR. Therefore, 
further comparisons with the BVR were not considered. 

7. Higher conversion ratios for plutonia-thoria than for urania-thoria 
are reported in Table B.l. Additional studies by Combustion Engineering 
financed by EPRI do not support this observation.1 Better fuel 
utilization is achieved using uranium (93% enriched) and thorium than 
using plutonium and thorium.1 It is judged that the CE results are 
more representative of LWR performance, and these results are consistent 
with the limited calculations performed at ORNL. 

A second study on the use of thorium fuel cycles in LWRs is described in 
Table B.2 (ref. 2). The calculations presented in Table 15.2 are for a 
587 MW(e) PWR, therefore, most of the numbers cannot be directly compared 
with the numbers in Table B.l, although this will be rectified later. 
Several items of interest are noted from the Correa study (tef. 2). 

1. Marginally higher conversion ratios are possible with metal fuel 
compared with oxide fuel. Higher initial inventories were employed 
with the metal fuel, with lower makeup requirements. 

2. Significant improvements in conversion ratio are possible using 
U-233 in place of U-235. However, without a source of U-233 (such 
as from a breeder reactor), there is little opportunity to take 
advantage of this improvement. 



Table B.2. Fuel Cycle Characteristics for a 587 MW(e) PWR 

Fuel U02 (3.32) Pu02+NaCU02 235U02+Th02 233U02+Th02 23SIH-Th 233U+Th Pu024Th02 
(standard) 

Av Absorption 
(450 days) 

Fissile 0.478 Q.480 0.480 0.442 0.480 0.440 0.496 
Fertile 0.328 0.381 0.302 0.335 0.327 0.362 0.354 
Fission Products 0.087 0.078 0.101 0.097 0.09 4 0.090 0.087 

Structural Materials 0.023 0.016 0.026 0.029 0.022 0.024 0.016 
H20 0.037 0.022 0.041 0.042 0.032 0.035 0.022 
B-10 0.040 0.023 0.046 0.049 0.037 0.041 0.022 

Initial Enrichment 3.30 3.51 4.19 3.20 3.67 2.60 4.29 
n (450 days) 1.93 1.91 2.04 1.11 2.03 2.21 1.96 
7 (450 days) 1.09 1.09 1.02 1.02 1.03 1.03 1.03 

Conversion Ratio 0.61 0.72 0.61 0.73 0.65 0.79 0.69 
CR (450 days) 

Inventory41 (kg) 
U-233 1405 1521 
U-235 1589 333 1843 2157 
Pu-239 1133 1542 
Pu-241 249 335 
Total 1589 1715 1843 1405 2157 1521 1877 



Table B.2. Fuel Cycle Characteristics for a 587 MW(E) PWR (cont'd) 

Fuel U02 (3.3%) 
(standard) 

Pu02+NatU02 
235U02+Th02 233U02+Th02 

235U+Th 2 3 3 u + x h Pu02+Th02 

Consumption 
(kg/year) 

U-233 -193 186 -228 183 -182 
U-235 386 61 454 -9 473 -9 -2 
Pu-239 -100 166 -4 -2 437 
Pu~241 -22 -5 -4 -2 18 
Total 26 4 222 253 177 241 174 271 

^Inventory = initial charge of fissile mass; thermal power » 1780 MW(th); thermal efficiency » 0.33 (assumed); 
burnup <* 900 days at full power (1.6 x 106 MWd). 
Source: Francisco Correa, "Thorium Utilization in PWRs" (MS Thesis) 



B-8 

3. Comparison of the U0 2 and U02-Th02 cases reveals a fissile require-
ment of about 22.51 kg U-235/MW(e) for 30 years of operation with 
U0 2 and no recycle, compared with about 26.33 kg U-235/MW(e) for 
UO2—ThD2- If complete recycle is assumed, the 30-year consumption 
values are 16.20 and 16.Q7 kg U-235/MW(e) respectively. From this 
comparison, it appears that there is little incentive to develop 
235U02-Th02 as a replacement for the U02 cycle. However, the 
233U02-Th0o case with total recycle requires only 11.44 kg U-235/ 
MW(e) over 30 years. As indicated earlier, a supply of U-233 is 
required to take advantage of this cycle. The 2 3 SU0 2-Th0 2 case is 
made even less attractive when separative work requirements are 
considered. About 1.76 times as much separative work is required 
per kilogram of product for the 93% enriched fuel used in the 
2 3 5U-Th0 2 cycle as that required for the 3% enriched U02 cycle. 

Another study on the use of thorium fuels in LWRs was done by E. Hettergott 
and P.. K. Lane of General Atomic Company.3 This study Is summarized in 
Table B.3. The GA work in Table B.3 is compared with the EPR1 study cited 
earlier.1* Several conclusions can be drawn from the GA study: 

1. More uranium ore is required by the thorium fual cycle in LNRs than 
by the uranium cycle, if recycle is not permitted. If recycle is 
permitted, the thorium cycle yields slightly better ore utilization. 
Without recycle, the order of preference (relative to ore utilization) 
is U02, U02-ThQ2> and U-Th metal. With recycle, the order of 
preference is reversed. 

2. The EPRI results are slightly more optimistic with respect to ore 
utilization for the recycle cases and slightly less optimistic for 
the nonrecycle cases. 

3. Both the GA and the EPRI studies show that the amount of power 
produced from a fixed-ore resource can be doubled by the application 
of a thorium fuel cycle (with recycle) in LWRs, as compared with the 
uranium cycle (without recycle). The advantage drops to about a 25% 
increase when compared with the uranium cycle with complete recycle. 



Table B.3. Regicmwise Mass Flows at Equilibrium Conditions 

Number of 
Assemblies 
CI Region) 

Burnup 
(MWd/MTHM)a 

Initial Final Number of 
Assemblies 
CI Region) 

Burnup 
(MWd/MTHM)a 

Heavy Metal*' 
(.kg) 

U-235 
(kg) 

U-235 Makeup 1 
(kg) 

Fissile Pu 
(kg) 

U-233 
(kg) 

U-235 
(kg) 

FiBsile Pu 
(kg) 

U-233 
(kg) 

Cese 1 — U02 Reference 

No Recycle 
GAC 64 33,000 28,330 907 234 203 
EPRI 64 33,000 28,395 909 236 200 

Recycle 
GAC 64 33,000 28,485 770 537 203 257 258 
EPRI 64 33,000 28,655 693 458 •:oo 228 255 

CaBe 2 - Th02 

No Recycle 
GAC 64 34,500 27,160 1099 258 370 
EPRI 64 34,500 27,140 1220 408 382 

Recycle 
GAC 64 34,500 27,170 657 399 370 169 441 
EPRI 64 34,500 27,210 722 313 382 247 488 

Case 3 - Th-Metal 

No Recycle 
GAC 64 25,800 36,520 1257 401 426 
EPRI 64 24,100 38,880 1520 665 490 

Recycle 
GAC 64 25,800 36,590 741 340 426 253 537 
EPRI 64 24,100 38,910 840 175 490 365 670 

Megawatt-days per metric ton of heavy metal, 
'one-third of core for 1000 Ml-f(e) reactor. 
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4. The advantage of the thorium fuel cycle with metal fuel over the 
thorium cycle with oxide fuel is small in the GA study (about 9%). 
This small increase does not justify the cost and time required 
to qualify and specify metal fuel for LWRs. In the EPRI study, the 
advantage is considerably larger (33%); however, the Correa results 
support the GA study, therefore the conclusion is still considered 
valid. 

The three studies summarized in Tables B.l through B.3 are compared in 
Tables B.4 and B.5. Some additional information from other studies for 
the LWR uranium cycle is also presented. There is reasonable agreement 
between these studies, except in a few areas that have already been 
identified. The superiority of U-233 fuel over U-235 fuel is clearly 
shown in these tables. In order to exploit this superiority, it will be 
necessary to establish a recycle capability very early to recover and 
utilize the bred U-233. The thorium cycle, using U-235, is less attractive 
than the uranium cycle, assuming no recycle; and with full recycle, the 
thorium cycle offers only a slight improvement, certainly not enough to 
justify the time and expense to establish this cycle. Unless an external 
source of U-233 (such as from a thorium-fueled FBR) can be established, 
it is concluded that thorium cycles in LWRs are not attractive enough to 
warrent commercialization. 

As already described, the bast resource utilization using a thorium fuel 
cycle in LWRs is achieved using metal fuel. The studies summarized in 
Table B.4 reflect a conversion ratio approaching 0.8, achieved with 
233U-Th metal fuel irradiated to about 27 MWd/kg HM. Higher conversion 
ratios are possible if lower exposures can be accepted. Reference (5) 
presents some calculations which probably represent the limit of performance 
of thorium fuel in LWRs that can be achieved without major design changes 
in the reactor. Performance characteristics of the Thorium Replacement 
Reactor Core (TRRC) are summarized in Table B.6. 
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Table B.4. Comparison" of Studies on LWR Fuel Cycles 

Lin® 
(EPRI) 

Corr&aa 
(IEA Brazil) 

Pardue^ 
(BMI) ANLe Gff EPRIJ" 

I. U02 No Recycle 
(1) Core HM Inven- 85.63 81.97 92.36 94. AC 85.05 85.19 

tory 
(2) Core Fissile 2.74 2.71 1.97 2.83 2.72 2.73 

inventory 
(3) Annual Fissile 0.46 0.45 0.37 0.44 0.47 0.47 

Consumption^ 
(4) Burnup 33.00 33.27 30.00 30.50 33.00 33.00 
(5) Conversion Ratio 0.61 0.61 0.61 

11. Pu02-NaCU02 

(1) Core HM Inven- 87.72 83.18 
tory 

(2) Core Fissije 2.70 2.92 
Inventory 

(3) Annual Fissile 0.46 0.38 
Consumption^ 

(4) Burnup 33.00 32.79 
(5) Conversion Ratio 0.74 0.72 

H I . 235U02-Th(J2 
(1) Core HH Inven- 81.80 74.88 81.48 81.42 

tory 
(2) Core Fissile 3.68 3.14 3.30 3.66 

Inventory 
(3) Annual Fissile 0.32 0.43 0.40 0.31 

Consumption? 
(4) Burnup 33.00 36.42 34.50 34.50 
(5) Conversion Ratio 0.76 0.61 

IV. 233U02-Th02 

(1) Core HH Inven- 74.81 
Cory 

(2) Core Fissile 2.39 
Inventory 

(3) Annual Fissile 0.30 
Consumption^ 

(4) Burnup 36.49 
(5) Conversion Ratio 0.73 
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Table 8.4. Comparison*2 of Studies on LUR Fuel Cycle (cont'd) 

L i n ^ C o r r e a l P a r d u e ^ -
(EPRI) (IEA Brazil) (BMl) ANLC <<AJ% EI'Rt.'" 

V. 235U-Th 
(1) Core HM Inven- 117.21 100.10 109.56 116.64 

tory 
(2) Core Fissile 4.58 3.67 3.77 4.56 

Inventory 
(3) Annual Fissile 0.18 0.61 0.34 0.1S 

Consumption*? 
(4) Burnup 33.00 27.26 25.80 24.10 
(5) Conversion Ratio 0.S1 0.65 

2"u-Th 
(1) Core UM inven- 99.80 

tory 
(2) Core Fissile 2.59 

Inventory 
(3) Annual Fissile 0.30 

Consuaptlon? 
(*) Burnup 27.38 
(5) Conversion Ratio 0.79 

Pu02-Th<>2 
(1) Core HM Inven- 83.04 74.59 

tory 
(2) Core Fissile 3.72 3.20 

Inventory 
(3) Annual Fissile 0.31 0.46 

Consumption? 
(4) Burnup 33.00 36.58 
(5; Conversion Ratio 0.78 0.69 

Vlir. Pu02-U02 ( 2 3 5U Makeup) 
(1) Core HM Inven- 94.40 85.46 85.97 

tory 
(2) Core Fissile 2.83 2.71 2.68 

Inventory 
(3) Annual Fissile 0.44 0.54 0.46 

Consumption? 
(4) Burnup 30.50 33.00 33.00 
(5) Conversion Ratio 0.61 

All inventory values are kg/MW(e) 
All fissile consumption values are kg/MW(e} yr 
All. burrup values are MWd/kg HM 



B-13 

°C. Lin and B. Zolotar, "Thorium: An Alternative Fuel for LWRs," Electric 
Power Research Institute, EPRI Fes, Pvog. Rep. Feb. 1975, NP-2, p. 19. 

CKrancisco Correa, "Thorium Utilization in PWRs", MS Thesis. 
*W. M. Pardue et al., "A Comparison of Advanced Reactor Potentials", presented 
at the ASME/ANS International Conference on Advanced Nuclear Energy Systems, 
March 14-17, 1976, Pittsburgh, Pa. 

**R. V. Laney el al., "A BritJ Survey of Considerations Involved in Introducing 
CANDu reactors into the U.S.," unpublished ANL Report. 

4 Private communication from R. K. Lane (GA) to F. J. Homan (ORNL) dated 
11 June 1976. Based on work performed by E. Hcttcrgott (now with EXXON). 

yFor accurate comparison, the annual fissile consumption numbers should be 
normalized to the effected load factor assumed in the calculation. This 
can be done as follows: 

MWd(th) bay kfi HM Charged 0.33 HH(e) m MW(c)-year 
kg HH year MW(th) " year 

365 

Ccnsidcr che CA numbers for UO? (NR): 

HW(c)-year (33.00)(85050)(0.33) 
year " " 3(365) 

Therefore, load factor ^ 846 rt o t 
1000 " ° ' 0 5 

Fissile Consumption « 470 n ,, kg 
846 " >IW(c)ycar 
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Table B.5. Comparison of Fissile Consumption for LWR 
Fuel Cycles 

30 yr 2 3 5U Requirements2 
Fuel Cycle kg/MW(e) 

Lin CorrSa BM1 ANL OA EPRI 

Without Rccycle 
U02 22.43 24.59 CD

 
• 93 29.93 29.93 

U02-Ti02 26.34 36.27 40.26 
U-Th 27.85 41.48 50.16 

With Rccycle 
2 3 5U0 2 16.54 16.20 13.01 17. 54 18.83 16.47 
235U02-Th02 13.28 16.07 15.27 13.05 
233U02-Th02 11.44 
23SU-Th 9.98 15.99 13.97 9.81 
233U-Th 11.48 

akg 23SU/MW(c) • Initial Inventory + 30 (annual makeup). 
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Table B.6. Performance Characteristics of 
Thorium Replacement Reactor Core (TRRC) 

Equilibrium exposure-. MUM/ton (U + Tl>) 10,000 15,000 20,000 25,000 
Fe«d enrU-hacnt. vt ?. f ls<<i 1c tutorin2 1.59 1.67 1.76 1.88 
},,U Invc—.ory. n/kV(e) 1.880 1.975 2.085 2.225 
Brcciltni; ratio 0.96 0.93 0.88 0.83 

intci.nl charge. R/kR <f • Th) 24.8 25.4 26.5 28.3 
Initial uraniua inventory,"1 ton* natural V/CV(e) 589 60} 630 692 

swkeup, g/kB (U * Th) 1.47 2.67 i.18 6.14 
Annu.il uraniua cunjsunpt ion.** ions natural U/CW(e) 30 37 64 54 
Total ore con.wopt lon.C ions natural V/CV(c) 1469 1713 1950 2312 
Sourcc: K. B. Zorxoli, "An Evaluation oi a NVar-Brcedcr. lov Cost. LWR Concept," 

EncrjiA XnaUwe 19(3): 151 (K*rch 1972). 
*Diftuition plant diKchargc: 0.25J vt J>4li. 
bDlffusion plant diNcharftc: 0.2SJ vt load factor: 802; average over 
20 years. 

cIniiial inventory plu* }0-yu/»r eakcup. 
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The calculated performance characteristics tabulated in Table B.6 were 
based on the following assumptions: 

1. Recycle of all U and Pu produced by che Th-232 and U-233 neutron 
chains, accounting for 1.535 losses during reprocessing and refabri-

2. All Pu-233 in discharged fuel decays to U-233 before reloading, 
which requires at least 120 days between fuel discharge and 
reloading. 

3, Makeup fissile material is U-235. 

The ore utilization characteristics of LWRs and CANDUs are shMwn in Table 
B.7. A comparison of the total ore consumption values in Tables B.6 and 
B.7 shows a decided advantage for the TRRC over standard LWRs and CANDUs. 

cation. 

Table B.7. Uranium Exploitation in LWRs and CANDUs 

Natural Uranium Requirement, tons/GW(e) 
Reactor System Annual Initial Inventory 

Consumption plus 30-Year Makeup Initial Inventory 

BWR 592 125 4 342 

PUR 406 133 4396 

CANDU-PHW 144 103 3234 

Source: C. B. Zorzoli, "An Evaluation of a Near-Breeder, Low Cost., LWR 
Concept," Energia NuaUaee 19(3): 151 (March 1972). 
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Cose Considerations for Thorium Fuel Cycles in LWRs 

Cost of thorium: The cost of thorium should not be a big contribution to 
the fuel cycle cost. Using §100/kg thorium (corresponding to about $52/'lb 
Th02) and the data from Table B.l, the following costs are calculated: 

initial inventory - 0.26 mills/kWhr 
yearly makeup • 0.37 mills/kWhr 

0.63 total thorium component. 

The initial inventory charge was based on the largest initial inventory 
given in Table B.l, that for metal fuel (about 115 kg of thorium for the 
reactor and about 65 kg of thorium elsewhere in the fuel cycle for a total 
Th inventory of 180 kg/MW(e)J. A charge of 10% year for the inital Th 
inventory against yearly power production was assumed. The yearly makeup 
was assumed to be all fresh thorium. Under recycle operation it would be 
possible to recycle recovered thorium and largely eliminate the yearly 
makeup cost. The cost of $100/kg thorium ($52/lb Th02) is very high. 
Figures B.2 and B.3 describe the cost and quantity relationships for both 
uranium and thorium ore.6 The basic data are about eight years old, but 
are still in reasonable agreement with recently published information 
for uranium ore.7 A comparison of Figs. B.2 and B.3 indicates that the 
cost per quantity relationship for Th02 and UjOg are similar. From 
Fig. B.3, it appears that there is from 1 to 10 nillion tons of Th02 

available at $S0/lb or less. 

Fuel Cycle Costs for several of the fuel management concepts described 
in this Appendix are tabulated in Appendix N. These costs are discussed 
in the main portion of this report and compared with fuel cycle costs for 
other reactor types that have been calculated on the same basis. 
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APPENDIX B 
THORIUM FUEL CYCLES IN HTGRs 

Sitimrary: The HTGR systeu operates most efficiently on the thorium fuel 
cycle, and so relatively little development has been carried out in this 
country on the uranium cycle for HTGRs. This appendix discusses modi-
fications which can be made to the reference HTGR fuel (conversion 
ratio = 0.66) to increase the conversion ratio. Conversion ratios of up 
to 0.82 are possible with currently achievable changes in fuel management 
and thoriun loading. Conversion ratios of 0.95 and higher are possible 
with modifications to the fuel element which wquld permit higher volu-
metric fuel loadings than are possible under the reference design, and 
with decreased fuel exposure. Fuel utilization is nearly doubled over a 
30-year reactor lifetime by increasing the conversion ratio from 0.66 to 
0,90, but because of the higher specific inventory required for higher 
conversion ratios, the improved ore utilization is net realized for the 
first 10 years of operation. 

While the economic penalties associated with high conversion ratios in 
HTGRs have not been totally evaluated, it appears that near-minimum fuel 
cycle costs are achieved with a conversion ratio of 0.75 to 0.80. The 
trade-offs between economics and conversion ratio are sensitive to both the 
assumed costs of fuel reprocessing and refabrication and to future uranium 
costs. 

Fuel Utilization Considerations and Options 

Among the types of power reactors currently in advanced, stages of commercial 
development, only the Light-Water Breeder Reactor (LWBR) and the High-
Temperature Gas-Cooled Reactor (HTGR) have been envisioned from inception 
as utilizers of thorium.* Because of the HTGR's unique fuel design, which 
consists of a mixture of thorium and uranium containing microspheres in 

The Molten-Salt Breeder Reactor (MSBR) is an attractive user of the 
thorium cycle, but development work on that concept has been discontinued. 
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individual fuel rods, a wide latitude of fissile to fertile and heavy metal 
to moderator atom ratios are achievable without alteration of the basic 
concept and fuel design. These parameters control, to a large extent, the 
conversion ratio of the reactor system, and thus the current design HTGR is 
amenable to alterations in conversion ratio over a fairly large range. For 
this reason, the reactor fuel cycle can be tailored by varying the fuel 
loadings and fuel exposures to meet changing economic and resource avail-
ability conditions. 

It is important to recognize that minimum short term energy costs do not 
occur with maximum conservation of fissile resources. Increasing the con-
version ratio of an HTGR can be achieved by four basic design and operating 
changes. These are (1) increase the core thorium load, (2) decrease the 
core power density, (3) decrease the fuel residence time, and (4) 
increase the refueling frequency. Each of these steps can carry with it 
an economic penalty which may or may not be offset by the advantages of 
improved fuel utilization. 

The current "reference" HTGR is designed to operate with a conversion ratio 
of 0.66, not much higher than its competitors, the light water reactors, 
which utilize the 2 3 8U- 2 3 9Pu fuel cycle to achieve conversion ratios of 
approximately 0.60. Table C.l shows the reactor parameters for the 
reference HTGR which had been optimized to then current economic conditions.1 

Currently projected uranium ore costs now favor a design of higher conversion 
ratio, that is, CR = 0.76. Table 0.2 (ref. 2) shows the increases that can 
be achieved with the current fuel element design by the various strategies 
listed above. The achievable conversion ratio (in the event that alternate 
fuel designs are considered and the thorium loading is increased beyond what 
is volumetrically possible with the current element) is also indicated. It 
is noteworthy that the mined ore requirements can be reduced substantially 
without resorting to undeveloped technology. 

The economic penalties associated with the indicated gains in conversion 
ratio are real but less easily quantified. They depend on projected eco-
nomic conditions, the scarcity and hence increased cost of uranium ore, 
separative work costs, and the approximate knowledge of the cost to recycle 
bred fuel and to ship and dispose of radioactive materials. 



Table C.l. Optimum HTGR Fuel Cycle Parameters 
under Current Economic Conditions 

Core average power density, W/cm3 

Average C/Th ratio (initial core/'equilibrium 
recycle) 

Fuel lifetime,3 years 
Refueling interval,3 years 
Fraction of core refueled 
Fertile load, kg/MW(e) 

Initial core 
Equilibrium core 

2 3 SU requirements 
Initial core, kg/MW(e) 
Equilibrium annual makeup,2 kg/MW(e) 

Average conversion ratio 
Initial cycle 
Equilibrium cycle 

At 80% average capacity factor. 

Table C.2. Conversion Ratio Improvements* 

Case Fissile 
Conversion Ratio 

Relative 
Ore Equivalent 

Reference HTGR 0.66 1.0 
25% Increase in thorium load 0.71 0.85 
Add semiannual fueling 0.76 0.71 
Add reduced power density 

(lower to 6 W/cm3) 
0.82 0.53 

Modified fuel rods and/or 
improved fuel particles 

~0.92-H3.95 

*Based on 4 yr fuel residence time. 

8.4 
214/238 

4 
1 

1/4 

32 
29 

1.40 
0.33 

0.69 
0.66 
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The increase in thorium loading, which is a primary means by which the con-
version ratio can be increased, carries with it a requirement for a higher 
initial fissile inventory to achieve and maintain criticality in the 
reactor.* Thus, while the overall uranium utilization is increased over 
the plant lifetime, the initial core and fuel recycle costs are higher. 
Figure C.l shows the cumulative uranium-235 requirements per electrical 
megawatt for HTGRs with different conversion ratios.1 Similar information 
is given in Table C.3 in terms of ore feed requirements for three HTGRs.2 

Note that while the total ore requirements are almost halved in going from 
a conversion ratio of 0.66 to 0.9Q, the initial fissile loading is more 
than doubled. The attractiveness of committing a large initial investment 
to fissile inventory becomes more appealing if large price increases are 
envisioned for fresh fuel feed over the life of the reactor. 

Decreasing the reactor power density allows an increased conversion ratio 
primarily because, for a given electrical output, a lower power density 
implies a larger core volume, and hence additional volume is made available 
for fertile thorium loading. Also, neutron losses to 135Xe and 2 3 3Pa are 
reduced in a lower power density core. 

The incremental costs incurred by a reduction in reactor power density 
arise in part from the requirements for a larger reactor pressure vessel. 
Such capital cost increases may be offset in part by a reduction in the 
pumping power required to force coolant gas through the reactor core. Also, 
decreasing the fuel exposure leads to an increased conversion ratio due to 
the more frequent removal of fission product poisons and, hence, an im-
proved utilization of the neutrons in the reactor. Attendant costs arise 
from the need for increased fuel reprocessing and refabrication. 

Because of the constant 4 year fuel exposure, increasing the thorium 
loading also decreases the fuel exposure. 
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Table C.3. Reactor Feed Requirement 

U3O8 Requirement,3 tons/MWe, for 
Different Conversion Rates 

HTGR, 0.66 HTGR, 0.82 HTGR, 0.90 

Initial core 0.44 0.64 0.94 
Annual reload 0.105 0.0565 0.035 
40-year total 4.53 2.90 2.30 

At 0.3% tails enrichment, £0% annual capacity factor and 
recycle of bred material. 

Thus, the reduced total uranium ore requirements afforded by utilization of 
higher conversion ratios can be achieved only by the acceptance of higher 
capital or operating costs in other areas. It must also be emphasized that 
the ore savings thus realized are achieved only after a considerable period 
of operation. (Compare the cumulative ore demands of the 0.66 conversion 
ratio case and the 0.90 conversion ratio case for the first 10 years of 
operation in Fig. C.l.) As shown, the mined ore requirements for the high 
conversion systems are higher during the early years of operation. 
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HTGR Near Breeders 

The interest in thermal break-even breeder systems as a contingency 
position in the event LMFBRs are not commercialized on the schedule now 
assumed has resulted in several studies conducted at General Atomic 
Company3'11 on near-breeder HTGRs. A near-breeder HTGR system would be 
similar to the Light-Water Breeder Reactor (LWBR) system described in 
Appendix F, in that a 2 3 3U inventory is produced in a conventional HTGR 
to fuel a near-breeder machine. Several pre-breeder alternatives have 
been considered. They are summarized in Table C.4, from which several 
observations can be made: 

1. The best pre-breeders (i.e., the largest ratio of 2 3 3U produced 
to 2 3 SU consumed) have low power densities and intermediate thorium loadings 
CC/Th ratios of 150 to 170). Low power densities result in higher capital 
costs. 

2. If fuel from the pre-breeders is not reprocessed for the first 11 
years of operation, the gross U-235 requirement is such that there is little 
influence of power density on optimum U-233 production. However, if the 
"residual" U-235 can be recycled in the pre-breeders, there is strong incen-
tive for lower power densities (independent of the influence of higher 
capital costs). 

3. The results shown in Table C.4 are in agreement with German calcu-
lations associated with near-breeder systems in pebble bed HTRs (ref. 5). 

A comparison of several HTGR near breeders is shown in Table C.5. Also 
shown are German calculations for near-breeder pebble bed HTRs.5 The GA 
and German calculations are in good agreement; the differences in net 
U-233 makeup can be explained by differences in the calculations: 

1. The GA calculations assumed 98% enriched U-233 from GCFBR blankets 
and the German calculations assumed self-generated U-233. The GA calcu-
lations for the case corresponding most closely to the German near-breeder 
case were repeated using a fuel composition of 71% U-233, 20% U-234, 
7% U-235, 2% U-236 and 0% U-238, and the results are shown in the comparison 
given in Table C.6. The use of 98% U-233 feed in the initial core reduces 
the initial core requirement by 228 kg fissile relative to using HTGR bred 
uranium. Eventually, the makeup requirement for the case with GCFBR U-233 
will become essentially equal to that for the HTGR U-233 case, since most 
of the total charged material will be self-generated U-233 of equilibrium 
composition. This equilibrium situation is not reached in the first ten 
years when starting with 98% U-233. The makeup is higher in the earlier 
years to compensate for the buildup of U-234. 



Table C.4. Pre-Breeder Cha ractcris tics* 
Case W/CC C/Th Gross U-235 Net U-235 U-233f U-233 U-233 

kg kg kg Net U-235 Gross U-235 
1 6 150 10520 8532 4409 0.516 0.419 
2 7 240 7620 7314 2668 0.365 0.350 
3 7 190 8480 7695 3298 0.429 0.389 
4 7 150 10090 8470 4038 0.477 0.400 
5 9 190 8577 7970 2915 0.366 0.340 
6 8.3 240 7695 74 72 2487 0.333 0.323 
7 8.4 140 10360 8714 3878 0.445 0.374 
8 4.5 365 7042 7061 2338 0.331 0.332 
9 10 80 28097 14250 5838 0.410 0.21 

10 6 240 7853 7330 3009 0.410 0.382 
11 4 240 8519 7396 3844 0.519 0.451 
12 4 140 14026 9428 5734 0.608 0.409 
13 9 215 8000 7664 2583 0.337 0.323 

* 
Kilograms for 11 years of operation at xOOO MW(e). 
About 4500 kg U-233 required for starting CR • 0.97 breeder. 



Table C.5. Preliminary Comparisons for HTGR Near Breeders 

HTGRs* Near Breeders 
Pebble Bed* 

Feeder Breeder 

C/Th - 70 C/Th 90 C/Th 
C/Th « 205 C/Th - 125 

110 C/Th - 110 C/HM - 198 C/HM - 110 

Fuel Life 4 yr 4 yr 4 yr 2 yr 
Power Density 5 w/cc 5 w/cc 5 w/cc 5 w/cc 
CR 1.0 0.97 0.94 0.97 

+ IC Inventory, 
kg/1000 MW(e) 4907 3545 2822 2822 

IC+ + Reload 1 
Inventory kg/ 
1000 MW(e) 6292 4569 3690 4328 
Net Makeup 
(10th year) 
kg 233/1000 MW-
year 

1% losses <69 < 7 5 < 103 < 124 
2.8% losses <95 <93 < 119 < 146 

1.2 yr 
5 w/cc 
0.76 

1414 

235 

2.2 yr 
5 w/cc 
0.97 

2710 U-233 
+284 U-2J5 

37 

HTGRs: 3% Ak leakage; GCFR U-233 feed. 
Pebble bed: 2% Ak leakage; pebble bred U-233 feed. 

= Initial core; IC inventory and reload requirements for HTGRs and pebble bed 
reactors are based on 80% yearly capacity factors. 

*Cases not truly equilibrated at 10th year. Equilibrium values are 1/3 to 1/2 the 
10th year net requirements. 
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Table C.6. Comparison oC GAC and German Calculation of 
Near Breeder Using HTGR Bred Uranium Feed 

GAC HTGR German Pebble-Bed 
C/Th - 110 C/Th « 125 

C/HM - 110 
Fuel Life 2 years ^2.2 years 
Power Density 5 w/cc 5 w/cc 
CR 0.97 0.97 
Leakage, % Ak 3% 2% 
IC Inventory 

kg fissile/1000 MW(e) 

2776 U-233 
274 U-235 
3050 

2710 (U-233) 
+284 (U-235) 
2994 

Reload 1 
kg fissile/1000 MW(e) 1882 Not given 

Net Makeup 
kg fissile/1000 MW(e), 
with 1% losses and 
80% yearly capacity 
factors 

31 37 

2. The GA calculations assumed 3% Ak/k in leakage and the German 
calculation assumed 2% Ak/k. This effect is small compared to the initial 
U-233 enrichment. A 1% Atyk leakage difference is estimated to change the 
core fissile inventory by less than 50 kg. 

From the studies summarized in Table C.A, coupled with capital cost estimates 
for the pre-breeder HTGR, an overall optimized pre-breeder HTGR has been 
selected.6 This reactor has a specific power of 5 w/cc and a C/Th ratio of 
170 (C/Th = 150 for reloads). For best near-term ore utilization, this pre-
breeder would be coupled with a near-breeder HTGR with a conversion ratio of 
0.97. While the near-breeder HTGR continues to require makeup fuel, it re-
quires a considerably lower initial fissile inventory than the HTGR break-
even breeder (see Table C.5). 
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Economic Considerations 

The decision to implement steps toward higher conversion ratio systems are 
dependent on economic considerations which, in turn, rest on speculative 
economic projections. For example. Fig. C.2 shows the results of a study7 

to determine an optimum HTGR conversion ratio based on projected real-cost 
increases in UjOg of 2% and 6% per year. The low base price of $26/lb U3O8 
was assumed in the calculations presented in Fig. C.2. Other factors being 
equal, the higher future uranium costs favor the higher conversion ratio 
system. 

In summary, the HTGS is a technologically developed reactor system that has 
the capacity to extend the electrical power generation obtainable from a 
given fissile uranium resource considerably beyond the value associated with 
light-water reactors operating on the uranium-plutonium cycle. Practical 
conversion ratios of up to about 0.82 are possible for this system with 
present technology. Conversion ratios above 0.9 can be obtained, based on 
physics considerations. The actual impact that the system may have on the 
nuclear resource picture depend? first on its commercial acceptance; second, 
on its introduction rate vis-a-vis light-water reactors; and third, on the 
economic picture existing at the time of its introduction. These factors 
are considered in Appendix G and Appendix N. 
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Fig. C.l. Cumulative uranium and ore requirements. 
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Fig. C.2. Estimated HTGR fuel cycle costs for two assumed uranium scarcity values. 
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APPENDIX D 

THORIUM FUEL CYCLE IN HWRs (CANDU) 

Summary: The fuel utilization characteristics and fuel cycle cost for 
CANDU reactors are compared in this Appendix with LWRs. CANDU reactors 
are considered operating with no recycle, with plutonium recycle, and 
operating with a thorium-uranium fuel cycle. Several conclusions were 
reached: 

1. Considerable flexibility exists with the CANDU system, and con-
version ratios of up to 1.0 can be achieved using the thorium fuel 
cycle. An economic penalty is associated with higher conversion 
ratios since lower specific power and lower burnups are required. 

2. CANDUs operating on the thorium fuel cycle with a conversion ratio 
of 0.9 require 0.43 times as much U30g as LWRs operating on the 
uranium cycle with plutonium recycle. Numerous other comparisons 
are made between CANDUs and LWRs operating with both uranium and 
thorium cycles, with and without recycle. The CANDU is superior to 
the LWR in fuel utilization. 

3. When actual yearly ore requirements are considered (instead of the 
30 year reactor commitment described above), it requires up to IS 
years before the cumulative ore requirements of a reactor operating 
on the thorium fuel cycle with high conversion ratio are less than 
the cumulative requirements for a CANDU reactor operating with no 
recycle. This is due to the high specific inventory required to 
achieve high conversion ratios. 

4. The lowest fuel cycle costs were achieved with CANDUs operating on 
the ihorium fuel cycle with conversion ratios in the range of 0.85 
to 0.90 based on available information. 
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Operating Characteristics and Fuel Utilization in CANDU Reactors 

This portion of the report presents the results of a very brief survey 
of the issues, the advantages and disadvantages, that would require 
consideration in any future decision to utilize CANDU reactors in the 
U.S., specifically those fueling options that will utilize thorium. 
Factors considered and discussed here are the relative performance 
characteristics of the fueling options, the inherent U3O8 fuel utili-
zation economics, and the relative fuel cycle costs. The U.S. designed 
PWR, both with and without uranium and plutonium recycle, has heen taken 
as the standard for comparison. 

The fuel cycle characteristics of the standard CANDU (but uprated in 
specific power from the 19 kWth/kg HM of the Canadian Pickering Plant) 
both with and without plutonium recycle, and for two versions of the 
thorium-fueled CANDU, are presented in Table D.l. Two basic fueling 
options are considered for the use of thorium in the CANDU concept. 

One option (when che conversion ratio is less than 1.0) utilizes plu-
tonium makeup for the equilibrium refueling cycle and the other utilizes 
highly enriched (^93%) U-235 as the makeup fuel. Both options will 
require substantial amounts of highly enriched U-235 for startup of the 
systems. Both options appear to be capable of being designed to operate 
with conversion ratios of 1,0. 

Some of the potential tradeoff associated with high fuel utilization in 
CANDU reactors are listed in Table D.2. The use of thorium can improve 
the conversion ratio in any thermal reactor type, but the neutron economy 
of D20 moderation and cooling allows more potential for high conversion 
ratio. 

Increasing the specific power reduces core size and D20 inventory. Fuel 
utilization is decreased as evidenced by greater fissile makeup and 
lower conversion ratio to maintain the same burnup. Optimization for 



Table D.l. Performance Characteristics of Fueling Options for CANDU Reactors 
CANDU 

No 
Recycle Recycle* A B C D E F 1 2 3 4 5 

Specific Power, kWth/!cg HM 26 26 29 29 29 29 29 29 38.4 38.4 38.4 25 .6 25.6 
Inventory, KT/GWe 128 128 115 115 115 115 115 115 86.8 86.8 86.8 130 .2 130.2 
Discharge Burnup, MWd/kg HH 7.5 18 10 20 25 33 40 44 15 27 44 8 .5 27 
Fuel Residence Time, Vears 1.0 2.37 1.2 2.4 3.0 3.9 4.7 5.2 1.52 2.74 4.47 1 .29 4.11 
Equilibrium Cycle Loading*** 

MT HM/GWe-yr, o 127.7 31.5 0 18.8 24.5 34.2 40.7 45.6 
0 - p U - 0 J 40.1 0 1+ 2+ 4t 6+ 8+ 
(Th + 0-233)-O2 95.7 40.8 30.9 21.2 16.3 14.0 64.9 36.0 22.1 114 .5 36.0 

Fissile Enrichment % U-235 0.711 0.71 (U> 
Fissile Pu, wt % 1.26(Pu) 

Equilibrium Cycle Discharge, 
wt », U-235 0.17 0.17 

Fissile Pu, wt » 0.27 0.33 
Requirement, ST D30s/GWe-yr*** 

0.2 Tails 168 94 0 24.7 32.2 44.9 53.4 59.9 31.2 40.2 52.6 0 21.9 
0.3 Tails 38.8 49.9 65.4 0 27.2 

Sep. work, MT SWU/GWe-yr*** 
0.2 0 0 31.1 40.1 52.5 0 21.9 
0.3 0 0 26.4 34.0 44.6 0 18.6 

Conversion Ratio 0.74 0.74 1.0 0.96 0.93 0.90 0.87 0.85 0.90 0.87 0.82 1. ,0 0.93 
a, Capture to Fissioi. Ratio 0.2 0.32 0.10 0.12 0.13 0.15 0.18 0.19 0.12 0.12 0.12 0. 12 0.12 

Equilibrium Cycle Fissile Loading 
g U - 2 3 5 A 9 HM 7.11 3.13 0 1.9 4.4 9.4 0 2.4 
g Fissile P u A g HM 0 7.06 0 1 2 4 8 
g Recycle U F i s s i l e A g HM 0 0 •V18 18 18 18 18 lb M B M 8 M B 17. 2 16.4 
Total Fissile, g/kg HM 7.11 10.19 19 20 22 24 26 20 22 27 17. 2 18.8 
Average Fissile, g/fcg HM V) •VIM 18.5 19 20 21 22 19 20 23 17. 2 1 7 . 6 

•See Annex D.2 for plutonium recycle basis. 
"Personal communication from A. M. Perry, 

***At 80% load factor. 
••"Fissile Pu only, g/kg HM 

IEA, to E. H. Gift, March 1, 1976. 



Table D.2. CANDU-Th Cycle Consideration 
Ranges Optimum Trend for 

Pickering Standard Considered Major Effect on Fabrication -
station PHW-NU* for Capital Cost and Capital U3O8 Cost Refabrication 
Data Data Th Cycle Fuel Utilization Intensive Intensive Cost Intensive 

Specific 
Power 
(kWth/kg HM) 

Lattice 
Pitch (cm) 

Burnup 
(MMdAg HM) 

Coolant 

19 26 16-38 Increased specific High** 
(28 pins) (37 pins) Power: 

1. Reduced D20 
inventory 

2. Poor fuel utiliza-
tion - increased 
fissile makeup or 
reduced burnup 

28.6 28.6 28.6-22.9 Reduced lattice pitch: Low 
1. Reduced D20 

inventory 
2. Poor fuel utiliza-

tion - increased 
fissile makeup or 
reduced burnup 

7..5 7.5 10.0 up Increased burnup: 
1. Poor conversion 

ratio 
2. Increased fissile 

makeup 

PHW PHW PHW BLW & OCR: Reduced BLV3 
3LW D20 inventory or 
OCR OCR: Higher thermal OCR 

efficiency and higher 
specific power limit 

Low Medium 

High High 

Low Medium 

*CANDU-PHW, natural uranium fueled. 
**For example, a "High" specific power is the optimum trend if capital costs are dominant. 
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high specific power is desirable if capital costs are high, and undesirable 
if U3O8 costs are high. 

Reducing the lattice pitch tends to reduce the D2O inventory, but the 
overwhelming effect is to reduce the fuel utilization. Thus optimization 
would probably maintain the present lattice pitch, especially when 
U3O8 and fabrication costs are high. 

Increasing the burnup of CANDU-Th options from 10 MWd/kg HM rapidly 
reduces, the achievable conversion ratio, thus increasing fissile makeup 
requirements. If fabrication and reprocessing costs are high, the fuel 
cycle economics would favor high burnup over improved fuel utilization. 

Changing the coolant from D20 to either light water or organic substan-
tially lowers the D20 inventory, thus substantially lowering capital 
costs. The conversion ratio is lowered as a result of increased neutron 
losses in the coolant. 

Utilizing the data of Table D.l and the derived data shown in Table D.3, 
estimates have been made of the natural uranium fuel needs of CANDUs and 
PWRs, with and without plutonium recycle and of CANDUs fueled with 
thorium. 

Table D.4 shows, on an individual reactor basis, the U3O8 requirements 
relative to a CANDU having no recycle. Thus the PWR at no recycle will 
require 30% more U3O8 than the CANDU with no recycle; for uranium recycle 
alone, the PWR and CANDU U30g needs are nearly equal; with uranium and 
plutonium recycle the PWRs' fuel needs are 80% of those of the CANDU 
with no recycle. 

Recycle of Pu in the CANDU system leads to a 40% fuel saving (essentially 
the same percentage fuel saving that plutonium + uranium recycle yields 
for the PWR). The use of thorium with either fissile plutonium or 
U-235 makeup leads to fuel savings of 70-75% for conversion ratios near 
1.0. Even for a conversion ratio near 0.8, fuel savings of 60% could be 
expected. 



Table D.3. Data for Use In Mined Fuel Needs Estimates 

Reactor Description 

Specific Inventory* 
ST Natural 
U)Oa/GWe 

kg 
Fissile/GWe 

Thermal 
Efficiency, 

t 
Conversion 

Ratio 

Average 
Capture 

to Fission 
Ratio, a 

100% 
Load Factor 

Doubling 
Time = D** 

30-Year 
Mined Fuel 

Need at 
0.8 Load 
Factor, 
3T UjOe 

CANDU, No Recycle 168*»* 

CANDU, Pu Recycle 303 

CANDU, Th-Pu Fueled 
CR 1.0 1360 
CR - 0.96 970 
CR a 0.93 907 
CR • 0.90 870 
CR = 0.87 860 
CR « 0.85 875 

0.30 0.74 

1.456 0.30 0.74 

5.38 0.30 1.0 
3.83 0.30 0.96 
3.59 0.30 0.93 
3.43 0.30 0.90 
3.40 0.30 0.87 
3.46 0.30 0.85 

0.20 -1.0 5208 

0.32 -2.58 3100 

0.10 °° 1360 
0.12 -70.27 1301 
0.13 -37.31 1490 
0.15 -24.52 1722 
0.18 -18.22 19J3 
0.19 -15.93 2193 

CANDU, Th-U-235 Fueled 
CR = 0.9 990 
CR = 0.87 760 
CR » 0.82 735 
CR » 1.0 1470 
CR » 0.93 940 

3.9 0.30 0.9 
3.0 0.30 0.87 
2.9 0.30 0.82 
5.8 0.30 1.0 
3.7 0.30 0.93 

0.11 -28.88 1813 
0.12 -16.94 1837 
0.13 -11.72 2240 
0.10 =» 1470 
0.12 -38.79 1522 

PWR, No Recycle 495 0.33 0.6 0.2 -1.8B 6800 

PWR, Uranium Recycle Only 495 0.33 0.6 0.2 -2.42 5410 

PWR, Plutonium Recycle 495 0.33 0.6 -3.06 4370 

'Based on 70C days ex-core inventory. 
"Doubling time is defined as: 2-74 . (Thermal Efficiency) (Specific Inventory) uouoxing is aerinea as. ( C o n v e r s i o n totio .. 1 < 0 ) (1 + a ) { R e a c tor Load Factor) 

•••Initial core and annual reload at 0.8 load factor. 



D-7 

Table D.4. Relative 30-Year U30e Requirements 
(at C.8 load factor) 

Relative UaOe Need 
PWR, No Recycle 1.31 

PWR, Uranium Recycle 1.04 

PKR, Plutonium and Uranium Recycle 0.82 

CANDU, No Recycle 1.0 

CANDU, Pu Recycle 0.60 

CANDU, Th-Pu Fueled 
CR = 1.0 0.26 
CR = 0.96 0.25* 
CR = 0.93 0.29 
CR = 0.90 0.33 
CR = 0.87 0.38 
CR = 0.85 0.42 

CAND-T, Th-U-235 Fueled 
CR = 0.9 0.35 
CR = 0.87 0.35 
CR = 0.82 0.43 
CR = 1.0 0.28 
CR = 0.93 0.29 

*Small variations from expected values result from approximations in 
the data of Table 2. 
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Although these fuel savings are real chey cannot be realized at che 
beginning of the reactor lifetime. In fact, for che thorium fueled 
reactor having a conversion ratio of 1.0, che entire fuel requirement is 
essentially required at the beginning of reactor life. Figure D.l shows 
the U3O8 usage pattern over a 30-year reactor life (at 0.8 load factor) 
of selected 1000 Mtfe CANDU reactor options. Approximately seven years 
are required before the mined fuel needs of a CANDU, no recycle reactor 
surpass those of a CANDU reactor on the thorium cycle with a conversion 
ratio equal to 1.0. Similarly about 12 years are required for the 
plutonium recycle option to exceed the thorium cycle having a conversion 
ratio equal to 1.0. 

To gain a better feeling for the dynamics of ore utilization of different 
concepts and reactor options the following scenario can be employed. 
Assume, for comparative purposes, that all of these concepts and reactor 
options are available now and that a country is going to choose one 
concept and meet all its power needs for 50 years with this one concept. 
Also, it might be assumed that fuel utilization is of major importance. 
Since the actual power growth cannot be known with any certainty, the 
representative power growths shown in Figure D.2 have been chosen. 
(Growth B [5 GWe/yr] of the figure is approximately one-fifth of the 
growth rate of the 1975 low ERDA growth projection.) The growth rates 
A, B, and C of Figure D.2 lead to total nuclear capacities at the end of 
50 years of 370, 250, and 170 GWe, respectively. 

Figure D.3 considers growth rate A (370 GWe in 50 years) and compares 
the relative U3O8 requirements of the PWR and the CANDU reactors (no 
thorium concepts). First it is apparent that over the 50-year time 
period the total cumulative requirements are relatively the same as 
those for the individual reactors (as discussed in Table D.4). It is of 
interest to note that although the 50-year uranium requirements for the 
PWR with plutonium recycle are only about 85% of those for the CANDU, no 
recycle; for the first 17 to 18 years of the campaign the U3O8 require-
ments for the CANDU, no recycle are slightly lower. 
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Fig. D.l. U3O8 usage pattern for CANPU fueling options. 
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ORNL-DWG 7 6 - 1 7 3 0 2 

CAMPAIGN YEAN END 

Fig. D.2. Assumed CANDU nuclear growth schedules for estimating 
natural uranium utilization. 



D—11 

ORNL-DWG 76-17301 

A??l 

NUC 

JMPTIONS | | | 

LEAR GROWTH RATE* 5 t M 0 W * 

I 
PWR, NO RECYCL •E—•>•> 

PWR , U REC YCLE C NLY 

C ANDU, I MO REC fCLE—. 

^~PWR 
U Rl 

,Pu ANl 
ECYCLE 

) 

I 
-CANDU, Pu RB 

I 
CYCLE 
| 

5 40 15 20 25 30 35 
CAMPAIGN YEAR END 

4 0 4 5 50 

Fig. D.3. Cumulative U3O8 requirements for PWR and CANDU with and 
without plutonium recycle. 
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In Figure D.4 the cumulative U3<)8 requirements for the CANDU, no recycle, 
are compared with those of three CANDU thorium options for growth rate A 
(of Figure D.2). figure D.5 presents a similar comparison for growth 
rate C. These figures show the effect of the high initial fuel loadings 
required by the thorium fueled reactor options. In Table D.5 these 
results are compared with those previously reported in Table D.4 for the 
individual 30-year reactor requirements. Table D.5 shows that, as the 
growth rate increases, a longer time is required before potential fuel 
gains of an advanced converter are realized. 

This effect chows up also in the time required before the fuel require-
ments of an advanced converter are less than those of a less neutron 
efficient concept. This is illustrated in Table D.6 which lists the 
time in years before the fuel requirement of a high conversion ratio, 
thorium-fueled CANDU reactor is less than the fuel requirements of all 
lower conversion ratio concepts. For example, for power growth A and 
the thorium CANDU having a conversion ratio equal to 1.0, approximately 
15 years are required before its fuel requirements are less than those 
of the CANDU, no recyle, 23 years before they are less than CANDU, Pu 
recycle, 19 years for thorium CANDU, CR « 0.85 and 38 years for thorium 
CANDU, CR = 0.93. 

In addition to the cumulative U3OQ requirement, it is of interest to 
consider the amount of U3O8 that is committed for the lifetime of a 
nuclear power growth campaign. At any particular time, in an expanding 
nuclear growth campaign, the committed U3O8 is much greater than the 
amount actually required. Table D.7 compares the committed and cumula-
tive U3O8 requirements for 50-year growth for the power growths A and C. 

For power growth A, the cumulative requirement at the end of 50 years 
for the PWRs and CANDUs utilizing plutonium and uranium fuels only is 
one-half of that actually committed. 
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Fig. D.4. Cumulative U3O8 requirement for CANDU reactor options. 
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Fig. D.5. Cumulative U3O8 requirement for CANDU reactor options. 
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Table D.5. Effect of Power Growth Rate of Cumulative (50-Yaar) 
U30Q Requirements 

Reactor Type 
Individual 
Reactor 

Nuclear 
Growth A* 

Nuclear 
Growth C** 

CANDU, No Recycle 1.0 1.0 1.0 

CANDU, Pu Recycle 0.595 0.610 0.605 

CANDU, Th-Pu Feed 
CR = 0.85 0.423 0.524 C. 506 
CR = 0.93 0.287 0.356 0.337 
CR = 1.0 0.261 0.326 0.296 

•Nuclear growth A = 5 t1"1, GWe (t = years). 50-year capacity is 
370 GWe. . ̂  0 9 **Nuclear growth C » 5 t * r GWe. 50-year capacity is 169 GWe. 



Table D.6. Time Required to Achieve Breakeven Fuel Needs 

CANDU, 
No Recycle 

CANDU/ 
Pu Recycle 

CANDU, Tft-Pu 
CR = 0.85 CP. = 0.93 CR = 1.0 

A. Individual Reactor, 30-Year Life 

CANDU, No Recycle 
CANDU, Pu Recycle 
CANDU, Th-Pu 

CR = 0.85 
CR = 0.93 
CR = 1.0 

B. Power Growth Rate A 

CANDU, No Pecycle 
CANDU, Pu Recycle 
CANDU, Th-Pu 

CR = 0.85 
CR = 0.93 
CR = 1.0 

0 
1 

6 
5 
7 

0 
1 

12.5 
10 
15 

11 
8 
11 

30 
18 
23 

0 
2 

11 

0 
1 
19 

0 
28 

0 
38 

C. Power Growth Rate C 

CANDU, No Recycle 0 
CANDU, Pu Recycle 1 
CANDU, Th-Pu 

CR = 0.85 11 
CR = 0.93 9 
CR = 1.0 13 

27 
17 
22 

0 
1 
17 

0 
35 



Table D. 7. Comparison of Committed and Cumulative 
U3O8 Requirements for a 50-Year Campaign 

Reactor Type 

Power Growth A 
(Power at 50 years = 370 GWe) 

ST U^Or 

Power Growth C 
(Power at 50 years = 170 GWe) 

ST Û Ofl 
Cumulative 
Requirement 

Committed 
Requirement* 

Cumulative 
Requirement 

Committed 
Requirement 

PWR, No Recycle 

PWR, Uranium Recycle 

PWR, Pu Recycle 

2.04 x 106 

1.63 x 106 

1.32 x 106 

4.08 x 106 

3.22 x io6 

2.57 x 106 

1.02 * 106 

0.813 x 106 

0.658 x 106 

1.86 x 106 

1.47 x 106 

1.18 x 106 

CANDU, No Recycle 

CANDU, Pu Recycle 

1.54 x 106 

0.939 x 10e 
3.17 x 106 

1.85 x 106 
0.776 x 106 

0.469 x 106 
1.44 x 106 

0.846 x 106 

CR = 0.85 0.807 X 106 1.136 X 106 0.392 X 106 0.519 X 

CR = 0.93 0.549 X 106 0.695 X 106 0.262 X 106 0.318 X 
CR = 1.0 0.503 X 106 0.503 X 106 0.230 X 106 0.230 X 

*For 50-year reactor lifetime at 0.8 load factor. 
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For the thorium-fueled CANDUs, much more of the total commitment would 
be required at the end of the 50-year period. In this analysis, for 
cases where the conversion ratio equals 1.0, the cumulative requirement 
and the commitment are equal. 

Fuel Cycle Cost Characteristics of CANDU Reactors 

The fuel cycle costs for the CANDU reactor concepts are estimated using 
a simplified fuel cost model discussed in Annex D.l. Much of the input 
required by the model is derivable from the data of Tables D.l and D.3 
of the fuel performance and fuel utilization sections of this Appendix. 
Cost assumptions for reprocessing, fabrication, shipping and wast-2 
disposal charges are from Appendixes H and I of this report. 

These cost and fuel material flow requirements for the equilibrium 
refueling cycle are shown in Table D.8 for several CANDU fueling options 
and for comparison, those of a typical PWR reactor. It is apparent from 
the table that a substantial cost penalty will occur in the fabrication 
of either uranium-plutonium, thorium-U-233, or thorium-U-233-plutonium 
fuels. The fabrication cost ratios of these different fuels may be of 
greater interest than the estimated magnitudes shown in Table D.8. 
These ratios are listed in Table D.9. 

The estimated reprocessing costs for the PWR were based on the AGNS 
plant expanded to handle the conversion of uranyl nitrate to UFg, 
Plutonium nitrate to PuOo, and the solidification or containment of all 
radioactive liquid, gaseous and solid wastes from the reprocessing plant 
operation. They are based on 5 MT/day plant specifically designed to 
handle a particular fuel type. As such within the limit of accuracy of 
the estimation process, no significant cost differential was found for 
any of the several fuel types that might be considered by either the 
CANDU or the PWR. As a result the basic reprocessing cost was taken to 
be $226/kg. Since the recovery of the fissile content of thorium fuels 
that are clad with zirconium is poorly understood, fuel cycle cost 



Table D.8. Data for Equilibrium Fuel Cycle Cost Calculations of CANDU Reactors1 

Annual UjO« Annual ThOj Separative sun of Fab., "op[;ln<j In-Core ™ Shlpi>ing"F'lus " Permanent 
Feed Rate, Feed Rate, Work Req'd., Fabrication Shipping and Fissile Plus Reproc. Plus No Fuel Assembly 
ST UjO»/ ST Th0 2/ HT SW/ R a t e , " Reproc. Costs, Pu Feed, Ex-Core"* Fabrication Waste Disposal Storage Costs, 

Case GWe-Year GWe-Year GWe-Year MT/GWe-Year S/kg U g/kg HH Time , Yo/.r Cost, S/kg Costs, $/kg S/kg 

CANDU, Ho 168 0 0 127. .7 132.5+ 0 2 .918 79.5 50 
Recycle 

CANDU, Pu 94 0 0 54, 5385 0 4. .29 312 22 C 
Recycle+t 

A 0 107 0 97, .3 611 0 3. .12 385 226 -

B 24.7 53.6 0 48. .7 611 1 4, .32 385 226 -

C 32.2 41 8 0 38, .9 611 2 4, .92 385 226 -

D 44.9 32.5 0 29. .5 611 4 5, .82 385 226 -

E 53.4 26.7 0 24. 3 611 6 6, .62 385 726 
F 59.9 24.3 0 22, .1 611 fl 7, ,12 385 226 
1 31.2 71.4 11.2 f4, .9 611 0 3, .44 385 226 
2 40.2 39.6 40.2 36. .0 611 0 9. .66 385 226 -

3 52.6 24.3 52.6 22. .1 611 0 6. ,39 385 22G -

4 0 126.0 0 114. .5 611 0 3. ,21 385 226 
5 21.9 39.6 21.9 36. .0 611 0 6. ,03 185 226 -

PWR, No 210.57 0 131.2 27. .65 250+ 0 4. ,82 150 _ 100 
Recycle 

PWR, Uranium 162.84 0 131.2 27. 65 376 0 4. 82 150 226 -

Recycle 
PWR, Pu 129.18 0 96.2 27. ,65 469.555 0 4.82 500 MOj • 

Recycle ISO UO, 
AV. - 24.1.555 

•All data refer to an 0.8 reactor load factor. 
" T h i s is also used for the reprocessing and shipping rate. 

•••Ex-core time - 700 days, 
tlncludes $ 1 0 0 A g perpetual storage costs for TOR and S50/kq for CAHDU. 

ttcases A to F represent the CANDU-Th Pu makeup concepts, and Cases I to 5 represent the CANDU-Th U-235 makeup concept described in Table III. 
SAssumes all of the reload batch Is of mixed oxide. 

SSAssumes only 0.267 of a reload batch is mixed oxide. 



D-20 

Table D.9. 
Fabrication Cost Ratios of CANDU and PUR Fuels 

PWR, slightly enriched UO2 1.00 
PWR, slightly enriched U02-Pu02 3.33 
CANDU, natural uranium (UO2) 0.53 
CANDU, slightly enriched (U02-Pu02) 2.08 
CANDU, slightly enriched (U02-Pu02-Th02) 2.57 
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estimates were also made for a 50% increase in the reprocessing charge 
when applied to thorium fuels. In addition to the unit costs listed in 
Table D.8, the remaining basic cost assumptions of che study are: 

Figure D.6 presents a comparison of the fuel cycle cost of the PUR and 
the CANDU when both reactor types are not fueled with thorium. 

This figure shows that for a large U3O8 cost range, the CANDU no recycle 
concept shows potential for lowest fuel cycle costs. In these estimates 
the cost of D2O initial inventory and annual losses have net been included. 
Other studies* have estimated the D20 loss cost to be about 0.35 mills/kWhr 
(for D20 at $110/kg and 16%/yr charge rate) and the initial inventory 
cost to be about 2 5 mills/kWhr. The dashed lines show the effect of 
adding the annual D 20 loss cosC Co che CANDU fuel cycle cosC. Even wich 
Chis cost added the CANDU, no recycle fuel cost is less than the PUR 
plutonium recycle cost when the cost of U3O8 is less than §25/lb. 

As presently conceived (and understood by this author) the Canadian 
concept for plutonium recycle will neve? be economically competitive. 
This fueling concept adds plutonium to all reload fuel assemblies to 
increase the fissile loading to near 1% such that the achievable burnup 
approaches 18-19 MUd/kg 11M. As such, this concept pays a high plutonium 
fabrication cost for all assemblies. It is possible that the use of 

*A Brief Survey of Considerations Involved in Introducing CANDU Reactors 
into the U.S., Argonne National Lab., Decerning 1975 (unpublished). 

Separative work 
Th02 

Inventory charge rate 
Reactor load factor 

S70/SUU 
$15/lb Th02 

15%/yr 
0.8 
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Fig. D.6. Comparison of fuel cycle cost of the PWP. and CANDU as 
a function of U3O8 cost. 
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Plutonium spiking and slightly enriched uranium assemblies (as contem-
plated by the PWR) might produce more favorable economics. On an economic 
basis the PWR with plutonium recycle is very competitive with the CANDU. 
Uranium recycle only in the PWR is seen to be economically justified at 
a U308 cost of well under $20/lb. 

Figure D.7 compares the fuel cycle costs (not including D2O losses) of 
concepts on uranium or thorium fuel options. In all circumstances 
considered, the CANDU-Th concept having a conversion ratio equal to 1.0 
was uneconomical. Based on Figure D.7 the preferred method for utiliza-
tion of thorium in CANDUs is to use highly enriched U-235 as the makeup 
fuel. This concept (at CR = 0.85) was the lowest cost option studied 
and was remarkably insensitive to U3O8 cost increases. The use of 
plutonium as the makeup fuel was found to be considerably less economic. 
However, chese calculations were based on unit costs of Pu as recovered 
from CANDU reactors. Use of Pu from LWRs (if available) or from slightly 
enriched CANDU cycles would give more favorable results for Pu use. 

Figure D.8 shows the fuel cycle cost as a function of the conversion 
ratio for the CANDU thorium concept having plutonium makeup. Distinct 
minima were found at about 0.9 to 0.92 conversion ratio. The effect of 
increasing the reprocessing cost from $226/kg to $339/kg (a 50% increase) 
is also shown. This increase tends to drive the optimum conversion 
ratio down. Conversely, increasing the cost of U30g tends to increase 
the optimum conversion ratio. 

Figure D.9 presents similar results for a CANDU thorium concept having 
93% U-235 as the makeup fuel. For this makeup fuel the optimum con-
version ratio is seen to be less than 0.8. This figure also shows the 
effect of increasing the power density on both conversion ratio and fuel 
costs. At the higher power density it seems apparent that conversion 
ratio of 1.0 is probably not attainable. The lower power density concept 
seems to have the potential for somewhat lower fuel cycle costs at its 
optimum conversion ratio. 
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Fig. D.8. Fuel cycle cost for CANDU-thorium concept having 
plutonium topping. 
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Fig. D.9. Fuel cycle cost for CANDU-thorium concept having 93% 
U-235 topping. 
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ANNEX D.l 

CALCULATIONAL MODEL FOR EQUILIBRIUM FUEL CYCLE COSTS 

The cost model employed in this work is highly simplified, but does 
consider the basic costs incurred by a utility. In this model no dollar 
value is attached to recycled fissile material. Present value discounting 
is not done, but an inventory charge based on total in-core plus ex-core 
time is estimated. 

A. The burnup cost (of either U3O8 or Th02) is defined by the equation 

$_ ST 2000 lb 103 mills GW yr D 
lb GWe-yr ST $ 106 kW 365 D 24 hr 

= 2.28311 x 10_i+ Fc • F, mills/kWhr . 

B. The separative work cost is defined, as 

MT SW $ 103 mills GW 103 kg yr D 
GWe-yr * kg-SWU * $ 10b kW MT 365 D 24 hr 

= 1.14155 x 10_£t X • Y, mills/kWhr . 

C. The fabrication, reprocessing, shipping or waste disposal costs are 
defined as 

= M M T . K $ . 103 mills GW 103 kg yr D 
x GWe-yr x kg HM $ 106 kW MT 365 D 24 hr 

= 1.14155 x 10-tt M • F , mills/kWhr . x 

D. The cost of supplemental plutonium feed (used for topping in some 
CANDU-Th concepts) is based solely on the money invested in recovery 
of plutonium from a standard natural uranium CANDU that would not 
otherwise be recovering the plutonium. Thus, it is defined as: 
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Cp = Mp S5LIB . V p . M MT HM . 103 kg . IP3 mills . j r D _ 
p p kg HM p gm GWe-yr MT $ 365 D 24 hr 

= 1.14155 x 10-1* Mp • Vp • M, mills/kwhr , 

where 
Vp = F — 2 p rec kg HM 2.7 gm fissile Pu 

= 0.37037 Frfic, $/gm. 

F r e c = Net recovery cost of CANDU plutonium, 

= Fr + Fw - Fs, $/kg HM, 

where 
Fr = Reprocessing cost, 
Fw = Waste and safeguards handling costs, 
Fs = Cost of perpetual storage of spent CANDU fuel assemblies. 

•• Cp = 4.22796 x 10~5 Mp • M • F r e c, mills/kWhr . 

E. The inventory cost is based on the average value of all other fuel 
cycle charges prorated over the entire in-core plus ex-core time 
and is defined as: 

Ic = (B + S + Cx + Cp) j • I • T, mills/kWhr , 

where 
Cx = Sum of fabrication, reprocessing, shipping and waste disposal 

costs, 
I = Annual charge rate, %/yr, 
T = Sum of equilibrium in-core plus ex-core fuel times, years. 
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ANNEX D.2 

CANDU-PLUTONIUM RECYCLE DATA 

Subsequent to the analysis made in this report and as a result of 
further discussions by ANL with the Canadians, the plutonium recycle 
concept for CANDUs has been updated.* The revised recycle concept 
considers the self-generated recycle of plutonium. Some of the 
pertinent fuel characteristics of the previous and present recycle 
concept are listed in Table DA.l. 

The uranium requirements for the updated recycle mode are 82% of 
those estimated originally. Relative to the no recycle mode, this 
method of plutonium recycle provides a 50% fuel saving as compared 
with 60% for the recycle concept given in Table D.l. This result 
does not change the conclusions previously obtained. 

Personal communication from Edward M. Bohn, ANL, to P. R. Kasten, 
ORNL, September 22, 1976. 
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Table DA.1. Comparison of Pu Recycle in CANDU Reactors 

Reactor System 
in Table D.l. 

Self-Generated 
Recycle System 

Specific Power, kWth/kg HM 26 26 
Inventory, MT/GWe 128 128 
Discharge Burnup, MWd/kg HM 16 18 
Fuel Residence Time, Years 2.37 2.1 
Equilibrium Cycle Loading, 

MT HM/GWe-year 
U02 31.5 
U-Pu-02 40.1 59.8 

Fissile Enrichment, wt % HM 
U-235 in U02 0.711 0.711 
Fissile (U + Pu) in U-Pu-02 (1.26 + 0.71) 1.02 

Equilibrium Cycle Discharge, wt % 
U-235 in U02 0.17 0.11 
Fissile Pu 0.33 0.35 

U3O8 Requirement, STa/GWe-year 94 79 
30-year Commitment, ST/GKe 3100 2540 

GShort tons 
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APPENDIX E 

THORIUM FUEL CYCLE IN FBRs 

Summary: Several alternatives are available for use of thorium fuel 
cycles in FBRs. Thorium can be utilized in the FBR core, blanket, or 
both. Use of thorium in the core results in reduced breeding gain 
compared with the uranium-plutonium fuel cycle, but lower specific 
inventories might be possible if high power densities are practical. 
Under the latter circumstances, the doubling time of the two fuel cycles 
would be comparable. If core power densities are about the same value, 
the uranium cycle would have lower doubling times than the thorium 
cycle. Use of thorium in the core results in significantly more negative 
sodium void coefficients of reactivity for LMFBR cores. The lack of 
reprocessing experience on thorium containing FBR fuels, and the lack of 
irradiation performance data on thorium metal fuels are primary impedi-
ments for use of thorium FBR fuels. Incentives are the improved reactivity 
coefficients possible with thorium fuels, possible application of the 
thorium cycle in "denatured" fuel use, and in fast and thermal reactor 
fuel cycles once the fissile resource problem is solved. 

Thorium Use Options in FBRs 

Thorium can be utilized in an FBR in four modes: 1) 233U-Th fuel can be 
used in the core with thorium blankets so that no plutonium or natural 
uranium is involved in the breeder fuel cycle. 2) 239Pu-233U-Th fuel 
can be used in the core with variations on relative 2 3 9Pu to 2 3 3U 
ratios and blankets can contain thorium or uranium. 3) A thorium radial 
blanket can be used with a 239pu_2 38jj c o r e that has axial blankets of 
uranium as proposed for the GCFR;1 4) A thorium radial blanket and a 
2 3 3 J J _ 2 3 8 J J c o r e. Each of these systems has its own advantages and 
disadvantages, many of which are described in this Appendix in comparison 
with the conventional LMFBR or GCFR designs that incorporate 239Pu-238U 
cores with uranium blankets. Additional information on "denatured" fuel 
use is given in Appendix Q. 
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Performance and Safety Considerations 

In Appendix A it was shown that for identical fuel forms and coolants 
the uranium-plutonium cycle would have the largest breeding gain. It 
was also shown that thorium metal fuels have better breeding performance 
than thorium oxide fuels. A key point for thorium utilization in FBRs 
is that thorium can be used as a metal fuel whereas the irradition 
properties and temperatures of phase change of uranium metal severely 
restrict its usefulness. Some selected properties of thorium and 
uranium fuels are shown in Table E.l. The phase change temperature and 
melting temperature of Th metal are significantly higher than those of 
U metal. In addition the Th matrix can contain significant fractions of 
U and Pu without significantly affecting its melting point. Uranium 
metal has anisotropic properties such that severe swelling and distortion 
take place under thermal cycling and reactor irradiation. Uranium 
alloys that have been developed to reduce irradiation distortion still 
show fuel swelling of about 10 vol % per atom percent burnup. Thorium 
metal with up to 20% uranium has shown excellent radiation stability in 
thermal neutron irradiation with volume increases of 2.5 vol % per atom 
percent burnup at 650°C, for burn-ups up to 4 atom percent. Thus thorium 
metal and thorium-Pu-U alloys show promise for use in FBRs. Irradiation 
experience with thorium metal in FBR environments is, however, very 
limited. The use of thorium metal as fuel in FBRs also offers the 
possibility of using cladding alloys other than stainless steel. A 
vanadium-20% titanium alloy has been suggested as a possible candidate 
because of its compatibility with thorium metal and its superior irradi-
ation behavior.2 The use of this alloy in a sodium envionment would 
require that the oxygen content be kept very low. The neutron absorption 
of this alloy is less than stainless steel so that improved breeding is 
feasible. There is, of course considerable uncertainty in the practi-
cality of thorium metal use, and that should be borne in mind in the 
following discussion. 

The performance of FBRs fueled with mixed oxides of Pu and U, mixed 
oxides of 2 3 3U and Th, and Th metal fuels has been recently studied.2 



Table E.l. Selected physical properties of thorium and uranium fuels 

00|, ThC^ U(mctal) Tb(meta l ) UC UC, TbC T h e , 

Melting point (*C) 2750 3290 1130 1700 2320 2480 2025 2655 

Melting point (*F) 4980 5970 2070 3100 4200 4600 4760 4 f I 0 

Density (room temperature) (g/em1) JO. 5 9 .7 19 .0 11 .6 13.0 11 10. C 9 . 6 

Thcttnal conductivity1 

at CSO'C (W/em *C) 
11 6S0"C (Btu/ht ft ' f ) 

0.035 
2 . 0 

0 . M 0 
2 . 3 

. 0 . 3 7 
21 

0 .45 
26 

0.23 
13 

- 0 .2 
- 12 

- 0 . 2 5 
- 1 4 

Temperature at which phase 
changc occult <"C) 

665 (o 10 6) 

775 (B to r) 

1375 

(FCC to BCC) 

* Ccramici generally sultct a decrease In conductivity with long reactor cippsuic at relatively low temperature, which il not comldciod in tli-- a bow salucs. 
At high tcnipetaturcs ( > - 1 '00 'C). irradiation cffects on k do not appear lignificant. 

SOURCE: P. R. Kasten, "The Role of Thorium in Power Reactor Development," Atomic Energy 
Review, vol VIII, No. 3, p. 473. 
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The neutronics calculations were performed for spherical reactors with 
37 V% fuel, 17 V% structure, and 46 V% coolant in the core region. Because 
the calculations assumed spherical cores, the breeding ratios are higher 
than in practical systems and the calculated fissile masses are lower 
than in practice; however, because all the studies were performed with 
consistent bases for core power densities, relative performance comparisons 
can be made. Table E.2 lists the results of this study. 

Cases No. 1, 4, 7, and 11 show the potential capability of 233U-Th 
breeders with metal or oxide fuels and Na or He coolants. These systems 
do not involve any use of Pu or natural U. As a basis for comparison 
case No. 10 is the reference LMFBR with Pu-U oxide core and U blankets. 
The reactivity effect of complete sodium voiding for the 233U-Th systems 
is strongly negative as compared to the approximately $11 of positive 
reactivity that is generated in the reference LMFBR. The breeding ratio 
of the 2 3 3U —Th metal, Na cooled core (case 1) is .09 less than the 
reference LMFBR (case 10); however, the fissile mass of the 233U-Th 
case is only 70% of the fissile Pu mass in the reference case. Thus the 
doubling times of these two systems would be nearly identical. There 
are no current detailed evaluations of the technical problems associated 
with Th metal fuel development for FBR. These preliminary neutronics 
studies suggest that such evaluations should be undertaken to assess the 
feasibility, quantify the benefits, and determine the necessary develop-
ment of Th fuel for FBRs. In particular, it is not certain that the core 
power densities assumed in these preliminary studies are practical for 
the metal fuel cases. The values are probably too high. 

A second class of Th utilization in FBR involves the use of Pu-U-Th 
fuel alloys. Cases 2, 3, 5, and 6 from Table E.2 demonstrate the per-
formance of these metal fuels. Again the inclusion of Th leads to a 
negative sodium void coefficient for total core voiding. The 239Pu-
233U-Th SyStem with a U metal blanket (case 3) shows a nearly self-
sufficient Pu core and a large net 2 3 3U production. As a matter of 
comparison a 1000 MW(e) high gain (CR = 0.84) HTGR requires only 157 
kg/yr of 2 3 3U fuel. Thus the Th based LMFBR could supply the fissile 
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Table E.2. Characteristics of thorium and uranium fast breeder reactors 

Casa to. Core fuel Material 
Cladding 
MairnaJ 

(lantet 
Kitrrlj] Coolant 

Cor* Fissile 
Hiterfa 1 

Corf 
VoluK 
tlilcrl 

Core A*̂  
Power Oenslty 
IMU'dhi/lurrl 

Fissile Mass 
<tl> 

toppler 
Coeff 

4k far 
Coolant 
Voiding 

(I) 

Fertile** 
Captures 

Extra 
Fissile Material 
Produced <kc/>r) Casa to. Core fuel Material 

Cladding 
MairnaJ 

(lantet 
Kitrrlj] Coolant 

Cor* Fissile 
Hiterfa 1 

Corf 
VoluK 
tlilcrl 

Core A*̂  
Power Oenslty 
IMU'dhi/lurrl 

Fissile Mass 
<tl> 

toppler 
Coeff 

4k far 
Coolant 
Voiding 

(I) 
Fissile 

Ahsorotfons ™Pu 
1 Hi Metal Alloy Y*20 11 Th fetal Hi 4003 0.62** 1572 -0.009 -4.60 1.26 208.7 
2 a • • . l l lp^Il l^t • 0.62 134} Pu -0.009 -2.29 1.38 897.2 -591.7 4425 »»U -591.7 
3 • . U Metal • • • 0.10 1343 Pu -0.009 -0.21 1.46 4(2.0 -43.7 .435 »>»u -43.7 
4 • • Tit Httal Me 111|| 5456 0.45 2143 -0.007 -0.13 1.20 224.1 
S . • i uphi l l j • 0.45 1631 Pu -O.OO? «0.01 1.45 1J4 .< -584.3 

•570 "»U 
-584.3 

( • It Metal • 0.41 1831 Pu -0.010 •0.02 1.59 4M.S -44.2 .446 111)1 1.59 -44.2 
7 •ft Wl ss 1*0, IU «>»U0, 4171 0.39*» 1879 -0.016 -2.17 l . l t 130.7 
8 . • • • '"fuOj • 0.39 24(6 -o.ou •o.so 1.18 •103.2 -959.6 • • • UO, • * o.ia 2457 •0.014 •0.70 1.20 769.7 -589.7 » U MDl • • - 0.38 2223 Pu •3.73 1.35 358.2 a 129 »«U 358.2 

11 Th XU w ThOj He »>uo, 10.JOS 0 2910 -0.011 •0.01 1.21 169.9 
12 • • • • » > M | • 0.24 3711 -0.010 <0.26 1.27 1149.7 -925.$ 
13 • • UO, • • • 0.24 3693 -O.DIO •0.27 1.30 821.6 -564.9 
14 U MOZ • • * * • 0.24 31 78 Pu •0.39 1.44 411.5 

— r - 1 •209 »»ll 411.5 

^iw. KI^ oiiS. — * ™ 
This It the norMl breeding ratio for sjitt* In nhtch Die fissile naurlil produced Is the u * u that consimd. The values >lo<n art for a 

..spherical reactor and aould te trailer for the usaal cylindrical reactor. 
"TM Th-ll-Pu alloy contain! 9.1 «»Pu. 
jThese pwer densities art u>e sue at In the demstratlon-ltie designs of the 1*8* and the «CF*. 

* This value «« the p««er density Is less than thit for theUrly [BR-11 U.*ela!.fueled cores. 

SOURCE: B. R. Sehgal, C. Lin, J. Noser, W. B. Loewenstein, "Thorium-
Based Fuels in Fast Breeder Reactors," Trans. Am. Nual. Soo. 
21: 422 (1975). 
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material for itself and for two to three HTGRs. This high breeding 
performance was obtained with a Th loaded FBR core that had an overall 
negative sodium void coefficient. It should be emphasized that total 
sodium voiding is usually not the worst case from the viewpoint of re-
activity changes. Further studies of cylindrical cores by the authors 
of the above comparison study showed that for case 3, the "worst case" 
reactivity increase was only 1/3 of that in a Pu-U LMFBR.3 For case 1 
the "worst case5' reactivity increase was 1/12 of that in a Pu-U LMFBR. 

The third use for thorium in FBRs is as a radial blanket material for 
2 3 3U production. In the case of mixed oxide FBRs the substitution of a 
thorium blanket for a uranium blanket; does not significantly affect the 
overall breeding performance, although there is a small decrease. Thus the 
the selection of uranium or thorium blankets for an LMFBR depends on the 
relative economics of the bred materials and on the availability of the 
necessary reprocessing and refabrication technology. 

Another possible FBR fuel combination involves use of U-233 and U-238 
in the core, and thorium in the blanket. This corresponds to a mixed 
cycle with Pu generated in the core. This type of fueling might be 
utilized if "denatured" fuel containing less than 20% fissile uranium 
were imposed on specific FBRs. The nuclear performance would be somewhat 
better than the FBR fueled with U-233 and Th in the core and Th in the 
blanket. More information on this is given in Appendix Q. 
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APPEttDIX F 
USE OF 233U AND 238U IN FAST BREEDER REACTORS 

("Denatured" Fuel Cycles) 

I. Introduction 

The purpose of this appendix is to examine the feasibility of using 
233U-238U oxide fuel in fast breeder reactors. By limiting the 233U 
content to less than 20% of the uranium, the safeguard requirements 
should be reduced significantly, since such a fuel system would avoid 
the possibility of chemical separation of fissile isotopes of the initial 
fuel, and the enrichment limitation is considered not to lend itself for 
use in a nuclear weapons device. The Pu bred in these reactors is 
assumed to be separated from the spent fuel and utilized in FBRs located 
inside safeguarded areas. The investigations here centered around two 
commercial-sized [1200 MW(e)J conceptual breeder designs; an LMFBR core 
design from GE, and a GCFR core design from GA. In both breeders, 
calculations were first performed for the Pu-238U design and then for 
2 3 3 u _ 2 3 8 u 

fuel for comparative purposes. This appendix gives preliminary 
results of the comparison. 
II. LMFBR System 

The LMFBR model used in this investigation is a GE design selected for 
benchmark use by the Large Core Code Evaluation Working Group. It 
consists of a two-enrichment zone core of Pu02 and depleted 238U02« The 
core composition is for the beginning of an equilibrium cycle. A more 
complete design description is given in Table F.l. Following a two-
dimensional diffusion theory (Pq transport - corrected) calculation for 
the Pu-238U core, 233^238u f u e l w a s substituted for the Pu-238U case. 
The average fissile core enrichment dropped by 1.5% while the breeding 
ratio dropped by 12% as a result of changing from Pu-238U fuel to a 
233U-238U fuel. Detailed results are shown in Table F.2. The Na in the 
beginning-of-life composition inner core zone was removed in both fuel 
systems in order to estimate the effect of 233,j on the Na worth. Although 
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Table F.l. LMFBR Design Parameters 

Reactor Power, MW(t) 
Reactor Power, MW(e) 
Core Height, cm 
Core Diameter, cm 
Core volume, £ 
Radial Blanket thickness, cm 
Axial Blanket, thickness, cm 

(each end) 
Composition 

Core 
Axial Blanket 
Radial Blanket 

Enrichment (% fossile in total 
heavy metal) 
Inner Core 
Outer Core 
Core Average 

Pu Composition 
% 239Pu 
V 2«t0 Pu 
% 2t^Pu 
% 2U2 Pu 

Inventory (tonne) 
Fissile 
Fertile 

Volume Fractions 

Fuel 
Sodium 
Structural 

3085 
1200 
107.72 
286.30 
6940 
38.91 

33.35 

PU02 + depleted 2 3 8U0 2 

Depleted 238U02 

Depleted 238U02 

10% (239Pu + 2lflPu) 
13.4% (239Pu + 21tlPu) 
11.6% ( 2 3 9Pu + 2ir2Pu) 

60% 

23% 
11% 
6% 

3.07 
67.39 

Core and Axial 
Blanket 

0.306 
0.365 
0.329 

Radial Blanket 

0.481 
0.274 
0.245 
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Table F.2. LMFBR Calculational Parameters 

Fuel Pu (Reference) 233 u 
k » ef f 1.037 1.037 
Enrichment 
(% fissile by atom) 

Inner Core 10.0 8.7 
Outer Core 13.4 11.6 
Core Average 11.6 10.1 

£ Breeding Ratio 
Inner Core 0.549 0.525 
Outer Core 0.441 0.300 
Total Core 0.990 0.825 

Axial Blanket 0.163 0.190 
Radial Blanket 0.222 0.198 

TOTAL 1.375 1.213 

* 2 3 8U breeding 239Pu + 240Pu breeding 241Pu. 



voiding che inner core increased the effective system multiplication in 
both cases, the increase for the 233U-fueled system was an order of 
magnitude less than for the Pu-fueled system. A very preliminary burnup 
study fnr the 233U-fueled case indicated that the 233U/239Pu ratio in 
the core approached 1/1 over the equilibrium cycle. Thus, while the 
void coefficient of reactivity would increase over that of the initial-
fueled core, the reactivity change associated with sodium voiding in an 
equilibrium core would still be only about half that of the plutonium-
Cueled system. 

III. GCFR System 

The GCFR model used in this investigation was contributed by CA. It 
consists of a four-enrichment zone core of Pu02 and depleted 
surrounded by an axial blanket of depleted 233lK>2 and a radial blanket 
of Th(>2. The core compositions used were for the initial loading. A 
snore complete model description is given in Table F.3. Siiailar to the 
LMFBR case, a two-dimensional diffusion calculation (Pq transport-
corrected) was performed fot the Pu-238U fuel system and than a criti-
cality search was performed for the equivalent 233y_238u SyStem. The 
average percent fissile core enrichment dropped by 1.8% and the breeding 
ratio dropped by 13Z, as a result of changing from Pu-238U to 2 3 3u_238u 
fuel. Details are given in Table F.4. When an equal-fissile inventory 
2 3 3y_2 3By c a a e u a s r u n (atoms 233U = atoms 239Pu + 241Pu, and 238U was 
added to return to the original £>, che breeding ratio was only 8% 
below the original Pu-238U case. 

IV. Conclusions and Observations 

The initial calculations for 2 33U>238U 
fueled breeders indicate that a 

breeder with acceptable breeding gain can be designed. In these initial 
calculations the only design change was the fuel substitution and en-
richment change to achieve constant k effective. A proper evaluation 
must include optimization of each of the candidate designs within the 
same constraints and performance goals. The present results indicate 
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Table F.3. GCFR Design Parameters 

Reactor Power, MW(t) 3158 
Reactor Power, MW(e) 1200 
Core Height, cm 135.2 
Core Diameter, cm 321.7 
Core Volvrae, I 10,980 
Radial Blanket thickness, cm 34.53 
Axial Blanket, thickness, cm 

(each end) 33.35 
Composition 

Core Pu02 + depleted 238U02 

Axial Blanket Pu02 + depleted 238U02 

Radial Blanket Th02 
Enrichment (% fissile in total 
heavy metal) 
Core 1 12.3% (239Pu + 2>*1Pu) 
Core 2 14.0% (239Pu + 21tlPu) 
Core 3 16.6% (239Pu + 24lPu) 
Core 4 18.4% (239Pu + 2ltlPu) 
Average Core 14.8% (239Pu + 2iaPu) 

Pu Composition 
% 239Pu 67% 
% 2l+0pu 26% 
% 2ttlPu 5% 
% 2l+2Pu 2% 

Inventory (tonne) 
Fissile 3.23 
Fertile 75.53 

Volume Fractions 
Core and Axial 

Blanket Radial Blanket 

Helium 0.640 0. 34 
Fuel 0.221 0. 50 
Structural 0.139 0. 16 
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Table F.4. GCFR Calculational Parameters 

Fuel Pu (Reference) 233 U 

eff 
Enrichment 
(% fissile by atom) 

Core Zone 1 
Core Zone 2 
Core Zone 3 
Core Zone 4 
Core Average 

Breeding Ratio* 
Core Zone 1 
Core Zone 2 
Core Zone 3 
Core Zone 4 
Core Total 
Axial Blanket 
Radial Blanket 
TOTAL 

1.024 

12.3 
14.0 
16.6 
18.4 
14.8 

0.328 
0.206 
0.100 
0.091 
0.725 
0.388 
0.307 
1.421 

1.024 

1G.5 
12.0 
14.3 
15.9 
12.7 

0.296 
0.180 
0.086 
0.077 
0.639 
0.327 
0.268 
1.234 

*238U breeding 239Pu, except in radial blanket, where 232Th breeding 233U. 
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that such designs would be practical for both LMFBR and GCFR breeder 
reactors. 

Assorted observations from the initial study are as follows: 
1. 2 3 3U provides a lower critical mass than Pu because of a 

higher fission cross section, but depresses the breeding 
relative to Pu because of the lower eta values in the 
important regions of the neutron energy spectrum. 

2. The LMFBR and GCFR designs used here w^re those optimized 
for Pu fuels. While substituting 23 3 u 

fuel results in 
reasonable breeding performances, the designs probably 
are not optimal for 2 3 3U use. 

3. Current results indicate that variations in relative core 
zone enrichments and in fuel density will improve nuclear 
performance. 
The use of 2 3 3U fuel in the LMFBR should reduce the sodium 
void coefficient. Current results indicate that the 
sodium void coefficient would drop approximately by factors 
of 2 to 4 for the equilibrium cycle. The higher 2 3 8U fuel 
content should lead to a slight improvement in the Doppler 
coefficient. 

5. The effects of fission products and control poisons which 
were omitted in the initial calculations will not change 
the overall conclusions. This is largely due to the high 
conversion ratios for these large breeder cases. 

6. The combined effects of 233u-238u fuei in possibly reducing 
safeguards risks and in reducing sodium void coefficients 
suggest that this fuel should be given further consider-
ation in FBRs. 
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APPENDIX G 

ORE AND SEPARATIVE WORK REQUIREMENTS 
IN AN INTEGRATED NUCLEAR ECONOMY 

Summary: In several places in this paper ore utilization capabilities 
of a given reactor system are described by calculating the ore require-
ments to provide the initial fissile inventory, and makeup inventory for 
30 years of reactor operation. This information is useful, but does not 
provide insight into the time variation of ore requirements. For example, 
high gain converters have a high initial inventory compared to low gain 
converters, and ore requirements in the early years of operation are 
therefore higher for the high gain converters. Another shortcoming of 
the "reactor commitment" method of describing ore utilization is that it 
does not permit easy comparison of different strategies or reactor 
mixes. To overcome this shortcoming a simple model has been developed 
to evaluate the time variation in ore and separative work requirements. 
This model is described in this appendix, and several example cases 
given. The model for computation of cumulative ore requirements is 
given by Eq. (Gl). 

Fm = cumulative ore requirements (kg) for a given reactor type, 
S = specific inventory [kg ore/MW(e)], 
P = installed electrical capacity [MW(e)] for a given reactor type, 
D = doubling time for the given reactor type (years). This is a 

negative number for converters, 
t = years since initial installation of the reactor type. 

If a linear power growth rate is assumed, the integral in Eq. (Gl) is 
easily evaluated. 

The model for computation of separative work requirements is given in 

(Gl) 

where 

Eq. (G2): 
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/ x _ 
k Sp S W U = V(Xp) - vcx^,) + ^ _ ^ J [V(Xp) - V(Xy)] , (G2) M 

where 
V(X) = (2X - 1) An X 

1 - X * 

= "value function" which represents the value of one unit 
of uranium at enrichment X, 

X p = product enrichment (decimal), 
X T = tails enrichment, 
Xp = feed enrichment, 

k& Swu —®p = kg of separative work per MW(e). 

Five sample cases are given, which compare the ore and separative work 
requirements of LWRs, HTGRs, and FBRs. The point is made that if FBRs 
are delayed to the year 2000 or beyond, some form of high gain converter 
is needed to permit nuclear energy generation at that time to continue 
at the same level. 

Model for Ore Requirement Computation 

A simple accurate model of fuel resource requirements would be bene-
ficial to the understanding of the factors which influence fuel resource 
requirements as well as for initial survey estimates. Fuel resource 
requirements are currently estimated with complex computer programs such 
as ALPS,1 which was not available to us in the time available for this 
study. 

A model of the mined fuel requirements is developed for a system of 
similar reactors (LWRs, BWRs, or HTGRs, etc.) after which it is gener-
alized to include a mixture of reactor types. The greatest unknown 
input to this model which has the most significant influence on fuel 
resource requirements is the estimated total nuclear power production 



G-3 

growth and how it is divided among the reactor types. Several examples 
will be given after the model development has been completed to illus-
trate this effect. 

A fuel utilization model of a system of similar reactors can be developed 
from a simple mass flow balance. Let time be divided into equal intervals 
of length At. For the ith time interval, the reactor fuel inventory 
required to produce a specified power is then: 

Ti " Fi + Ri-k + ^ - l <X " f & t ) * 

where 

but 

and 

fAt = fraction of fuel replaced each At, 
1 - fAt = fraction of reactor fuel remaining each At, 

f = fraction of reactor fuel replaced yearly, 
At = incremental time stop (years), 
Fi = mined fuel for ith time interval, 

= reactor fuel inventory for ith time interval, 
R^ k = fuel recycled from kth interval for use in ith interval, 

I. = SP. x 1 

/ fAtl. 
Ri-k - ( f A t Ii- k

 + - s r * ) a ' e ) • 

where 
P.. = power at ith time interval (power capacity), 
S = fuel inventory per unit power, 
B = fraction of fuel lost during recycle (assume 8 = 0 ) , 

D fuel cycle inventory 
rate of excess fuel production 
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The total rained fuel requirements for the first m time intervals is just 
the summation of F.̂  from i = 1 to i = m. If this summation is carried 
out and At allowed to approach zero, the result is: 

F(t) = S P(t) - P(0) + f J P(x) dx - f J P(x) dx 
t-t' -t' 

1 f W ' - £ J P(x) dx 

where 
F(t) » mined fuel requirements at time t (total mined fuel put 

into reactors from time 0 to time t), 
t' = recycle time (storage time + reprocessing time + 

refabrication time). 

If tf = 0, 

S r t 
F(t) « SP(t) - SP(0) ~ f jQ P(x) dx . 

Everything has been defined in the above equations except D. The constant 
D depends on reactor type and can be defined on the basis of certain 
characteristic reactor parameters. 

D fuel cycle inventory 
rate of excess fuel production 

SP(t) x 1/lf x P(t) 
(CR - 1) e x c e 8 S (1 + a) kg burned kg fissioned MW 365 days 

kg burned kg fissioned 1000 MWD^ TIMWt X year 

,, 2.74 nS 
(CR -1)(1 + a)(If) 
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where 

n = thermal efficiency, 
If = load factor, 
a = captures/fissions (in fissile isotope). 

Therefore, to estimate the mined fuel requirements, values for the 
following parameters are required: 

P(t) (MWe) for each reactor type. 

The above derivation was for a system of reactors that were all of the 
same type. To determine the total mined fuel requirements in a nuclear 
economy comprised of several reactor types, the fuel requirement for 
each reactor type must be summed, or: 

where 
N = number of reactor types, 
F^(t) = mined fuel requirement for reactor type j in kg 

of fissile fuel, 
F .(t) = total mined fuel requirement in kg of fissile fuel. 

and 

Ftot(t> " £ • tot 
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Model for Separative Work Requirement Computation 

The separative work- requirement can readily be calculated from the 
preceding model for the mined fuel requirement. The preceding model 
calculated the mined fuel requirements in terms of fissile fuel placed 
in each reactor type. Since separative work is a measure of the value 
of fuel of a certain enrichment, the separative work requirement for 
each reactor type can be determined. The total separative work require-
ment would then just be the sum of the separative work for each reactor 
type. 

Separative work is calculated as follows:2 

Let 
Xp = product enrichment (decimal) 
x̂ . = tails enrichment, 
x-, = feed enrichment. 

Then 

(1) 

where 
F = flow weight of feed, 
P = flow weight of product. 

(2) V(x) = (2x - 1) » 

where V(x) - "value function" which represents value of one unit of 
uranium of assay x, and 
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I \*F ~ xt / ^ 
Swu SR = —r— [SR is a constant which depends on reactor type 

The total separative work units in an integrated nuclear economy is 
then: 

where 
N = number of reactor types, 

F.(t) = mined fuel requirement for the jth reactor type in kg 
of fissile fuel, 

x = enrichment of fissile fuel, 
P3 

SR^ = defined above and for jth reactor type. 

The total natural uranium requirement is: 

(depends on fuel, tails, and feed enrichments 
but feed and tails enrichments are assumed the 
same for all reactors in the system).] 

N 
Swu(t) = £ F (L)sR./x , 

j=l 3 J Pj 

The total U308 ore requirement is then: 

F (t) = 1.18 F„ ft), ore Nat ore 
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Example Cases 

Five example cases presented. Each example is performed for various 
total nuclear pc.;cr rates from 1980 on. The amount of mined ore require— 
ment is presented for each example and the separative work requirement 
is calculated for several examples. Five reactor types are considered; 
standard and high-iain HTGRs, LWRs (U and Th cycle), and FBRs. The 
following values for the necessary reactor parameters were selected to 
represent the reactor types. 

Table G.l Reactor Parameters 

LWR LWR-Til HTGR 
(standard) 

HTGR 
(high-gain) 

FBR 

„ fk^ fissile in core\ 
* V Mwe ) 1.5 2.85 1.39 2.23 2.56 
Total fissile 
Core fissile 1.5 1.5 1.34 1.45 1.5 
CR .60 .70 .66 .82 1.25 
TL .33 .33 .39 .39 .39 
a .27 .15 .15 .15 .25 
D (yr) -11.91 -16.02 -7.26 -23.82 +22.52* 

*T .003 .003 .003 .003 

*F .00711 .00711 .00711 .00711 

*P .030 .9315 .9315 .9315 

The FBR has a fast fission effect which decreases the parameter D by 
about 20%. About 20% of the fissions are nonfissile fissions. 

In these examples the ore and separative work values included in the 
tabulations reflect commitment only to the year specified. The total 30 
year commitment of ore and separative work for a given reactor are not 
included. 
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Example 1 

Example 1 models an all LWR economy from 1980 to 2030. Plutonium is 
recycled on a two-year recycling time. The nuclear power capacity as a 
function of time is shown in the figure. 

t 

Pco - <rfc 
CL = 120,000, 3 Q O O Q 3rtd AO.OOO MVV^/year 

Total U3O8 Requirement (Metric Tons x 106) 

Year a = 20,000 a = 30,000 a = 40,000 

2000 .887 1.33 1.78 
2010 1.63 2.45 3.27 
2030 3.73 6.16 7.46 

Total Separative Work (kg x 109) 

Year a = 20,000 a = 30,000 a = 40,000 

2000 .388 .588 0.787 
2010 .720 1.08 1.45 
2030 1.65 2.72 3.30 
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Example 2 

In example 2, the standard HTGR, the high-gain HGTR, and the LWR are 
compared on the basis of ore and separative work requirements for an 
assumed number pjwer capacity curve from 1980 to 2030. Plutonium and 
U-233 are recycled on a 2-year recycling time. The power capacity 
versus time is shown in the figure. 

a 3 40,ooo MWe/v«»r 

Total U3O8 Requirement (Metric Tons X 106) 

Year LWR LWR-Th HTG5. (standard) HTGR (high-gain) 

2000 1.78 1.59 1.01 1.05 
2010 2.59 2.20 1.60 1.36 
2030 2.43 1.83 1.76 .931 

Total Separative Work Required (kg X 109) 

Year LWR LWR-Th HTGR (standard) HTGR (high-gain) 

2000 .787 1.19 .755 .785 
2010 1.14 1.65 1.20 1.07 
2030 1.07 1.37 1.32 .696 

NOTE: The mined ore and separation work requirement is proportional 
to the power growth rate a. 
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Example 3 

In example 3, the standard HTGR, the high-gain HTGR, and the LWR are 
compared with a different assumed power growth. Again the mined ore and 
separative work requirment is proportional to the value of a. 

PCO __ P«)» Po 

3 k 
1960 2000 

OL « 40,000 MWe/year" 

U3O8 Requirement (metric tons x 10G) 

Year LWR HTGR (standard) HTGR (high-gain) 

2000 1.78 1.01 1.05 
2010 2.59 1.60 1.36 
2020 3.40 2.18 1.67 
2030 4.21 2.77 1.98 

Separative Work Required (kg x 109) 

Year LWR HTGR (standard) HTGR (high-gain) 

2000 .787 .755 .785 
2010 1.14 1.20 1.02 
2020 1.50 1.63 1.25 
2030 2.07 1.48 
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Example 4 

In example 4, the effect on mined ore required of the introduction of 
the FBR and the phase out of the LWR is illustrated. The power capacity 
versus time is shown in the figure. 

t 
a. » 40 ,000 MWe /year 

Total U3O8 Requirement (Metric tons x 106) 

Year LWR* FBR** Total 
2000 1.78 0.0 1.78 
2010 2.90 (.308) 2.90 
2030 3.27 (.838) 3.27 
2040 3.27 (.266) 3.27 
2050 3.27 (-.482) 3.27 

The LWR is considered to recycle all Pu not used by the FBR. 
* * 

The numbers in parenthesis represent the equivalent U3O8 requirements 
if U 2 3 5 had the same nuclear properties as Pu in FBRs. Since FBRs 
use Pu generated from LWRs, no mined U3O8 is needed for FBR fissile 
requirements; however, the numbers given in parentheses do provide 
perspective relative to fissile fuel use. 
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Example 5 

In example 5, the effect of the introduction of the FBR in the year 2000 on 
mined ore requirement is illustrated. In this case, the LWR does not phase 
out after FBR introduction but maintains a constant power capacity level. 
The nuclear power capacity versus time is shown in the figure. 

Ptf> 

200o 
a= AO.OOO M We/year 

Total U3O8 Requirements (Metric Tons x 106) 

Year 
2000 

3 
20 jti 
2Q4ft 

R II 
2 0 7 . 
2d8iJ 

LWR* 
1 . 7 8 
2.Sfb 
Hf 
5 -ill 
M l 
5 . 8 5 
5 . 9 1 
5 . BO 

FBR** 
(0.0) 
(.308) 
(.441) 
(.3§7) 
(.177) 

(=;218) 
(-.790) 
(-1.54) 
(-2.A6) 

Total 
1.78 
2.90 
3.84 
4.61 
5.20 
5.61 
5.85 
§,91 
U R 

•kit 

The LWR is considered to tgaytle all Pii not used by the FBR. 
k 
Since FBRs use Pu generated from LWRs, no mined U3O8 is needed for 
FBR ^iBSile requirements. The numbers in parentheses are the equiva-
lent U 3 O 3 requirements of the Pu in FBRs, if U 2 3 5 had the same nuclear 
properties as Pu in FBRs; the numbers give perspective relative to 
fissile fuel use. 
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APPENDIX H 

REPROCESSING COST ESTIMATES 

Summary: The bases on which shipping, reprocessing, conversion, and waste 
storage costs were estimated are described in this Appendix for LWR., CANDU, 
HTGR, and FBR fuel. Flow sheets for reprocessing fuel from each reactor 
type were drawn. Five stages in reprocessing were addressed in the flow 
sheets: (1) head end, (2) solvent extraction, (3) conversion, (4) off-gas 
treatment, and (5) waste disposal. The cost of shipping irradiated fuel 
from the reactor to the reprocessing plant was also considered. The 
complexity of the five stages of the reprocessing flow sheets were compared 
with the AGNS plant, where costs are assumed to be known. Estimates of 
cost for CANDU, HTGR, and FBR reprocessing were made on the basis of the 
comparison of flow sheets with the AGNS flow sheet for LWR Pu-U fuel. 
Two plant-size bases were used in this study, 5 tonnes HM/day and a plant 
of sufficient size to service a 50 GH(e) industry of a given reactor type. 
For LWR fuel reprocessing a 5 MX/day plant will service a 50 MW(e) industry, 
but for the other reactor systems considerably larger or smaller plants 
are required. This will be discussed later. 

A summary of results of the reprocessing cost estimates on a $/kg HM 
basis is given in Table H.l. The fuel cycles which have been considered 
in Table H.l are summarized in Table H.2. The relationship between 
reprocessing capacity and installed electrical capacity is given in 
Table H.3. It is noced that 5 MT/day capacity for LWR fuel reprocessing 
will support a 50 GW(e) LWR economy. However, because of the high burnup 
achieved in HTGRs, a 5 MT/day reprocessing plant will support a 157 GW(e) 
HTGR economy. Likewise, because of the low exposure achieved on fuel 
operating in CANDU reactors operating on the U-Pu fuel cycle, a 26 MT/day 
reprocessing plant is required to support a 50 GW(e) economy. 
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Table H.l. Thorium fuel cycle study: estimated costs of shipping, 
reprocessing, and waste disposal 

($/kg heavy metal) 

Plant capacity 
5 tonne heavy metal/day 50 GW(e) 

Reactor (fuel) Shipping Reprocessing 
Waste 

Disposal Reprocessing 

LWR (U-Pu), AGNS plant 5 221 71 221 
LVift (U-Th) 5 222 71 222 
LWR (Pu-Th) 5 233 83 233 

CANDU (U.Pu) (CR =1.0) 1.5 210 61 86 
CANDU (II,Th) (CR =1.0) 4 207 61 96 
CANDU (Pu,Th) 4 223 74 115 

FBR (Pu-U), LMFBR 30 294 85 383 
FBR (U-Th) 30 302 111 394 

HTGR (U-Th) (CR = .66) 30 622 85 1148 
HTGR (U-Pu) 30 631 85 1151 
HTGR (Pu-Th) 30 626 85 1153 
HTGR (13-Th) (CR =0.82) 30 622 85 923 
HTGR (U.-Th) (CR - 0.82) 

(partial burning of graphite) 30 483 85 717 



H-3 

Table H.2. Fuel cycles considered for comparative costs 
of shipping, reprocessing, and waste storage 

Reactor Initial Fuel Recycle Fuel 

LWR (235U-230U) oxide (Pu—238U) oxide 
(235U-Th) oxide (233U-Th) oxide 
(Pu-Th) oxide (233U-Th) oxide 

CANDU (235u_238jjj oxide (Pu-238U) oxide 
(235U-Th) oxide (233U-Th) oxide 
(Pu-Th) oxide (233U-Th) oxide 

FBR (Pu-238U) oxide (Pu-23bU) oxide 
(233U-1h) alloy (233U-Th) alloy 

HTGR 235UC2-Th02 
233UC2-Th02 

235UC2-238U02 (PU-238U) oxide 
(Pu-Th) oxide 233UC2-Th02 
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Table H.3. Reprocessing Capacity and 
Electrical Capacity Equivalence 

Fuel 
type 

Installed Capacity 
GW(e) Supported by 
a 5 tonne/day 
Reprocessing Plant 

Reprocessing Capacity 
(tonne/day) to support 
50 GW(e) of installed 
capacity 

LWR 50 5 
CANDU (U-Pu) 9.7 26 
CANDU (U-Th) 13 19 
CANDU (Pu-Th) 15.4 16 
FBR 80.1 3.1 
HTGR 157 1.6 
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Scope of the Study 

This study includes costs for shipping irradiated fuel from the reactor to 
the reprocessing plant, reprocessing (including product conversion and waste 
treatment), waste shipping to a repository, and waste storage at the 
repository. 

For the HTGR, it was assumed that the refabrication plant would be on the 
same site as the reprocessing plant. Refabrication of LWR, CANDU, and 
FBR fuel was assumed to take place at a central facility that served 
several reprocessing plants, for these reactors, the product conversion 
costs include the cost of making oxides (UO3 and PUO2) at the reprocessing 
plant and the cost of reconverting these oxides at the fabrication plant 
into fuel material that meets the feed requirements of the refabrication 
plant. It was assumed that thorium could be shipped as Th(N03)t* solution 
and no reconversion penalty was applied. Although the costs of "tailor-
made" oxides are incurred at the refabrication plant, these costs are 
included in reprocessing. 

Approach Taken 

The Barnwell (AGNS) plant and flow sheet was taken as the base case for 
estimation of capital costs. Capital costs of other flow sheets were 
estimated relative to the base case. Operating costs were scaled from 
capital costs, using estimated factors. A second iteration allowance 
was aade for plant size, using estimated scaling factors. Most of the 
estimates made are of necessity qualitative and subjective, but a deli-
berate effort was made to avoid bias, either intentional or subliminal. 

Cost Basis 

The initial cost basis for this evaluation was the cost of the Allied-General 
Nuclear Services (AGNS) plant at Barnwell, South Carolina. Although actual 
cost data for this plant are not yet available, the general consensus is 
that the complete plant cost will be about $800 million. This total cost 
was arbitrarily apportioned among the five major areas of the plant as 
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follows: $150 million for headend, $100 million for solvent extraction, 
$100 million for product conversion, $50 million for off-gas treatment, and 
$400 million for waste treatment. 

Process Flow Sheets 

A process flow sheet was drawn for the AGNS plant to identify the principal 
operations of the five major systems of the plant for processing 2 3 5U0 2

-

238U02 initial fuel and Pu02~238U02 recycle fuel. Corresponding flow sheets 
were drawn for each of the other types of fuel discharged from LWRs, FBRs, 
and HTGRs (Figs. HI, H2, and H3). Reprocessing CANDU fuel is similar to 
reprocessing LWR fuel so a separate flow sheet was not required. These flow 
sheets formed the basis from which the cost comparisons were made. A 
deliberate effort was made to be consistent in preparing the flow sheets, 
both for systems within a flow sheet and between flow sheets. 

Cost Estimating Procedures 

Capital Costs 

Each of the five major systems of the process flow sheet for the "unknown" 
plant was compared with the corresponding system of the AGNS plant, and an 
assessment was made of the relative complexity of corresponding systems. 
This assessment led to a "complexity factor" that could be used to relate 
the cost of an "unknown" system to the corresponding AGNS system. The 
determination of complexity factors was somewhat qualitative, being based 
upon considerations of process chemistry, nature and number of operations, 
and type of process equipment. Complexity factors are summarized on Tables 
H.4 through H.7. 

A second consideration in determining the capital cost of the "unknown" 
system was the relative capacity of the "unknown" and corresponding AGNS 
system. In this case, we used data from other cost studies,1 which have shown 
that plant capital costs may be related to throughput by a relationship of the 
form 



H-7 
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Table l i .5 . 

favti Syitn 

Reactor type 
In i t ia l ( « i 
Recycle fuel 
Cied or coating 

Reproceaalng Plant Capacity* 

Haavy aaeal, tonne/day 
Clad or graphite, tonne/day 
Equivalent CW(«) 

Thorium fuel cycle study: estimated shipping, reprocessing, 
and waste dittposal costs for fast breeder rtactora 

ru 
ruo,-2Jlta, 

•ealnlaaa ateel 

2 
3 
SO 

(5) 

(7.5) 
(125> 

233, 
233,. 

ran 
U-77) a.toy 
U-Th alloy 

«ttlnl«H atcel 

2 
3 

50 

(5) 
(7.5) 
(125) 

Eatiaated coat of ahipping. reproccaainit. and vaate dlapoaal 

Factor Capital Operating 
(Complexity) (aice) <10* 5) {$/kg MM) (S/kg KM) 

Factor 
(Coaplexlty) ( l i t e ) (10b S) (5/kg HH) 

Capital 
rr 

Operating 
($/kg HM) 

Irradiated fuel ahlpplng 
iteproceaalag plant* 

Headend 
Solvent extraction (1 )0 .12 /5 ) 
Product conversion ( .9)(3.12/5) 
Off-gaa treatment 
Uaate treataent 

Total 

Waete Disposal 
Shipping 
fd( oaitory 

30 30 

(1.0SH9.23/6.5) 
.35 
.6 

U X 3 . 1 2 / 5 ) ' 3 5 

(1.05)(9.23/6.S) 

.6 

.35 

m (258) 62 (52) 25 (21) 
85 (100) 27 (20) 8 (6) 
69 (90) 22 (18) 9 (7) 
42 (50) 13 (10) 4 (3) 

475 (560) 152 (112) 61 (45) 

864 (1058) 276 (212) 107 <82) 

9.5 
75 

(1.1)(9.23/6.5) .6 
(DO.12 /5) .35 

( .8)(3.12/5) 
(1.05)(3.12/5) 
(1.1X9.23/6.5) 

.35 
,35 

204 (270) 65 (54) 26 (22) 
85 (100) 27 (20) 8 (6) 
60 (80) 19 ;i6i 8 (6) 
44 (53) 14 (11) 4 (3) 

A97 (587) 159 (117) 64 (47) 

890 (1090) 284 (218) J10 (84) 

11 
100 

•Values given in parenthere» are for alternate plant capacity of 5 tonne* heavy octal/day. 
^Capital and operating coat given in parantheaea are for alternate plant capacity of 5 tonnce hcr.vy aetal/day. 
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Table H.7. Thorium fuel cycle study: estimated shipping, reprocessing, 
and waste disposal costs for heavy water moderated reactors 

tail IfilN 
hxui Iffm UllUI (Ml l«fiU M CM « Milat 

kfiKWliI Nw ftfclly* <•«•» wuU (•«•><•« CM H t**fkll*. lawMr 

JPI»*#l*r 

t.t) (O.U) 

CMBC 
'"Wlj-tW. tlixln 

t.tl to.II) VD (I>1 

CAW rwOj-THo, 
'"UO,-IW)I 

I*.} (VI 1.11 (0.1»I vn (ii.ii 
hiimiMi* »f rtttft**. r*f(w«taiM 

IMMUIM I««I MniH htWMlti IIIMI* 
9>I««I uimilM >»tWI IMWIflH Hf-fM lft*IMM W»» «• ifMitmi 
T««t 

M t ̂llfHtl 
»»»»Ul» liiwimt 

FMUI 

<IHIW»>* 
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<>*f«llM 
<!/»« MR) 
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Cost of "unknown" = [ throughput of "unknown" I n 
cost of AGNS = [ throughput of AGNS J 

The expression in b7ackets above, the capacity factor, was calculated for 
each section of the "unknown" plant, and the estimated cost was found by 
multiplying the appropriate AGNS cost by the product of the complexity 
and capacity factors. The scaling factor, n, was taken to be 0.6 for 
headend and product conversion and 0.3S for solvent extraction, off-gas 
treatment, and waste *reatoerit. Throughput included the total amount of 
material passing through a given section of the plant, that is, heavy metal 
plus cladding or matrix material. 

Capital costs were determined for two plant sizes; (1) a processing plant 
that treats 5 tonnes of heavy metal per day and (2) a plant that treats the 
fuel discharged from reactors that produce a total of 50 GW(e). Plant opera-
tion of 300 days/year was assumed. 

Annual Capital and Operating Costs 

An amortization rate of 302 per year was used to determine annual capital 
costs. Annual operating costs were calculated for each major area of the 
plant and were taken as either 40% or 30% of the corresponding annual 
capital cost. Operating costs for the more libor intensive and higher 
maintenance areas (headend, product conversion, and waste treatment) were 
computed using the 40% rate, whereas, costs for the more conventional 
chemical plant operations (solvent extraction and off-gas treatment) were 
calculated at 30%. 

Shipping 

Considerable research and development has gone into the study of shipping 
irradiated fuel elements, and reliable cost data are available. Shipping 
costs for the several fuels of this study were estimated from the data 
reported in WASH-1099,2 with escalation to reflect current costs. 
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Very little is known, however, about the costs of sh'pping and storage of 
nuclear wastes. Preliminary shipping costs3 have been reported for KTGK 
wastes. Waste shipping costs for other fuels were estimated using the HTCR 
costs as a basis, with consideration given to types and quantities. Shipping 
costs include an allowance for worn-out equipment. 

Waste Storage 

Waste storage costs were estimated by the same procedure as waste shipping 
costs. The cost data of the KTCJR fuel cycle3 were taken as a basis, and 
costs for other fuels were related to these values. 
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Appendix I 

FABRICATION AND REFABRICATION COST ESTIMATES 

Summary: The method used to estimate fuel fabrication and refabrication 
costs for LWR, CANDU, HTGR, and FBR systems is similar to that previously 
described for reprocessing (see Appendix H). Flowsheets were developed for 
each type of reactor fuel, and the complexity and specialized equipment 
requirements compared. Since no commercial scale facilitj' exists for remote 
fuel fabrication, and the cost data for fresh fuel fabrication are not 
generally available, previous ORNL estimates for LWR fuel fabrication were 
updated, and used as a comparison base. A summary of the results of this 
study is contained in Table 1.1 for plants with 2 MT HM/day output. The 
factors listed in Table 1.2 can be applied directly to the $/kg values appear-
ing in Table 1.1 if estimates for other size plants are desired. 

Fuel Fabrication Cost Estimates 

The large variety of fuel materials and fuel element designs considered in 
this study together with the limited time precluded a formalized estimation 
procedure such as that done previously.1*2 However, one of the cases from 
these early studies formed the basis for the reference base case for metal 
clad cylindrical fuel rod types. This LWR (PWR) case from FABC0ST 9 provided 
the appropriate distribution of cost elements under the categories of 
Capital, Hardware, and Operation. The costs in each category were escalated 
from the 1966 data by assuming a 10% per year inflation rate, as was done in 
a previous study,3 and adding both capital (50%) and operating (30%) 
increments to incorporate the features for current or proposed requirements 
for total liquid recycle, scrap reprocessing, and solid waste treatment, 
particularly transuranic waste.** 

With this as a basis, the fabrication process outlines given in Figs. 1.1 
through 1.4 were used to make a relative factorial estimate for incremental 
features in each category of cost. The hardware cost factors were based on 
available fuel element design data and evaluation of three increments: 
cladding (with end caps), fuel rod internal component complexity, and 

I-l 
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Table 1.1. Estimated Fabrication Cost Comparison0 

. „ , Relative Cost Factors Estimated Reactor Fuel „ — — — — Costs 
Type Material Capital Hardware Operating Total ($/kg)b 

PART A 

LWR (PWR) (235U-U)02 0.33 0.38 0.29 1.00 150( 
(Pu-U)02 1.49 0.38 1.45 3.32 500 
(235U-Th)02 0.50 0.42 0.44 1.36 200 
(233U-Th)02 1.98 0.38 1.45 3.81 570 
(Pu—Th)02 1.49 0.38 1.53 3.40 510 

CANDU Normal U02 0.33 0.09 0.11 0.53 80 
(Pu-U)02 1.49 0.09 0.50 2.OS 310 
(233U-Th)02 1.98 0.09 0.50 2.57 390 
(Pu-Th)02 1.49 0.09 0.53 2.11 320 

FBR (L.M.) (Pu-U)02 3.19 0.58 2.10 5.87 880 
(Pu-U)C 2.68 0.37 1.66 4.71 710 
2 3 3U—Th 2.73 0.35 1.60 4.68 700 

FBR (Gas) (Pu-U)02 3.19 0.90 2.29 6.38 960 
(233U-Th)02 4.55 0.90 2.40 7.85 1,180 
(Pu-Th)02 3.64 0.90 2.40 6.94 1,040 

MRT B 

HTGR 235U02-Th02 0.26 0.42 0.32 1.00 400( 
233UC0-Th02 1.21 0.42 0.95 2.58 1,030 
235U02-U02 0.26 0.32 0.32 0.90 360 
Pu02-Th02 1.21 0.42 0.94 2.57 1,030 

All cost comparisons are relative to the given base case factors. 
•u 
1977 dollars assumed for total kilograms of heavy metal product with a 

plant output of 2 metric tonnes per day and 260 full operating days per year 
(520 MT/year). 

cBase case for metal clad fuel rods based on FABCOST 9 estimates 
(A. L. Lotts et al., A/CONF, 49/P/062, 1972) escalated to 1977 with additions 
for current scrap and waste treatment requirements. 

^Base case for all HTGR (Prismatic Fuel Element) cases based on data in 
"Summary Program Plan, Alternate Program for HTGR Fuel Recycle," April 11, 
1975, Draft. 



1-3 

Table 1.2. Fabrication Cost as a 
Function of Processing Rate 

Rate Cost 
(MT HM/day) Fraction 

0.5 1.53 
1.0 1.23 
2.0 1.00 
3.0 0.90 
4.0 0.84 
5.0 0.79 
6.0 0.76 
>7.0 0.73 
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ORNL-DWG 7 6 - 5 0 7 0 

Fig. 1.1. LWR oxide recycle fuel element fabrication. 
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assemLly components complexity. All capital cost factors included 
increments for buildings and equipment. A high level of mechanization 
was assumed for equipment, but the degree of automation varies as do 
the building costs in accordance with (1) the mode of operation from 
contact through raoderate shielding, process step containment to signifi-
cant shielding, and total process step containment, and (2) the account-
ability and safeguard considerations depending on fissile material and 
enrichment. Operating costs were derived from six weighted incremental 
coses covering cladding preparation, fuel preparation, rod loading element 
assembly-inspection-packaging, scrip recovery, and waste treatment. Although 
reference was made to some previous studies and cost estimations in developing 
the factors estimated for the various increments in each category, no attempt 
was made to normalize any case to such studies for metal clad fuels. A 
separate base case was derived for the unique configuration and fuel form 
of the HTGR reactors utilising a recent ERDA task force study draft.5 

The resulting relative fabrication costs comparison is presented in Table 1.1. 
The precision of any category is probably less than for the total factors, 
particularly when one considers the options of trading between capital and 
operating costs that are available to any commercial venture. The absolute 
cost estimates are all given in 1977 dollars and are all for a common produc-
tion rate plant of 2 metric tonnes per day of heavy metal product with a 
capital fixed charge rate of 30% assumed. Within the accuracy of these 
estimates (±25%), the scaling factors for plant capacity are probably 
equivalent to those presented in the Geneva 1972 paper of Lotts et al. from 
the FABC0ST 9 calculations. Thus a scaling factor can be derived from 
Table 1.2. 

The cost estimates are based on a given fuel element design for each 
reactor. No attempt has been made to judge the distribution of various 
fuel elements since a distribution of types within a given reactor is 
feasible in some instances and is therefore a design variable available 
to the core design and fuel management scheme. 
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A P P E N D I X J 

INSTITUTIONAL CONSIDERATIONS 

1. This study has shown that adoption of thorium cycles iv. thermal 
reactors results in better ore utilization than does use of the 
uranium cycle. At the same tima, if Fast Breeder Reactors (FBRs) 
are commercialized on planned schedules, their use with the 
uranium cycle gives substantially better ore utilization in a 
growing nuclear economy. Thus, development of thorium fue] 
cycles corresponds to developing a contingency position for the 
case of a delay in FBR introduction. Further, thorium fuel cycles 
provide flexibility in the future if FBRs are introduced on 
schedule. If anticipated trends for relatively low nuclear 
electricity growth hold, and the breeder can be commercialized 
on the present ERDA schedule, the contingency position is not 
necessary. However, if nuclear electricity demand accelerates 
and/or the breeder is delayed significantly, then a contingency 
position is prudent. Advocates of the LWR-LMFBR scenario might 
argue that any money spent on contingency fuel cycles could be 
better utilized on the FBR program to increase the probability 
of meeting the present schedule. Those who advocate development 
of a contingency position think it unwise to risk everything on 
one system which may not be delivered on time. Both arguments 
have merit; so deciding between them requires a realistic assess-
ment of the costs, risks, and benefits. 
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2. There is a school of thought which believes high gain converter 
reactors can replace FBRs in the nuclear picture, and provide 
the means to generate electricity until more advanced systems 
(fusion, solar) are commercially available on a large scale. 
Whether this is practical depends very much upon the nuclear 
power growth, the amount of natural U30B available at reasonable 
costs, and the introduction schedule of the advanced systems. 
Based on present estimates, FBKs are needed to maintain antici-
pated nuclear power growth. However, introduction of high gain 
converters (with conversion ratios approaching unity) does permit 
a substantial increase (relative to LWR use alone) in the nuclear 
power level which would be practical for the case of a substantial 
delay in the commercial use of FBRs. The results obtained here 
indicate that high priority should be given to the FBR, but that 
a contingency position can and should be developed which requires 
development and application of the thorium fuel cycle. 

3. Use of thorium fuel cycles in thermal reactors will require the 
development of economic fuel recycle technology. Utilities will 
be reluctant to invest in the higher fuel inventory of thorium 
cycles unless there is a demonstrated, economic fuel recycle 
technology available to them. The above is particularly true 
of thorium-cycle LWRs and HWRs (HTGRs can store fuel for a number 
of years more economically then can the other concepts, but would 
require fuel recycle about 10 years after introduction). Further, 
early introduction of the thorium fuel cycle would require use 
of present reactor designs. Thorium fuel cycle development would 
be expedited by close collaboration with reactor vendors as well 
as with utilities. 
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4. Introduction of HWRs and/or HTGRs into the U.S. economy would 
require substantial investment in those systems. HWRs would 
have to meet U.S. safety, safeguards, and environmental regu-
lations, and what influence they would have on the present 
CANDU-type design is not known at this time. Further, the 
estimated capital Investment required in heavy water facilities 
would be very large, and greater than the cost of uranium 
enrichment facilities which HWR introduction could displace. 
HTGRs would require substantial investment in component 
development and testing, basic R & D , and "first of a kind" 
type costs. Thorium fuel cycle R & D would be required for all 
thermal reactors employing that cycle, but would be greatest for 
the HTGR. However, for operation on the thorium cycle, LWRs 
and HWRs would economically require commercial fuel recycle 
facilities earlier than would HTGRs. 

5. Commercialization of U/Th or Pu/Th fuel cycles will introduce 
safeguards requirements on fuel fabrication and refabrication 
facilities which are not currently ir« force for manufacture of 
low-enriched uranium fuel. The full costs associated with such 
safeguards are not yet known, but are anticipated to be high. 
The extent of thorium cycle utilization may be curtailed by 
the need to produce plutonium for FBRs, and therefore the expense 
associated with installation of safeguards may not be justified 
in the eyes of the fuel vendors. 

6. The reference nuclear development scenario for the U.S. calls 
for Light Water Realtors (LWRs) to provide power and produce 
plutonium to be used in LMFBRs. According to the simple model 
presented in Appendix P, about 60% of the plutonium produced in 
LWRs over the next 30 years must be stockpiled for LMFBR 
inventories. If thorium fuel cycles were introduced in LWRs, the 
extent of introduction would be constrained by the requirement 
to stockpile plutonium. The investment in R & D needed to 
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commercialize thorium cycles in LWRs may not be justified in 
view of the modest improvements over the uranium cycle with 
uraniuia and plutonium recycle arid the constraints imposed by 
the need for plutonium for use in Fast Breeder Reactors. 
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STUDIES AND PROGRAMS REQUIRED TO "AMERICANIZE" 
THE CANDU SYSTEM 

Any planned program supporting CANDU reactor development in the 
U.S. should be on the basis that it leads to introduction of HWRs 
which can compete economically with other reactor systems. Primary 
economic features which favor CANDUs are their low fuel cycle costs 
and low separative work requirements for uranium enrichment. However, 
the cost of recovery of Pu from CANDU spent fuel appears relatively 
high per unit gram of fissile, such that it does not appear economically 
desirable to recover Pu from natural-uranium CANDUs. This probably 
would not be the case if slightly-enriched uranium-fueled HWRs were 
employed. Thus, introduction of HWRs into the U.S. might better be 
based on use of slightly-enriched uranium-fueled systems. This 
implies that in addition to studies involving estimates of HUH 
capital costs in the U.S., as well as the determination of U.S. 
licensing requirements and associated economic implications, an 
associated program of fuel development might be needed to insure that 
slightly enriched uranium fuel will perform as required. In addition, 
a fuel recycle R&D program for HWRs would be required, involving both 
the uranium fuel cycle and thorium cycle. Also, HWRs do add a 
requirement for large quantities of heavy water. While the technology 
of heavy water production is simpler than that of uranium isotope 
separation, and the required long term separation capacity is limited, 
the initial capital investment for heavy water production in an HWR 
economy appears higher than that needed for uranium enrichment plants in 
an LWR or HTGR economy. 

An advantage of CANDU reactors is that they are now being built 
and are operating successfully. Thus, they presumably could be 
introduced in the U.S. fairly readily once the licensing and capital 
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costs requirements of HWR systems in the U.S. are resolved satisfactorily. 
Associated work would involve ERDA, NRC, national laboratories, A-E's, 
and Canadian support. This effort would require a detailed reactor 
design and associated safety analysis studies. The cost of such work 
would be dependent on the information available from the Canadians and 
the studies required as the work progressed; a minimum effort would 
require millions of dollars. 

Based on the present type designs of CANDU reactors, needed 
research and development work would emphasize detailed evaluation of 
core performance under various fueling conditions, extensive fuel 
recycle development activities, and fuel irradiation testing. Primary 
areas are fuel reprocessing, fuel refabrication, and fabrication of 
fresh fuel, with emphasis on technology development and demonstration. 
Irradiation testing would involve slightly enriched uranium fuel as 
well as 235U/Th and Pu/Th fuels. It is anticipated that an HWR fuel 
recycle development program involving Th/Pu and Th/U fuel cycles 
would cost overall about $150 million (this assumes that the recycle 
of U/Pu fuels from LWRs has been successfully developed and is used 
as base technology). The above does not include costs for a demonstra-
tion facility, which could add about $500 million to program costs. 
Additional work would include fuel development and testing and 
associated postirradiation evaluations costing about $30 million, 
and detailed reactor design and reactor physics analyses associated 
with fueling evaluations costing about $20 million. Table K1 provides 
a more detailed tabulation of estimated research programs and studies 
needed to support and justify HWRs in the U.S.; included are estimates 
of time required to complete such work and estimates of the cost. 
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Table Kl. Research Programs and Studies Heeded to 
Support and Evaluate HWRs in the U.S. 

Activity 
Estimated 
Time 

Required 
(yr) 

Estimated 
Cost 
($k) 

('76 $'s) 

A. Res earch Programs 
1. Reprocessing systems and chemistry for: 

a. Zr clad Th02-235U02 fuel 5 50,000 
b. Zr clad Th02-Pu02-233U02 fuel. 5 60,000 

2. Decladding techniques for Zr clad fuel 
(needed because Zr complicates reprocess-
ing of Th). 5 5,000 

3. Reinvestigation and optimization of the 
Thorex and Zirflex processes. 2 5,000 

4. Determination in detail of the process 
differences between fabrication of 233U/Th 
fuels relative to Pu/U fuels. 2 20,000 

5. Investigation of means to reduce the 
positive reactivity void coefficients in 
CANDU designs. 3 5,000 

6. Determination of the extent of operational 
flexibility of CANDUs to meet U.S. utility 
requirements. 1 2,000 

7. Updating of Th, 233U cross section 
measurements and evaluations. 2 200 

B. Studies 

1. Comparison of capital costs of CANDU and 
LWR systems on same basis, including plant 
modifications for CANDUs to bring them 
into compliance with U.S. standards and 
regulations. 1 2,000 

2. Determination of importance of nuclear 
growth rate in the competitiveness of 
CANDU-Th vs CANDU-Pu recycle modes. 1 200 
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Estimated Estimated 
. JU. Time Cost 
A c t l v i t y Required ($k) 

(yr) ('76 $'s) 

3. Study of an integrated Canadian-U.S. 
Nuclear growth scenario to show maxi-
mum advantage of CANDU-Th system. J M S 
implies an integrated fuel resource base. 2 500 

4. Study the economics, fuel utilization, and 
fuel management in high-conversion ratio 
systems. Consider the trade-offs in 
lattice spacing, specific power, and fuel ~~ 
assembly design etc. as functions of the 
probable ranges of ore, reprocessing, 
fabrication, and separative work costs. 2 300 

5. Investigation of the power cost economics 
and fuel utilization implications of 
slightly enriched fuel for CANDUs. 1 300 

6. Study the advantages of ThC and Th metal in 
CANDU-Th reactors to further optimize the 
fuel utilization. 1 200 

7. Determination of the optimum degree of 
symbiosis necessary between CANDU plutonium 
producers and CANDU thorium burners. Also, 
determination of the value of CANDU-Th with 
highly enriched 235U makeup. 2 300 

C. Irradiation Program in Support of Research 
Programs 7 30,000 

D. Design Work in Support of Studies including 
Reactor Physics Analysas Associated with 
Fueling Evaluation 3 20,000a 

$200,000 

These costs could be much higher if major redesign studies were 
required for licensing purposes. 
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SUMMARY OF CALCULATIONS AND CALCULATIONAL METHODS 

1. U-235 - UgOH relationship 

3(238) kg U = _ 
kg U308 2(238) + 8(16) = .8480 

kg 235U = 
kg U 

= .00711 - .0020 = .00511 
.00711 - .0010 = .00611 

= .00711 - .0025 = .00461 

= .00711 - .0030 = .00411 

tails assay 
w % 235u 

.1 

.2 

.25 

.3 

kg 235U _ kg 235U kg U 
kg U308 kg U kg U 3 O 3 

= (.00511)(.8480) 

= .00433 (.2% tails) 

kg U308 

kg 235U .00433 
^ 231 

tons U308 231 (2.2) 

kg 235U 2000 
= .2541 

tails assay (% 235U) 

.25 .3 
Natural 

U 

kg 235U 
kg U308 

kg U308 

kg 235U 
tons U3OJ3 

kg 235U 

.00518 

193 

.212 

.00433 

231 

.2541 

.00391 

256 

.2816 

.00349 

287 

,3157 

.00603 

166 

.1824 

L - 1 
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2. Average in-core residence time 
[kg HM | | mwd(th) 

, (vr) = lMW(e) I 1 kg HM 
r nwdfth"* mwd(th) 

(yr) [MW(e) ] 

[ k g HM] mwd(th) 1 fMW(e) 
lMW(e) J kg HM J I MW(th) 

365 (load factor) 

3. Total inventory1 

• 

lS = MW(e) t o t a l i n v e n t o ry 

tr = time in reactor (yrs) 

tp = ex-reactor time (yrs) 

1 = "Jr!/ \ in reactor r MW(e) 

U-235 cost2 

$ k8P ) + ( ^ Swu ) _ J 
kg product \kg product/ kg U \ kg product/ kg Swu 

$ 
$ _ kg product 

kg 235U kg 235U 
kg product 

Assume: $40/lb U308 -

$75/kg Swu 
.2 w % 235U tails assay 

1The Use of Thorium in Nuclear Power Reactors, WASH 1097 (June 1969), p. 22. 
2AEC Gaseous Diffusion Plant Operations, 0R0-658, Appendix 2. 
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Product 
Enrichment 
w Z "Su 

.711 
2 .2 
2.4 
3.0 
3.4 
3.6 

93.0 

kg U/kg Product kg Swu/kg Product $/g Product $/g 

1.000 
3.914 
4.305 
5.479 
6.262 
6.654 

181.605 

0 
2.602 
3.018 
4.306 
5.191 
5.638 

235.550 

.104 

.602 

.674 

.893 
1.041 
1.115 
36.55 

235. 

14.63 
27.37 
28.09 
29.76 
30.61 
30.97 
39.30 

5. Fuel cycle costs 

Components: 

1. Inventory costs (capital) 
total fissile inventory 
fabrication cost of first core 
thorium inventory (for thorium cycles) 

2. Shipping 

3. Makeup 
fissile 
thorium (for thorium cycles) 

4. Reprocessing (for recycle cases only) 

5. Fabrication (refabrication) 

6. Spent fuel storage (for non-recycle cases only) 

7. Heavy water makeup (for HWRs only) 
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Calculations: 

1. Inventory 

MW(e) yr fissile 
[total kg fissile] f $ > (10% ^ 

~ L MW(e) J \kg fissile/ V yr ' 

MW(e) yr fab 
kg HM in 1st core $ ^ '10% A 

MW(e) J Vkg HM fab / V yr / 

MW(e) yr Th 
["kg Th in corel ( $ ) ( 10% > 
L MW(e) j \ kg Th/ V yr / 

Assume * kg Th V lb Th02 J 

r § ] f i o + 3 Bills) LMW(e) y r J \ x u $ / mills = LMW(e) yrJ \ 
kw hr kw hr 

MW(e) yr 

"(Jm) C^r)(ioad factor) 

mills MW(e) yr , , , Q »—IT" = —jnnii for load section = .8 kw hr 7008 

2. Shipping 
Reprocessing 
Fabrication ) 

( $ _ ) f kfi I 
\ kg / L MW(e) yr J MW(e) yr \kg/ L MW(e) yr 

3. Spent fuel storage 

Assume: $50 
kg for CANDU, 

$100 
kg for LWR, $200 

kg for HTGR 
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4. Heavy water makeup 

Assume: .35 mill/kw hr (ref. 3) 

5. Makeup costs 

$ 1 I kg fissile makeup 1 f $ ^ 
MW(e) y r J f i s s i l e ~ ' MW(e) yr J V kg fissile,' 

1 (kg, Th makeup \ f nc $ > 
L = ^ y ? ' V ^ h J MW(e) yr J T h 

Discussion: In calculating fuel cycle costs in the above manner it is 
not necessary to assign a value to bred fuel. It is assumed that this 
fuel is recycled to the reactor. In the case of no recycle a charge is 
assigned for storing the spent fuel, with no credit for the fissile 
inventory in the stored fuel. Bumup costs are assigned on the basis of 
the cost of makeup fuel only. The low makeup costs associated with high 
gain converters is balanced by the inventory costs associated with high 
specific inventories. This is the fairest, simplest way of comparing 
fuel cycles and reactor types with vastly different thermal efficiencies, 
conversion ratios, burnups, and processing costs. 

3Private communication from E. Critoph (AECL) to R. Laney (ANL) dated 
19 March 1976. 
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APPENDIX K 

QUALITATIVE OVERVIEW OF RECYCLE PROCESS STATUS 
FOR VARIOUS REACTOR SYSTEMS 

The following tables were derived to show the commonality in fuel re-
cycle process for various reactors and reactor fuels and to provide a 
qualitative assessment of the current status of development for processes 
associated with these fuel types. 

To provide the required perspective the required process steps, includ-
ing irradiation proof-testing of the product, were identified generically 
for each of five reactor types and a variety of potential fuels. These 
are shown in Table Ml and address both recycled fuel and fresh fuel 
since in some instances development is required for that fuel derived 
from natural sources. For each of the process steps a current develop-
mental status was defined in terms of the normal development stages 
shown schematically in Figure Ml. This status is given by the number 
in parenthesis for each generic process label. 

Finally in Table M2 the commonality in processes is shown by establishing 
the development of recycle capability far current LWR fuels as a base 
and show which additional features would require additional develop-
ment to establish the technology for recycle of a new reactor or fuel. 
It should be emphasized that this assessment is based on an assumed 
sequential development with the base case development and subsequent 
developments incorporating both historical data and anticipating future 
modifications and additions. Using these same ground rules, a relative 
order of magnitude cost projection was made, as shown in Table M2. The 
absolute values of these pre.; tions are highly uncertain. To establish 
an absolute cost projection . ,uld require the development and assessment 
of a detailed experimental plan. However, the relative numbers given in 
Table M2 do show the commonality between systems and how, by generally 
small incremental development additions, the number of recycle options 
and the ability to choose between alternate fuel resources can be 
expanded. 
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Table M.l. Overview of Processes for Fuel Recycle with Assessment of Status0 
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COLD PROTOTYPE 
LOW RADIATION DEVELOPMENT 

Fig. M.l. Development sequence for fuel cycle facilities. 



Table M.2. Possible Sequential Development for Fuel Recycle Capability 

Processes 

Chop-Leach 
Cladding Separation 
Burn-Leach 
Metal-Process 

Purex 
Thorex 

Add 3 Add 4 Add 5 .. , Add 7 Ada 8 
LWR CANDU LWBR ^ FBR FBR 

/,, o \n /.T O 0*W e 0 x l d e °*ide ~ i , Oxide Metal (U-Fu)O, <U-Pu>02 n C y c l e B n C y c l e g n C y c l e a Th Cycles ^ C y c U 8 ^ Cy<;leB 

Base 
LWR 

Add 1 
CANDU 

ADU 
Oxalate 
Thermal-Penetration 
Reduction-Melt 
Resin Kernel 

R 
R 

LWR Pellet Rod Bundle 
LWBR Pellet Rod Bundle 
CANDU Pellet Rod Bundle 
FBR Oxide Pellet Rod Bundle 
FBR Slug Red Bundle 
Blended Bed-Prismatic Block 

Recycle Irradiation Proof 

Fresh Fuel Irradiation Proof 

R 

R 

R 

Incremental Development Cost 250 50 125 

Cumulative Development Cost*5 250 300 425 

25 

450 

50 

500 

250 

750 

150 

900 

200 

1100 

aAssumes required proc qses are developed in the base case or a prior additional step Cor each additional system. If a 
process is not available the needed development is indicated by the letter "R". Also if additional development is needed 
It will need to be so designated [Eq. (Z33U, Th)0z]. LWR Fuel Refabrication and bundle assembly is not required if the 
(U-Pu)02 LWR fuel is done completely remotely. We have assumed this will be the case In this table. 

^For development to demonstration stage (demonstration plant not included) all cost are in millions of dollars and 
exclude the cost of irradiation space for demonstration. 
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LWR(Th) Fuel Cycle Development 

R&D work required for the LWR thorium fuel cycle involves developing and 
demonstrating fuel recycle technology and fuel irradiation performance. 
Developing recycle technology is required to facilitate the Implementa-
tion of the thorium cycle in LWRs and to obtain associated improved fuel 
utilization. 

LWR(Th) fuel recycle technology development could be carried out in an 
integrated program with both HWR(Th) and EXGR thorium cycle work since 
there are common areas of development. It is estimated that the R&D 
costs of LWR thorium fuel recycle would be about $150 million above that 
associated with developing fuel recycle technology for the uranium/ 
plutonium cycle in LWRs. In addition, a demonstration-scale facility 
involving both reprocessing and refabrication should be operated, and 
the cost of that would be several hundred million dollars above that 
associated with industry support. 

A fuel irradiation testing and evaluation program would also be required 
to qualify thorium-based fuel and recycle fuel, the cost of which would 
be about $30 million. An extensive core design effort would also be 
needed to determine practical thorium-plus-fissile loading which are 
also relatively economical. The cost of such core design and associated 
core physics analyses are estimated to be about $15 million. 

Overall, close coordination with industry would be required, with most 
of the fuel testing done in commercial facilities; where practical, use 
should also be made of industrial fabrication and refabrication facili-
ties. Fuel cycle analysis work should also be closely coordinated with 
industrial studies. 

With regard to the above, past and present development work on the LWR 
fuel cycle should be utilized insofar as possible. The large amount of 
fuel fabrication effort by industry to date should be at least partially 
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applicable; similarly, industrial work on fuel refabrication should be 
utilized. However, it is believed important that the sphere-pac method 
be emphasized in the refabrication of fuels. A corresponding fuel test-
ing program would need to be included. 

Fuel reprocessing studies can build on technologies previously and 
presently being developed; thus, the work being carried out on the Acid-
Thorex Process for thorium fuels will be largely applicable. The shear-
leach process for the head-end processing LWR uranium fuels will provide 
very useful information. There are special problems with thorium fuels 
(such as those associated with dissolution of thoria), and these will 
require specific R&D. Waste disposal treatment studies can build on 
those being done for the uranium cycle, taking into consideration any 
special requirements introduced by use of thoria. 

Insofar as fuel testing is concerned, the irradiation testing performed 
under the LWBR program should provide very useful technology information, 
and such work should form a base for future development and testing. 

HTGR Fuel Recycle Development 

The HTGR fuel recycle R&D and demonstration program has been developed 
in detail in a National Program Plan document developed jointly by 
Oak Ridge National Laboratory, General Atomic Company and Allied Chemical 
Corporation under ERDA sponsorship. The R&D effort Is estimated to be 
about $400 million and the first-phase demonstration plant is estimated 
to cost about $600 million. 



APPENDIX K 

POWER COST AND ORE-UTILIZATION SUMMARY 

Summary: Appendices B, C, and D have described metal loadings and makeup 
requirements for uranium and thorium fuel cycles in LWRs, HTGRs, and HWRs. 
Generally, higher conversion ratios can he achieved with higher initial 
loadings and lower burnup. Information on ore utilization has been 
presented, but very little has been said about cost. Fuel cycle cost 
calculations are presented in this Appendix, using the method outlined 
in Appendix L. Fixed ore and separative-work costs ($40/lb U308 and 
$75/SWU respectively) are assumed in these calculations. Variations of 
fuel cycle, cost with changing ore and SWU costs are discussed elsewhere 
in this report. The report confirms that costs associated with high 
initial inventories and low buraup outweigh the advantages of better ore 
utilization at current ore and SWU costs. It is also shown that the use 
of Pu as fissile material is economically superior to U-235, considering 
the assumed reprocessing costs. However, since the supply of Pu is 
limited, the economics of fuel costs are of little value when selecting 
reactor systems and fuel cycles to develop. 

Relatively low fuel cycle costs (by comparison) were calculated for 
several HWR fuel cycles. There is some question in the authors' minds 
whether the inventory and makeup requirements reported in the HWR studies 
cited in this report are of the same quality as those reported for LWRs 
and HTGRs. Higher inventory and makeup requirements would result in 
higher fuel cycle costs. In addition, the fabrication, refabrication, 
and reprocessing costs used in the HWR fuel cycle cost calculations were 
those associated with very large industries, which would be required for 
HWRs because of the low exposures achieved in those reactors. Using 
costs associated with smaller fuel cycle industries would make the HWR 
fuel cycle costs much less attractive. 

Considering all options, it is the authors' opinion that the HTGR 
offers the best combination of low fuel cycle cost and good ore utili-
zation. Lowest power generation costs were calculated for the HTGR, 
with a conversion ratio of 0.66 and U-233 recycle. Higher ore and SWU 
costs would make the higher-conversion-ratio HTGR most attractive. 

N-1 
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Fuel Cycle Costs 

Tables N.l through N.5 contain fuel cycle cost estimates for the reactors 
and the fuel cycles included in this study. The (a) portions of the tables 
summarize the performance data from which the estimates are made, and the 
(b) portions contain the actual estimates. Table N.l covers the PWR, using 
various U02-Th02, UO2-PUO2, U-Th, and Pu-Th fuel cycles. Table N.2 covers 
the PWR with a TRRC (Thorium Replacement Reactor Core), with conversion 
ratios of 0.83 to 0.96. A discussion of all PWR options is included in 
Appendix B. Table N.3 covers the HTGR, which is discussed in Appendix C. 
Table N.4 covers the CANDU using the plutouium cycle, as discussed in 
Appendix D. Table N.5 covers the CANDU using the thorium cycle, which is 
also covered in Appendix D. 

Several aspects of the fuel cycle cost calculations deserve special 
mention: 

1. LWR fuel cycle cost data presented in Table N.l are based on 
selected studies from Appendix B. There is some variation among studies 
(shown in Table B.4) on initial inventories, makeup, and conversion ratio. 
There is fairly good agreement between the costs shown in Table N.l and 
costs calculated for similar fuel cycles from other studies, shown in 
Appendix B. For example, the U02 with no recycle, described in Table B.2, 
has a calculated fuel cycle cost of 6.6 mills/kwhr compared to 6.9 mills/ 
kwhr in Table N.l. For U02-Th02, the comparison is 9.1 mills/kwhr vs 
9.4 mills/kwhr in Table N.l. The Pu02-U02 case is an exception. In 
Table N.l, the value is 9.1 mills/kwhr compared with 7.5 mills/kwhr 
using data from the BMI study cited in Appendix B. Using data from 
Table B.2, the value for Pu02 - natural U02 is 6.3 mills/kwhr. This value 
can be explained because of the $20/g assumed for Pu vs $30/g for U-235 
(3% enriched). Based on these comparisons, it is possible that the value 
of 9.1 mills/kwhr, shown in Table N.l, might be high. 



Table N.l(a). Parameters for Fuel Cycle Cost Calculation 

Reactor PUR" PWRa'b PURa'i vmb'° PWRa'fc me'd 

Fuel U02 (No Recycle) U0p-Pu02 U02-Th0z Pu02-Th0j U-Th Pu-Th 
Conversion Ratio 0.61 0.76 0.78 0.81 0.81 
Enrichment, X Fissile 3.2 3.2 4.0 4.48 3.44 3.71 
Thermal Efficiency, X 33 33 33 33 33 33 
Load Factor 0.8 0.8 0.8 0.8 0.8 0.8 
Burnup (HWd/kg HM) 33 33 34.5 33 25.8 33 
Time in Reactor (yr) 3.19 3.2 3.20 3.10 3.2 4.41 
Ex-Reactor Time (yr) 1.8 2.6 2.6 2.6 2.6 2.6 
(tr * V / 4 r 1.56 1.81 1.81 1.84 1.81 1.59 
Inventory (kg/MW(e)] 
Reactor/Total 23'j 

235„ 2.74/4.29 2.74/4.96 3.30/5.97 3.771/6.836 
2 38u 0.25 0.284 

Fissile Pu 3.720/6.73 4 . 3 9 8 / 6 . 9 9 

Th 77.93/141.1 79.32/144 105.51/190.97 114.1/181.4 
Total 85.6 85.6 81.5 83.04 119.56 118.5 

Makeup [kg/MW(e) yr] 
233u 

2 3 5 0 0.91 0.54 0.399 0.34 
2 38„ 

Fissile Pu 0.310 0.302 
Th 

Total 26.75 26.75 25.47 25.9 34.24 26.87 
$/g Fresh 2J5U 30 30 40 40 40 20 
$/g Makeup Fissile 30 30 40 20 40 20 
30 yr 235U kg/MW(e)e 30.03 I B . 9 4 15.27 13.97 

^Tatle B.3, Appendix B of this report (GAC entries). 
cSelf generated recycle. 
^Table B.l, Appends< B of this report. 
eExternal source of Fu assumed. 
Reactor i n v e n t o r y + 30 y e a r s makeup. 



Table N,l(b), Fuel Cycle Cost Calculation 

Reactor PWR PWR PWR PWR PWR PWR 
Fuel UO2 (No Recycle) UO2-P11O2 U02-Th02 PUO2-TI1O2 L'-TIi Pu-Th 
Conversion Ratio 0.61 0.76 0.78 0.81 0.81 
$/kg HM 

Shipping 10 10 10 10 10 
Makeup 
$/g 2 3 3U 
$/g 2 3 5U 30 30 40 40 
$/g Pu 20 20 
$/g Th 0.025 0.025 0.025 0.025 
Reprocessing 292 292 316 300 300 
Fabrication 150 150 200 510 200 503 
Refabrication 500 570 510 500 500 
Storage 100 

mills/kW hr 
Inventory (fissile) 1.836 2.123 3.408 1.921 3.902 1.995 
Inventory (Th) 0.050 0.051 0.068 0.0647 
First Core Fab 0.183 0.184 0.233 0.604 0.313 0.845 
Shipping 0.038 0.038 0.038 0.038 0.049 0.038 
Makeup 3.896 2.590 2.277 0.885 1.941 0.862 
Reprocessing 1.187 1.133 1.210 1.466 1.147 
Fab/Refab 0.574 1.912 2.212 1.885 2.443 1.912 
Storage 0.400 

Total 6.927 8.034 9.351 6.594 10.182 6.864 
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Table N.2(a). Parameters for Fuel Cycle Cost Calculation 

Reactor PWR PWR PWR PWR 
Fuel TRRC TRRC TRRC TRRC 
Conversion Ratio 0.96 0.93 0.88 0.83 
Enrichment, % 
Thermal Efficiency, 7. 33 33 33 33 
Load Factor 0.8 0.8 0.8 0.8 
Burnup (MWd/kg HM) 10 15 20 25 
Time in Reactor (yr) 0.975 1.46 1.96 2.45 
Ex-reactor Time (yr) 2.6 2.6 2.6 2.6 

<*r + V } / t r 3.67 2.78 2.33 2.06 
Inventory [kg/MW(e)} 
Reactor/Total z i 3U 

2 3 5u 2.09/7.67 2.14/5.95 2.24/5.22 2.46/5.07 
2 3 0 u 0.16 0.16 0.17 0.19 

Fissile Pu 
Th 84.20/309 84.09/234 84.36/197 86.74/179 

Total 86.25 86.39 86.77 89.39 
Makeup (kg/MW(e) yr] 

2 3 3 u 
2 3 SU 0.13 0.158 0.180 0.224 
2 3 8 u 

Fissile Pu 
Th 86.4 57.6 43.0 35.4 

Total 88.46 59.17 43.04 36.49 
$/g Fresh 2 3 5U 40 40 40 40 
$/g Makeup Fissile 40 40 40 40 
30 yr 2 3 5U kg/MW(e) 5.99 6.88 7.64 9.18 
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Table N.2(b). Fuel Cycle Cost Calculation 

Reactor PWR PWR PWR PWR 
Fuel TRRC TRRC TRRC TRRC 
Conversion Ratio 0.96 0.93 0.88 0.83 
S/kK HM 
Shipping 10 10 10 10 
Makeup 
$/g 2 3 3U 
$/g J 3 5U 40 40 40 40 
$/g Pu 
$/g Th 
Reprocessing 300 300 300 300 
Fabrication 200 200 200 200 
Refabrication 500 500 500 500 
Storage 

mills/kW hr 
Inventory (fissile) 4.378 3.396 3.140 3.030 
Inventory (Th) 0.110 0.083 0.070 0.064 
First Core Fab 0.246 0.246 0.246 0.246 
Shipping 0.123 0.082 0.061 0.051 
Makeup 0.742 0.902 1.027 1.278 
Reprocessing 3.787 2.533 1.840 1.560 
Fab/Refab 6.311 4.220 3.068 2.600 
Storage 

Total 15.697 11.462 9.452 8.829 
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Table N.3(a). Parameters for Fuel Cycle Cost Calculation 

Reactor HTGRa HTGR-l2' HTGR-3^ 
Fuel UC 0 , ThO. x y 2 UC 0 , ThO. x y 2 UC 0 , Th0o x y 2 
Conversion Ratio 0.66 0.66 0.82 
Enrichment, % 
Thermal Efficiency, % 40 40 40 
Load Factor 0.8 0.8 0.8 
Burnup (MWd/kg HM) 86.4 86.4 49.7 
Time in Reactor (yr) 4.0 4.0 3.5 
Ex-reactor Time (yr) 1.8 2.6 2.6 
(t + t ) / t v p r 
Inventory [kg/MW(e)] 

1.45 1.65 1.74 

Reactor/Total 233U 
235u 1.4/2.03 1.4/2.31 1.89/3.29 
238u 0.1 0.1 0.11 

Fissile Pu 
Th 32.3/46.8 32.3/53.3 49.4/86.0 

Total 33.8 33.8 51.4 

Makeup [kg/MW(e)yr] 
2330 
235u 0.625 0.324 0.20 
238y 

Fissile Pu 
Th 8.08 8.08 14.1 

Total 8.45 8.45 14.69 
$/g Fresh 235U 40 40 40 
$/g Makeup Fissile 40 40 40 
30 yr 235U kg/MW(e) 20.15 11.12 7.89 
aNo Recycle. 
^ " U Recycle. 
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Table N.3(b). Fuel Cycle Cost Calculation 

Reactor HTGRa HTGR-1 HTGR-3 
Fuel UC 0 , ThO_ x y 2 UC 0 , Th0_ x y 2 UC 0 , ThO„ x y 2 
Conversion Ratio 0.66 0.66 0.82 
$/kg HM 
Shipping 60 60 60 
Makeup 
$/g 233u 
$/g 235u 40 40 40 
$/g Pu 
$/g Th 
Reprocessing 707 707 
Fabrication 400 400 400 
Refabrication 652& 652fe 
Storage 200 

mills/kW hr 
Inventory (fissile) 1.159 1.318 1.878 
Inventory (Th) 0.017 0.019 0.031 
First Core Fab 0.193 0.193 0.293 
Shipping 0.072 0.072 0.126 
Makeup 3.567 1.849 1.142 
Reprocessing 0.852 1.482 
Fab/Refab 0.482 0.786 1.367 
Storage 0.241 

Total 5.731 5.089 6.319 

Recycle. 
&(0.6) 1030 +0.4 (400) = 652 



Table N.4(a). Parameters for Fuel Cycle Cost Calculation 

Reactor CANDU CANDU CANDU CANDU CANDU CANDU CANDU CANDU 

Fuel U0 2 PUO2-UO2 PUO2-UO2 PUO2-UO2 PUO2-UO2 Pu02-U02 Pu02-U02 PUO2-UO2 
Conversion Ratio 0.74 0.74 1.0 0.96 0.93 0.90 0.87 0.85 

Enrichment, % 0.711 1.02 1.8 1.9 2.0 2.2 2.4 2.6 

Thermal Efficiency, % 30 30 30 30 30 30 30 30 

Load Factor 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 

Burnup (MWd/kg HM) 7.5 18 10 20 25 33 40 44 
Time in Reactor (yr) 1.0 2.4 1.2 2.4 3.0 4.0 4.7 5.2 

Ex-reactor Time (yr) 1.8 2.6 2.6 2.6 2.6 2.6 2.6 2.6 

it + t )lt ' i» o r 2.83 2.08 3.17 2.08 1.87 1.65 1.55 1.50 

.Inventory [kg/MW(e)] 
Reactor /Total 2 3 3 U 

2 J 5 U 0.910/2.58 
2 3 8 „ 

(Fiaalle) Pu 
Th 

Total 
Makeup [kg/MW(e) yr] 

3U 

128 

2 3 3, 

2 3 5 U 0.910 
2}8U 

(Fissile) Pu 

Th 

Total 

$/g Fresh 2 3 5 U 

$/g Makeup Fissile 

0.401/0.834 

0.904/1.88 

128 

0.167 

0.376 

2.07/6.56 2.07/4.31 2.07/3.87 2.07/3.42 2.Q7/3.21 

0.12/0.250 0.23/0.43 0.46/0.759 0.69/1.07 

115 115 115 115 115 

128 
15 

20 
50 

53.3 

20 
50 

95.8 

20 
50 

0.048 

47.9 

0.077 

38.3 

0.115 

28.8 

20 
5 0 

20 
5 0 

20 
50 

0.147 

24.5 

20 
50 

2.07/3.11 

0.92/1.38 

115 

0.177 

22.1 

20 
50 



Table N.4(b). Fuel Cycle Cost Calculation 
Reactor CANDU CANDU CANDU CANDU CANDU CANDU CANDU CANDU 
Fuel U 0 2 P u C 2 - U 0 2 P U 0 2 - U 0 2 P u 0 2 - U 0 2 P U 0 2 - U 0 2 P U 0 2 - U 0 2 P U 0 2 - U 0 2 P U 0 2 - U 0 Z 

Conversion Ratio 0 .74 0.74 1.0 0 .96 0 .93 0 .90 0.87 0.85 
$/kg HM 

Shipping 3 3 3 3 3 3 3 3 

Makeup 

$ /g 2 3 3 U 

$/g 2 3 5 U 15 

$/g Pu 20 (50)° 20 (50) 20 (50) 20 (50) 20 (50) 20 (50) 20 (50) 
$ /g Th 
Reprocessing 147 147 147 147 147 147 147 
Fabrication 60 230 230 230 230 230 730 230 

Refabrication 230 230 210 230 230 230 230 
Storage 50^ 2 

Mills/kW hr ji, 
Inventory ( f i s s i l e ) 0.552 0.775 (1.938) 187 (4.68) 1.30 (3.25) 1.23 (3.075) 1.19 (2.975) 1.22 (3.05) 1.28 (3.20) ° 
Inventory (Th) 

F i r s t Core Fab 0.109 0 .42 0.377 0.377 0.377 0.377 0.377 0.377 
Shipping 0.055 0 .023 0.041 0.021 0.016 0.012 0.010 0.009 

Makeup 1.945 1.550 (3.875) 0 0.137 (0.343) 0.220 (0.550) 0.328 (0.820) 0.420 (1.050) 0.505 (1.263) 
Reprocessing 1.118 2.010 1.005 0.803 0.604 0 . 5 ) 4 0.464 
Fab/Refab 1.096 1.749 3.144 1.S72 1.257 0.945 0.804 0.725 
Storage 0 . 9 U f c 

Total 4.670 5.635 7.442 4.412 3.903 3.456 3.345 3.360 
(9.123) (10.247) (6.568) (6.078) (5.733) (5.806) (6.038) 

"Numbers in parentheses r e f l e c t 550/g Pu instead of $20/g Pu. 

^Storage cos t s are based on $50/kg HM. Canadians sre presently paying $10/kg HM for storage (personal communication fron E. Crlcoph - AECL). 
On t h i s b a s i s , the storage cost would be 0.182 mills/kUhr, and the t o t a l fue l cycle cost would be 3.393 mllls/kUhr. While the Canadian 
value may be more r e a l i s t i c for the ir purposes, we be l i eve the $50/kg HM value provides a more r e a l i s t i c comparison with costs assumed for 
other reactor types. 
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Table N.5(a). Parameters for Fuel Cycle Cost Calculation 

Reactor CANDU CANDU CANDU CANDU CANDU 

Fuel U 0 2 - T h 0 2 U 0 2 - T h 0 2 U 0 2 - T h 0 2 U 0 2 - T h 0 2 U 0 2 - T h 0 2 

Conversion Ratio 0.90 0.87 0.82 1.0 0.93 

Enrichment, X 2.0 2.2 2.7 1.72 1.88 

Thermal Efficiency, % 30 30 30 30 30 

Load Factor 0.8 0.8 0.8 0.8 0.8 

Buvnup (MWd/kg HM) 15 27 44 8.5 27 

Time in Reactor (yr) 1.52 2.74 4.47 1.29 4.11 

Ex-reactor Time (yr) 2.6 2.6 2.6 2.6 2.6 

<*r + y / ^ 2.71 1.95 1.58 3.02 1.63 
r 

Inventory [kg/MW(e)] 

Reactor/Total 2 3 3U 
2 3 5 u 1.74/4.72 1.91/3.72 2.35/3.71 2.24/6.76 2.44/3.98 
2J8u 0.13 0.14 0.i8 0.17 0.18 

Fissile Pu 

Th 85.13/358 84.95/166 84.47/133 127.59/385 127.38/208 

Total 87 87 87 130 130 

Makeup [kg/MW(e) yr] 
2 3 3 u 
2 35u 0.109 0.140 0.183 0 0.076 
2 3 8 u 

Fissile Pu 

Th 56 31 18 98 31 

Total 57.24 31.75 19.46 100.78 31.63 

$/g Fresh 2 3 S U 40 40 40 40 40 

$/g Makeup Fissile 40 40 40 40 40 

30 yr 2 3 S U kg/MW(e) 5.01 6.11 7.84 2.24 4.52 
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Reactor 
Fuel 
Conversion Ratio 
S/kg HM 

Shipping 
Makeup 
5 /8 2 3 3 U 
S/g 2 3 S U 

?/g Pu 
$/g Th 
Reprocessing 
Fabrication 
Refabrication 
Storage 

mills/kW hr 

Inventory (fissile) 
Inventory (Th) 
First Core Fab 
Shipping 
Makeup 
Reprocessing 
Fab/Refab 
Storage 

Total 

T a b l e N . 5 ( b ) . F u e l C y c l e Cost C a l c u l a t i o n 

CANDU CANDU CANDU CANDU CANDU 
U02-Th02 U02-Th02 U02-Th02 U02-Th02 U02-Th02 

0.90 0.87 0.82 1.0 0.93 

40 40 40 40 40 

0.025 0.025 0.025 0.025 0.025 
157 157 157 157 157 
60 60 60 60 60 

293 293 293 293 293 

2.694 2.118 2.118 3.858 2.271 
0.127 0.059 0.047 0.137 0.074 
0.074 0.074 0.074 0.111 0.111 
0.024 0.014 0.008 0.043 0.014 
0.622 0.799 1.044 0 0.434 
1.277 0.694 0.403 2.263 0.717 
2.383 1.338 0.794 4.223 1.338 

7.201 5.096 4.588 10.635 4.959 
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2. The lowest fuel cycle costs are calculated for HWRs with conver-
sion ratios around 0.85. The lowest costs were calculated using the uranium 
cycle with plutonium topping and assuming $20/g for Pu (LWR-discharge Pu). 
If CANDU-discharge Pu were used, the costs were much higher. The thorium 
cycle also looked attractive in the HWRs, although the fuel cycle costs 
were calculated on the basis of a large recycle industry, which would be 
necessary because of the low exposure achieved in HWRs. Fuel cycle costs 
would be much higher initially until a large recycle industry is established. 
In this regard, the HTGR looks more attractive because of the relatively low 
fuel cycle costs calculated on the basis of a small recycle industry. In 
any case, heavy water makeup costs push the HWRs to higher total power costs 
than HTGRs, as will be discussed later in this Appendix. It is concluded, 
therefore, that the HTGR with U-233 recycle offers the best combination of 
resource utilization and low power cost. 

3. Fuel cycle costs for the Pu-Th cycle are considerably lower than 
those for the U-Th cycle, with comparable conversion ratios. This differ-
ential is due to the costs assumed for makeup uranium and plutonium. Makeup 
uranium (93% enriched) was assumed to cost about $40/g, which reflects an 
ore cost of $40/lb of UgOg and a separative-work cost of $75/SWU. Makeup 
plutonium was assumed to cost $20/g, which is the approximate cost assumed 
for reprocessing LWR fuel. This will be discussed further. 

4. Fuel cycle costs for nonrecycle in LWRs on the uranium cycle and 
in HWRs on the natural uranium cycle were higher than the costs for recycle 
cases. This differential is due to the high cost of reprocessing and re-
fabrication relative to the cost of fresh fissile fuel. If the cost of 
recycle fissile material is computed by Eq. (Nl) 

($/k*>fissile * ($/kS>rePro + ($/k^refab " ^ f a b > (N1> 

and the reprocessing, refabrication, and fabrication costs described in 
Appendices H and I are assumed valid, the comparisons shown in Table N.6 



Table N.6. Comparison of Fresh and Recycle Fissile Material Costs 

$/kg 
Reprocessing 

$/kg 
Refabrication 

S/kg 
Fabrication 

kg Fissile 
kg HM Discharge $/g Fissile0 

1 
S/g Recycle 
S/g Fresh 

LWR 292 500 150 0.015 43 1.5 

CANDU (5 tonne/day reprocessing 
2 tonne/day fabrication 
2 tonne/day refabrication) 

271 310 80 0.003 167 11.1 

CANDU [50 GW(e) econom,] 147 230 60 0.003 106 7.1 

HTGR (5 tonne/day reprocessing 
2 tonne/day fabrication 
2 tonne/day refabrication) 

707 1030 400 0.03 44.6 1.1 

HTGR [50 GW(e) economyl 1233 1576 612 0.03 73.2 1.8 

* ( $ /8> fissile " < ? / k*>repro + ( $ / k*>refab " <$>ke>fab-

fresh Values based on $40/lb U3O8 and $75/SWU separative work. 
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can be made. Notice the penalty associated with using Pu from CANDUs. A 
high concentration of fissile material in the discharge is needed to make 
reprocessing profitable. 

5. The costs for metal fuel reprocessing, fabrication, and refabri-
cation were assumed to be the same as oxide fuel. This assumption probably 
penalizes metal fuels, since significant cost savings are envisioned if 
metal fuel and cladding could be coextruded. No meaningful studies of this 
fabrication route have been made, and metal fuels are of little interest 
for water reactors at present. 

Other Costs 

A summary of all power costs is tabulated in Table N.7. Only fuel cycles 
requiring uranium makeup are included. Fuel cycles requiring plutonium 
makeup from other reactors are generally less expensive, as noted earlier; 
however, the calculation of ore utilization is complicated by the need to 
consider the amount of ore used to generate the plutonium. As noted 
earlier, the HTGR (U-233 recycle) has the lowest fuel cycle costs, followed 
by the CANDU-Th with a conversion ratio of 0.82. The following additional 
comments on the information in Table N.7 are of interest: 

1. Capital costs are based on an estimate of $900/kW(e) for LWRs1 and 
the capital cost ratios given in the BMI study.2 

2. Heavy water costs are from ref. 2. 

3. The ore utilization capabilities of the various reactors and fuel 
cycles are based on the performance data tabulated in Tables N.l 
through N.5. There is some variation in this data and that pre-
sented in other studies. Table N.8 contains a comparison of the 
ORNL (this study), ANL (ref. 2), and BMI (ref Nl) studies for 
cases that appear in all three studies. This comparison shows that 
the ORNL estimate for LWR fuel utilization is high but in good 
agreement with at least one other study for the CANDU and HTGR. 



Table N.7. Cost Summary for Thorium-Uranium Fuel Cycle Alternatives 

Reactor Fuel CR 
n i l l s / k U hr 

Reactor 
Capital O&M D2O Fuel Cycle J g ° p 

Total 
Power 
Cost 

10 yr F i s s i l e 
Requirement kg ?"U/HW 

Number of Reactors 
Supported by 

3.5 » 106 tons UaOa 

VearsJ 

Supply 

PUR uo2-1 0 .61 19.3 2 6 .9 28.2 30.03 459 23 

U02-Th02 0.76 19.3 2 9 . 4 30.7 15.25 903 45 

U-Th 0 .81 19.3 2 10.2 29.7 13.97 986 49 

U-Th 0 .88 19.3 2 9 . 5 30.8 7.64 1803 90 

HTCR UCO-ThOj-' 0 .66 19.5 2 5 .7 27.2 20.15 684 34 

HTCR-1 UCO-ThOj 0.66 19.5 2 S . l 26.6 11.12 1239 62 

HTGR-J UCO-ThOj 0.82 19.5 2 6 . 3 27.8 7.89 1746 87 

HWR Th02-U02 0.90 21.4 2 2.6 7.2 0 . 4 33.6 5.01 2749 137 

0.87 21.4 2 2 .6 5 .1 0 . 4 31.5 6.11 2254 113 

0 .82 21.4 2 2.6 4 . 6 0 . 4 31.0 7.sa 1757 8B 
1.0 21.4 2 2.6 10.3 0 .4 36.7 2.24 6149 307 

0 .93 21.4 2 2 .6 5.0 0 . 4 31.4 4.52 3047 152 

CANDU UOj-' 0 .74 21.4 2 2.6 4 .7 0 . 4 31.1 28.21 6B2 34 

Z I M o* 

"Capital cos t s based on S900/kU(e) for LURa, and a cap i ta l coal ra t io of other reactors to t.URs of 1.11 for CANDUs 
and 1.01 for HTCRs. A f ixed chargc rate of 15t /yr i s assumed. 

^Operation and Haintenance cos t s assumed the same for a l l reactors and fuel cyc l e s . 
6D20 cos t s based on $120/kg DjO and « requirement of 1 MT/MW i n i t i a l inventory of heavy water in CANDUs. 
dD20 makeup cos t s from private coonunlcatlon E. Crltoph (AECt.) to R. Laney (AND dated March 19, 1976. 

''The nunber of reactors supported by 3.5 * 106 short tons U3OB assumes 0.2X t a i l s concentration (except for 
CANDU where OX t a i l s concentration i s assumed) or 0.2541 tons ore/kg ! 3 5 V (0.182 for CANDU). The reactors assumed 
to be 1000 MW(e). 

"The Yeors Supply column assuues a l inear growth rate of 20 MW(e)/yr for nuclear power. The e'.itry In t i l l s 
column i s then the number of 1000 MH(e) reactors divided by 20 MW(e)/yr. No more reactors could be b u i l t a f t e r 
the year s p e c i f i e d without exceeding the 3 5 mi l l ion tons of ore. Reactors already on l ine would operate to 
the end of the 30 yr economic l i f e t i m e . 

-'NO Recycle. 
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Table N.8. Comparison with Other Studies 

ANL BHI ORNL 

Conversion Ratios 
LWR 

CANDU 
HTGR 

0.61 
0.74 
0.66 

0.55 
0.71 
0.65 

0.61 
0.74 
0.66 

30 Year Ore Requirements 
LWR 
No Recycle 6.8 
U Recycle 5.4 

U, Pu Recycle 4.4 
CANDU 
No Recycle 5.2 
Pu Recycle 3.1 

HTGR 
No Recycle 4.8 

U-233 Recycle 3.0 

6.2 
4.6 
3.4 

3.6 
2.5 

4.5 
2.9 

7.6 

4.8 

5.1 
3.0 

5.1 
2.8 

aOre utilization is short tons U30g/MW(e). Thirty year ore 
requirements include the first core loading plus 30 years of makeup. 
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Appendix 0 

IRRADIATION PERFORMANCE OF THORIUM-CONTAINING FUELS 

Summary: The irradiation performance of thoria, thoria-urania., and thorium-
uranium metal fuels is reviewed. Thoria and thoria-urania fuels appear to 
be well behaved. These fuels perform at least as well as U02 under the same 
reactor conditions. Qualification and specification development for thoria-
urania should be possible in a reasonably short time, and at modest expense. 
The data base on thorium carbide and (Th,U)C2 comes mostly from the HTGR 
fuel development program. Continued testing supported by that program have 
shown oxides or oxide-carbide fuels to be superior in performance to the 
carbides. Therefore ThC2 and (Th,U)C2 are of little further interest in 
HTGRs. Thoria-plutonia fuels have not been extensively tested. There 
does not appear to be any reason why performance of this system should 
not be as favorable as the thoria-urania system, but because of the lack 
of data, the qualification and specification development program would 
require more time and be more costly than a similar program for thoria-
urania. 

Thorium and thorium-uranium metal fuels look attractive for FBR application. 
The irradiation stability of compounds containing less than 20 w% U irradi-
ated below 650°C looks good. Thorium-plutonium compounds do not appear useful 
as nuclear fuels because of the formation of low melting Pu-rich phases. 
Thorium-uranium metal fuels for LWRs are not seriously considered because of 
the potential for metal-water reactions. While the thorium-water reaction 
proceeds at a rate in thorium which is two orders of magnitude lower than in 
uranium at the water temperatures of interest, the development program 
required to qualify and specify such a fuel does not appear justified on 
the basis of the small improvement in conversion ratio that might be 
achieved. 

0-1 
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Thorium and Thorium-Uranium Oxides (Th02 and (U,Th)02) 

Thorium oxide has been studied more extensively than any other thorium 
compound. A number of irradiation experiments involving Th02 are reported 
in reference 1, including: 

1. dense pellets with 6.36 w% U02 in the Borax IV BWR blanket; 

2. the first cores of the Indian Point PWR and Elk River BWR, which also 
used pressed and sintered pellets of Th02-U02; 

3. PyC coated Th02 microspheres have been extensively tested with the 
support of the HTGR fuel development program; 

4. coated particles of (U,Th)02 have been extensively tested as potential 
HTGR fuels. 

Thoria-urania fuels have been considered for several reactor concepts, 
including the Spectral-Shift Converter Reactor,1 an HWR design using concen-
tric fuel tubes filled with vibratory compacted Th02-U02 mixtures,2 and the 
Heavy Water Organic Cooled Reactor (HWOCR).3 

A detailed summary of the irradiation behavior of Th02 and (Th,U)02 has been 
published by Olsen. In this work, the irradiation behavior of Th02 and 
(Th,U)02 in three different forms were compared. The forms were (1) vibratory 
compacted sol-gel powder, (2) arc-fused (Th,U)02 rods, and (3) rods containing 
pressed and sintered pellets. 

The conclusion reached by Olsen et al.1* is that all three forms of t-lioria-
urania fuel performed well at burnups up to 80 MWd/kg HM. There was no 
evidence of breakaway swelling or sudden increases in fission gas release. 
The average linear heat rates for these fuel rods were between 300 and 350 
w/cm (9.8 to 11.5 kw-ft). 
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Thoria-Plutonia Fuels (Th,Pu)02 

Very little work has been done with this fuel. One (Th,Pu)02 fuel rod was 
included in the work described by Olsen et al.,1* but examination of this rod 
was incomplete at the time reference (4) was written. Preliminary examina-
tion of this fuel, which had been irradiated to a burnup of 29 MWd/kg HM at 
an average linear heat rate of 245 w/cm (8 kw-ft), showed a microstructure 
similar to (Th,U)02 irradiated under the same conditions. Clearly, the 
deficiency of information about the performance of thoria-plutonia fuels 
must be addressed if large scale use of the thorium fuel cycle in LWRs and 
CANDUs is to be seriously considered. 

Thorium Carbide and Thorium-Uranium Carbide (TI1C2 and (U,Th)C2) 

Most of the irradiation experience on this system has been accumulated by 
General Atomic Company (and other HTGR propouents) on coated-particle systems 
for the HTGR. The Fort St. Vrain Reactor (FSVR) core is a (U,Th)C2 fissile 
and ThC2 fertile combination. Subsequent developments in HTGR fuel technology 
have shown oxide and mixed oxide-carbide fuels to be superior in irradiation 
performance to the carbides. Therefore, the carbide system will probably not 
be considered further in HTGRs. It could probably be considered for other 
reactors such as the organic-cooled HWRs. 

Metal Fuels 

In Appendices B and E the performance advantages of thorium-metal fuel for 
LWRs and FBRs, respectively, were discussed. Higher conversion ratios are 
possible with metallic fuels because of the higher concentration of fissile 
atoms and the lack of oxygen atoms to absorb neutrons. It is anticipated 
that some savings in fuel fabrication cost could be realized with thorium-
uranium metal alloys if coextrusion techniques can be developed. 

The use of metallic fuels in LWRs has never been seriously considered 
because of dimensional instability in metallic uranium and problems 
caused by metal-water reactions. Thorium metal behaves better than 
uranium on both counts. 
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The dimensional stability of metallic thorium under irradiation at temper-
atures below 600°C is well known,5 and the corrosion rate of bare thorium 
metal is two orders of magnitude lower than the rate for uranium in water 
at 300°C, as shown in Figs. 0.1 and 0.2 from reference 6. 

No significant change in the corrosion behavior of thorium metal has been 
observed when alloyed up to 6 wX uranium.6 

Another major difference in the behavior of thorium-based fuels compared 
with uranium-based fuels is the mechanism of failure. In uranium-fueled 
rods, corrosion products block the cladding breach, permitting only leakage 
of water into the failed rod. No release of fuel to the coolant occurs 
until the blister formed ruptures and enlarges the breach. Fuel then exits 
to the cladding on a massive scale. With thorium-based fuels, both hydrogen 
and finely divided oxide are discharged from the breach continually. The 
initial discharge of fuel to the coolant signals the location of the failure 
before large amounts of fuel have entered the coolant. Shutdown of the 
reactor can be accomplished without major inconvenience because of the 
early warning and the relatively low rate of fuel corrosion.6 

Even given the advantages of thorium metal fuel over uranium metal in water 
reactors, the development program required to qualify metal fuel for this 
application is probably not justified on the basis of the small gains in 
conversion ratio which can be achieved. However, in a FBR with sodium or 
gas coolant, the water-metal reaction problem does not exist, and the gains 
in breeding ratio achieved with metal fuel appear well worth the development 
cost. 

Figure 0.3 summarizes the irradiation performance of a number of thorium-
uranium metal alloys, irradiated at temperatures up to 1000°C and burnups 
of up to 10% FIMA. The swelling rate remains constant at ftbout 2% volume 
increase per % FIMA, up to about 500°C. At higher temperatures, higher 
swelling rates are observed, and a strong temperature sensitivity exists. 
Volume increases measured in this work5 were linear with burnup and 
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Fig. 0.1. Water corrosion of uranium vs water temperature. 
Source; G. B. Zorzoli, "An Evaluation of a Near-Breeder, Low Cost, 
LWR Concept," Energia Nueleare 19(3) (March 1972). 



0-6 

ORNL-DWG 76-17698 

TEMPERATURE (°C) 
315 260 200180 100 

UNALLOYED 
THORIUM -

2.00 2.40 
1000 
T°K 

2.80 

Fig. 0.2. Water corrosion of thorium vs water temperature. 
Source; G. B. Zorzoli, "An Evaluation of a Near-Breeder, Low Cost, 
LWR Concept," Energia Nuoleare 19(3) (March 1972). 
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Fig. 0.3. Effect of irradiation temperature on the swelling rate 
of thorium and thorium-uranium alloys. Source: J. H. Kittel, et al., 
Effects of Irradiation on Thorium and Thorium Alloys, ANL-5674 
(Apr. 1, 1963). 
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independent of uranium content up to 20 w% U. Specimens containing more 
than 25 w% U became warped and distorted, a condition not noted in speci-
mens containing less than 20 w% U. Similar results were reported by 
workers at Battelle7 and Atomics International8. 

Thorium-plutonium metal alloys have been rejected as candidate fuels.9 The 
low melting point of plutonium compared with thorium and uranium (640°C for 
Pu, 1750°C for Th, 1132°C for U) is a potential source of problems for binary 
or ternary systems containing Pu. Compositions tending to form Pu-rich 
phases would have to be avoided because such phases would be expected to 
have melting points near that of Pu metal. Thorium-plutonium alloys tend 
to form Pu-rich phases as U-233 is bred in.10 
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APPENDIX P 

COMMENTS ON FISSILE AVAILABILITY FOR FBR ECONOMY 

Summary: A siiple nuclear growth model is considered for comparing the 
fissile inventories available for Fast Breeder Reactors (FBRs). A 
growth rate of 20 GW(e) per year (LWRs without recycle) over a 30-year 
period, followed by a 30-year period of constant power at 600 MW(e), 
will consume all of the currently estimated uranium resources. If 
plutonium is used in FBRj, and the nuclear growth rate is sustained at 
20 GW(e) per year, only about 40% of the energy production in LWRs over 
the first 30 years can be diverted to non-plutonium producing fuel 
cycles. Use of an HTGR-2^3U FBR system results in greater fissile inventory 
available for FBR startup, and in a lower mined ore requirement. The 
above assumes that HTGRs are available on the same basis as LWRs; similar 
results would apply if HWRs were used instead of HTGRs. 

The current policy, with respect to development of nuclear energy from 
fission reactors, is to build around breeder reactors which can supply 
excess fissile material as well as produce power. New reactors can be 
built from the supply of excess fissile material without resorting to 
mining of additional uranium. Because of the importance of the breeder 
reactor and its early introduction, the growth of the breeder economy 
must not be constrained by lack of adequate fissile inventory. Simply 
put, there must be enough plutonium discharged from LWRs to sustain the 
growth of LMFBRs until the LMFBRs are producing enough plutonium to 
sustain their own growth. This report has discussed the virtues of 
thorium fuel cycles in converter reactors. Improved resource (U3OQ) 
utilization can be achieved by employing thorium fuel cycles in HTGRs, 
CANDUs, and even LWRs as compared to the uranium cycle in LWRs. In some 
cases superior economics can also be achieved. However, it must be 
recognized that whenever natural 2 35u 

is employed in a thorium fuel 
cycle, the stockpile of plutonium available for FBRs suffers. 
The fissile availability problem is placed in perspective by the following 
example. Assume a nuclear growth rate of 20 GW(e) per year. For the 
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first 30 years, LWRs are built and the discharged plutonium stored. 
Beginning in the 31st year, LMFBRs (based on advanced oxide fuel) are 
built at the rate of 20 GW(e) per year; further, LWRs are retired at the 
rate of 20 GW(e) per year, and replaced with new LWRs using the inventory 
of the retired plants (plus a small amount of fissile makeup.) This case 
is shown graphically in Fig. P.l. The reactor fissile requirements are 
given in Table P.l for the LWR, advanced oxide LMFBR, and several other 
reactors considered in a comparison study that will be discussed. 

The case shown in Fig. P.l for LWRs followed by LMFBRs is designated 
Case A, and the plutonium inventory as a function of time is shown in 
Fig. P.2. If no 235U is used after year 30, and all fissile material 
Tor startup of LMFBRs and refueling of LWRs must come from the approxi-
mately 1500 tonnes of plutonium stockpiled in year 30, growth in nuclear 
capacity can only continue for 5 more years, as shown by the solid 
portion of the Case A curves in Fig. P.2. If 235U is used to refuel the 
600 LWRs on line, and the plutonium stockpile is used only for startup 
of the LMFBRs, then the plutonium stockpile is reduced to about 600 
tonnes in year 55, when the discharge of excess plutonium from ItfFBRs 
begins to exceed the plutonium required for startup of new reactors. 
This situation is shown by the dashed curve for Case A in Fig. P.2. 
Unfortunately, this case required more than 3.5 million tons of U3O8; 
about 4.0 million tons are used by the year 60. Even so, it is clear 
than less than 40% of the energy production during the first 30 years of 
Case A can be accomplished using thorium fuel cycles, if the plutonium 
availability constraint is not to be violated. Plutonium availability 
considerations also affect the use of plutonium-thorium cycles, or 
plutonium recycle in LWRs. 

Another case is presented for comparison. This is Case B, where the 
converter reactors built during the first 30 years are HTGRs, with a 
conversion ratio of 0.82; after this time, retired MTGRs are replaced. 
Uranium-233 is bred and stored for use in 233U fueled FBRs, beginning in 
year 31. The characteristics of 233U FBRs presented in Appendix E have 
been assumed and summarized in Table P.l. Because of the superior 
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Table P.l. Reactor Characteristics for Fissile Inventory Study 
Fast Breeder Reactors 

L R V f H T G R ^ Advanced01 

(Pu, U)0 2 
Na Cooled 

Th Metal® 
Na Cooled 

Th Metal" 
He Cooled 

T h M 0 X e 

Na Cooled 
T h M 0 X e 

He Cooled 

Reactor Requirements 

Reactor Inventory 
[kg/MW(e)J 

2 3 3 u 1.572 2.143 1.879 2.910 
2 3 3 u 1.967 1.890 0.064 

Fissile Pu 2.080 
Ex-Reactor Inventory 
[kg/MW(e)] 

2 3 3 u 1.572 2.143 1.879 2.910 
2 3 3 0 1.107 1.399 0.064 

Fissile Pu 2.080 
Annual Loading 
[kg/MW(e) yr] 

2 3 3 0 0.524 0.714 0.626 0.970 
2 3 3 0 0.754 0.540 0.030 

Fissile Pu 0.785 
Annual Discharge 
[kg/MW(e) yr] 

2 3 3 u 0.310 0.733 0.938 0.757 1.14 
233[j 0.222 0.162 0.025 

Fissile Pu 0.164 0.958 

Conversion Ration 0.60 0.82 1.25 1.26 1.29 1.16 1.21 
Doubling Time (yr) 24.0 15.1 19.1 28.8 34.3 

M. Pardue et al, "A Comparison of Advanced Reactor Potentials" presented at the ASME/ANS International 
Conference on Advanced Nuclear Energy Systems, March 14-17, 1976, Pittsburgh, Pa. 

^Unpublished data of M. Z. Nagel et al (General Atomic Company) "Reactor Strategy Studies" 19 January 1976. 
Q 
Appendix E of this report. 
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conversion characteristics of the HTGR, the available fissile inventory 
(233U in this case) for FBRs in year 30 is approximately twice that in 
the LWR-LMFBR case. Even using the poorest performing FBR discussed in 
Appendix E, the fissile inventory in year 60 is over 1000 tonnes of 
233U, as shown in the dashed portion of Case B plotted in Fig. P.2. 
Using more optimistic FBR performance data (metal fuel), the 233U 
inventory by year 60 has returned to the level in year 30, as shown by 
the broken Case B curve in Fig. P.2. Even if no 235U is used after year 
30, there is an adequate 233U inventory to fuel both FBRs and HTGRs for 
about 13 years (compared with 5 years for the LWR-LMFBR case). As shown 
in Fig. P.3, only 2.6 millions tons of U3O8 have been consumed in Case 
B, compared to 4 million tons in Case A. 

It is clear from this simple example that the HTGR-233U fueled FBR com-
bination has superior capabilities with respect to resource utilization 
and fissile inventory for FBRs, if they were available on the same 
basis. The economics of the HTGR relative to the LWR are also favorable, 
as shown in Appendix N. Conversion ratios of 0.9 and greater appear 
achievable with the HTGR utilizing current fuel technology, with no 
apparent sacrifice in reactor safety. 

Little advantage can be taken of the Case B findings because neither the 
HTGR nor the 233U-fueled FBR are being pursued seriously at this time. 
However, even with delayed introduction of HTGRs some of the above, 
benefits can be obtained. Based on recent studies summarized in Appendix 
F of this report, 233U use in LMFBRs (with 238U) appears as attractive 
as does plutonium. 
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APPENDIX P 

CONSIDERATIONS REGARDING BREAK-EVEN BREEDERS 

Summary. A simple example case is described whereby an HTGR thermal 
breeder (HTGRB) system is compared with several conventional converter 
reactor systems over a 60-year period. Reactors are built at a rate of 
20 GW(e)/year for the first 30 years and then allowed to "coast down" 
over the second 30-year period. Compared are the time-dependent power 
production capabilities and uranium ore requirements. It is shown that 
the thermal breeder systems give a long-term power production capability 
which do not require additional uranium ore input after the initial 233U 
inventories are produced in pre-breeders. However, the early ore require-
ments are considerably higher for the thermal breeder systems than for 
conventional converter systems over the time span considered. Ore re-
quirements are 64% higher than for an HTGR (CR = 0.82), and fuel cycle 
costs are two to three times higher than for conventional HTGRs and 
LWRs. Similar results should also apply to the use of HWR(Th)s. It is 
concluded that while thermal breeder systems provide long-term pow,vr 
production capability at a fixed level, there is no flexibility for 
growth provided by these sytems for a given U3O8 resource. Thus, they 
essentially represent a contingency position relative to a very long-
term delay in FBR commercialization. 

Break-even breeder systems are possible with LWRs, HWRs, and HTGRs. 
Such systems require production of 233U inventories in pre-breeder 
reactors; the thermal breeders then operate on a 233U-Th fuel cycle. 
The advantages and disadvantages of such break-even systems can be seen 
with the following example. 

A nuclear growth rate of 20 GW(e)/year was assumed; pre-breeders were 
built first to provide 2 3 3 u inventories for the break-even breeders, 
which were built as soon as inventories were available. Power growth 
remained constant at 20 GW(e)/year for the first 30 years. During the 
next 30 years, pre-breeders were retired at the end of their economic 
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lifetime (30 years of operation). Inventories of 233U from retired 
reactors and from annual discharges of operating reactors were utilized 
to bulla additional break-even breeders during the years 31-60. All 
other fissile material discharged from the pre-breeders was recycled to 
the pre-breeders. 

Considered in the example was a break-even HTGR system using 23 3 u 

inventories produced in a lower-conversion-ratio HTGR. The mass require-
ments for the various reactors considered in the example are given in 
Table Q.l. The installed capacity vs time relationship is shown in Fig. 
Q.l for the HTGR breeder (HTBR-B) system, for a light-water reac_or with 
no recycle, and for an HTGR with a conversion ratio of 0.82 and 233U 
recycle. The ore requirements are shown in Fig. Q.2 for the breeder 
system, the LWR with no recycle, the HTGR (CR = 0.82), and several other 
systems which are included for comparison. 

For the HTGR breeder system, a total of 334 pre-breeder HTGRs (HTGR-PB) 
were built, producing enough 233U for 498 HTGR breeders (HTGR-B). 

Fuel cycle cost estimates are presented in Tables Q.2 and Q.3. In these 
estimates, it was assumed that 235u was purchased for pre-breeder oper-
ation, but 233U was made available to the breeders at no cost. On this 
basis the HTGR-PB and HTBR-B had fuel cycle costs of about 12 mills/kWhr. 
From these results it appears that the economic advantages in long-term, 
self-sustaining power generation possible with break-even breeders are 
outweighed by the high cost of operation and the large uranium ore 
requirements of the pre-breeders. Any economic advantages associated 
with the breeder operation have difficulty in being "visible" after 
applying a reasonable discount factor. 

Three criteria have been identified for an effective thermal reactor 
system. They are: 

1. Make effective use of uranium resources in the period 
prior to large-scale fast breeder reactor (FBR) 
introduction. 



Table Q.l. Reactor Characteristics for Break-Even Breeder Study 

Reactor Requirements LWR HTGR HTGR 

Reactor Inventory [kg/MW(e)] 
233jj 
235u 
Fissile Pu 

Ex-Reactor Inventory [kg/MW(e)] 
233u 
235y 
Fissile Pu 

Annual Loading [kg/MW(e)yr] 
233u 
235u 
Fissile Pu 

Annual Discharge [kg/MW(e)yr] 
2 3 3 y 

235u 
Fissile Pu 

t (Reactor Time) (yrs) 
t (Ex-Reactor Time) (yrs) 
(tp + tr)/tr 
Conversion Ratio 

a 

1.967 

1.107 

.754 

.222 

.164 
3.0 
1.8 
1.60 

.60 

3.700 

2.410 

.925 

.445 

.258 

4.0 
2.6 
1.65 

.74 

5.960 

3.874 

1.490 

1.490 

4.0 
2.6 
1.65 

1.01 

aEx-reactor inventory = reactor inventory [(ty + tp)/tr] 

^Source: W. M. Pardue et al, A Comparison of Advanced. Reactor Potentials, Presented at the 
ASME/ANS International Conference on Advanced Nuclear Energy Systems, March 14-17, 1976, 
Pittsburg, Pa. 

£ 

Source: Private Communication from R. K. Lane (GA) to F. J. Homan (ORNL), June 14, 1976. 
^Source: Letter from R. F. Turner (GA) to E. DeLaney (ERDA), May 28, 1976. 
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Table Q.2. Parameters for Fuel Cycle Cost Calculation 

Reactor HTGR-PB HTGR-B 

Fuel 
Conversion Ratio 
Enrichment (%) 
Thermal Efficiency (%) 
Load Factor 
Burnup (MWd/kg HM) 
Time in Reactor (yr) 
Ex-Reactor Time (yr) 
(t + t )/t v r p r 
Inventory [kg/MW(e)] 
Reactor/Total 233U 

235u 
238u 

Fissile Pu 
Th 

Total 
Makeup [kg/MW(e) yr] 

233u 
235 

238 

Fissile Pu 
Th 

Total 
$/g Fresh 2 3 5U 
$/g Makeup Fissile 

0.74 
93 
40 
0 . 8 

30.4 
4 
2 . 6 

1.65 

3.70/6.11 

92.5/152.6 
96.2 

0.668 

23.1 
24.1 
40 
40 

>1.0 

40 
0 . 8 

18.8 
4 
2 . 6 

1.65 

5.960/9.834 

149.0/245.9 
155.0 

0 
0 

37.3 
38.8 

HGTR-PB data from private communication from R. K. Lane (GA) to F. J. 
Homan (ORNL) June 14, 1976. 
'HTGR-B data from letter to E. Delaney (ERDA) from R. F. Turner (GA), 
dated May 28, 1976. 



Table Q.3. Fuel Cycle Cost Calculation 

Reactor HTGR-PB HTGR-B 

Fuel 235UC0-Th02 233UC0-Th02 
Conversion Ratio 0.74 >1.0 
$/kg HM 

Shipping 60 60 
Makeup 23^, 

2 3 5 0 4 0 

Pu 
Th 0.025 0.025 

Reprocessing 707 707 
Fabrication 400 1030 
Refabrication 450 1030 
Storage 

Mills/kWhr 
Inventory (fissile) 3.487 
Inventory (Th) 0.054 0.088 
1st Core Fab 0.549 2.278 
Shipping 0.138 0.332 
Makeup uranium 3.813 
Thorium 0.082 0.133 
Reprocessing 2.431 3.914 
Fab/ReFab 1.548 5.703 
Storage 

Total 12.102 12.448 
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2. Provide sufficient fissile inventory for commerciali-
zation of FBRs. 

3. Economic power production. 
Thermal breeder systems do not meet these criteria effectively. Thermal 
breeder systems provide the means for long-term power production at a 
constant level, with no additional uranium ore requirements. However, 
the high ore requirements needed to provide the 233U inventories of the 
breeder systems occur during a time of projected ore shortages, and no 
fissile inventories are built for FBRs other than those associated with 
the break-even breeders themselves. It is our conclusion that only if 
FBRs are delayed until about 2100 should break-even breeders of the type 
studied here be develooed. Further, the power costs of such systems 
will be prohibitively high under the conditions of introduction assumed 
here. A less costly approach would be to gradually increase the conversion 
ratio with time, although such an approach leads to a lower power level 
achieved by the break-even breeders. 


