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FOREWORD

This report on "The Use of Thorium in Nuclear Power Reactors" was prepared under the direction of
the Division of Reactor Development and Technology, U.S.A E.C., as part of an overall assessment of the
Civilian Nuclear Power Program initiated in response to a request in 1966 by the Joint Committee on
Atomic Energy. It represents the results of the inquiry by the Thorium Systems Task Force whose
membership included representatives of Babcock & Wilcox Company, Gulf General Atomic Company, the
Argonne National Laboratory, the Brookhaven National Laboratory, the Oak Ridge National Laboratory,
the Pacific Northwest Laboratory, and the U.S. Atomic Energy Commission.

Publication of this report, which provides information basic to the AEC reactor development program,
completes one phase of the evaluation effort outlined in the 1967 Supplement to the 1962 Report to the
President on Civilian Nuclear Power, issued in February 1967. The 1967 Supplement outlined changes
since 1962 in the technical, economic and resource picture and provided background for further study.

Specifically, this report represents the consensus of the task force on the potential use of the thorium
cycle and the specific thorium fueled reactor designs which have been proposed. It is expected that the
relative promise of the use of thorium in reactors, and the future nuclear power industry may be judged on
an increasingly sound basis as more information is obtained from the continuing developmental, analytical
and engineering efforts.

The design data upon which the review was based are limited, particularly those for the molten salt
breeder reactor (MSBR) and for the thorium-fueled light-water cooled reactors. In the case of the MSBR,
the system is in a very early experimental stage and detailed design information still must be developed.
Thus, the review was based upon a very preliminary design which has been changing as a result of
continuing technical reassessments and developments.

The review of the use of thorium in light water reactors, of necessity, had to be inferred from very
preliminary assessments carried out in 1961 - 1964. No detailed designs and only limited technical data are
available to directly compare the use of uranium and thorium in the light-water cooled systems.

The review of the potential of the use of thorium in light-water reactors was somewhat restricted since
the concept studied in the greatest depth, the LWBR, emphasized fuel conservation rather than minimum
fuel costs. Therefore, this report does not compare the LWBR concept to the other concepts. The
Commission is proceeding with a demonstration of the LWBR concept in the Shippingport reactor, and the
results of this demonstration are expected to be available by the middle 1970's. Successful completion of
such a breeding demonstration will show the technical feasibility of installing thorium breeder cores in

existing and future pressurized light water reactor plants.



Information forthcoming from the activities of other task forces, such as those examining the reactor
fuel cycle and projections of the future nuclear power economy, may also lead to changes in the predicted
potential for the use of thorium in reactors. Also, since thorium-fueled systems are still in the experimental
stage, any further data developed may necessitate changes in some of the conclusions of this report.

In large measure, the report was based on information provided by the designers of the various
thorium-fueled reactors, and the principal participants of the Thorium Systems Task Force included
proponents of specific reactor systems. It is recognized that inclusion of membership from national
laboratories and industrial organizations actively engaged in the development and promotion of specific
reactors can result in a report that reflects the enthusiasm of the proponents of these reactor systems.

In May 1968, a draft version of this report was distributed to selected representatives of the reactor
plant industry, national laboratories, utilities, USAEC, and other agencies of the federal government for
review and comment. The comments were carefully considered in the final preparation of the report.

As discussed in the 1967 Supplement to the 1962 Report to the President on Civilian Nuclear Power,
the magnitude of the cumulative effort expended to develop light-water reactors, and the success which has
been achieved, has resulted in a state and pace of development and production that will make the
development of competing systems difficult. The continued economic improvement of light-water reactors,
and the successful development of an economic fast breeder would narrow the time span in which an
advanced, non-breeding reactor system could alleviate the resource requirements for an economic nuclear

power industry.

Milton Shaw, Director
Division of Reactor Development

and Technology
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1. INTRODUCTION
1.1 Background

Early in the history of nuclear reactors it was recognized that the long term importance of nuclear
fuels for power production depended not only upon the ability to use the fissile U-235 provided by nature,
but also upon using at least some appreciable part of the much more abundant naturally occurring fertile
materials, U-238 and Th-232, which could be converted into fissionable isotopes. While the basic physics
characteristics of fissile plutonium produced from U-238 offers the potential of high breeding gains in fast
reactors with the production of 40 to 50 percent more fissile fuel than is consumed, and conceivably can
eventually multiply the resources of fissile energy approximately a hundred fold, these same characteristics
allow only a limited fissile production from fertile material in thermal reactors, which would only
approximately double the energy attainable from the original fissile U-235. In contrast, the basic physics
characteristics of fissile U-233 produced from fertile Th-232 will permit improved conversion of fissile fuel
in thermal reactors, and potentially permit breeding in thermal as well as fast reactors. These factors have
formed the principal bases for the continued interest in the use of thorium for nuclear reactors.

The primary incentive for the development of nuclear power is economics, more specifically, the
reduction in the cost of power. Reduced power costs are possible primarily because use of nuclear energy
can result in low fuel costs. Sufficiently low fuel costs can be realized so that, even at some penalty in plant
investment or other operating costs, nuclear plants can effectively compete with alternate means of power
generation. Further, whether a specific reactor uses a thorium or uranium cycle will depend upon the
expected economics of the respective cycles for the applicable financial and technological conditions, and

on the impact of the specific fuel strategy selected upon the overall electric system economics.

1.2 Objective of Study

The Thorium System Task Force, as part of the current AEC assessment of Civilian Nuclear Power,
was organized essentially to review and compile information, and to indicate the present status and the
factors involved, in the use of thorium in power reactors. Its purpose was not to provide a comprehensive
inquiry which would include national and policy considerations, detailed assessment of the overall thorium
cycle and power generation, and the effect of the introduction of a fast breeder on the use of thorium
reactors. Consideration of such issues, however, are considered part of the overall assessment effort. For
example, detailed information about the thorium fuel cycle, and reactor design and costs for advanced
converter reactors, are contained in AEC reports WASH-1085 (Evaluation of HTGR), WASH-1083
(Evaluation of HWOCR) and WASH-1087 (Advanced Converter Summary Report). The impact of the
introduction of the fast breeder on the value of the thorium fueled reactors in an expanding nuclear power

economy is considered in WASH-1100 (Potential Nuclear Power Growth Patterns).



1.3 Topics Considered

Because of its economic importance the fuel cycle is emphasized in this report, in particular the
nuclear characteristics of the thorium cycle, and the effect of its use on uranium system requirements. A
summary of the more pertinent observations is presented in Section 2.

The more important fuel cycles and their characteristics are reviewed in Section 3, Features of the
Thorium Cycle. The relevant nuclear characteristics of the fertile isotopes, Th-232 and U-238, are
compared in this section. Of greater interest is the comparison of nuclear characteristics of the naturally-
occurring U-235 fissile isotope and the bred fissile isotopes, U-233 and Pu-239. The effect of the nuclear
characteristics on reactor performance and economics are also discussed generally in Section 3.

The thorium fuel cycle will require naturally-occurring U-235 for the initial fuel inventory and burnup.
Therefore, the requirements for both uranium and thorium ores must be evaluated when considering the use
of the thorium cycle. Consequently, both the uranium and the thorium resources are reviewed in Section 4,
Nuclear Fuel Resources, Requirements, and Economics. The fuel requirements are assessed for various
types of reactors using the thorium cycle and are compared with the estimated requirements of other
reactors using the low-enrichment uranium cycle. An attempt has been made in this section to place the ore
requirements in proper perspective relative to the estimated available resources, required ore production,
required enrichment, and production of bred fuel.

Since fertile thorium, like fertile uranium, is convertible into fissionable fuel, the economic
development of the thorium cycle will significantly increase our economically exploitable resources of
nuclear fuel. However, there is little incentive to develop the thorium cycle solely to increase the supply of
fertile material. Fertile uranium material required for the fast breeders is expected to be in over supply
through the first part of the next century.

From the point of view of practical application, the most significant part of the report is an assessment
of the potential for utilizing the thorium cycle in specific types of reactors. In particular, the potential role
of the thorium cycle in the High Temperature Gas-Cooled Reactor (HTGR), Molten-Salt Breeder Reactor
(MSBR), Light-Water Moderated Reactor (LWR), Heavy-Water Moderated Reactor (H WR), and Fast
Breeder Reactor (FBR) is discussed in Section 5, Utilization of the Thorium Cycle in Specific Reactors.
This section also includes the operating experience to date and projected performance and R&D
requirements for these reactors. General R&D requirements for the thorium cycle are presented in Section 6.
Except for the molten-salt reactor, individual reactors are discussed in detail in other reports and just
highlights are presented herein. Further information on specific topics is discussed in the Appendices:
Summary and Assessment of Reactor Physics of the Thorium Fuel Cycle, Appendix A; Appraisal of
Thorium Fuels, Appendix B; Reprocessing Thorium Fuels, Appendix C; Identification of Estimates of
Nuclear Fuel Resources, Appendix D; and Molten-salt Breeder Reactors - Two-fluid System, Appendix E.



1.4 Source of Information

Basic technical and economic data for the various reactors were reviewed by the appropriate task
forces. These data were then submitted to the Systems Analyses Task Force so that a comprehensive
picture of the nuclear power industry could be projected to the year 2020, within the limits of uncertainty in
the data, for varying economic and technical parameters. The basic information provided by the various
task forces was used in the preparation of the present report to the extent possible, recognizing that
information on advanced reactor concepts is always subject to change as the result of technological

developments, and changes in design, and economic parameters.



2. SUMMARY

2.1 Nuclear Characteristics

Important isotopes of nuclear fuel cycles are fissile U-233 and Pu-239 which are bred from fertile Th-
232 and U-238, respectively, and fissile U-235 which occurs naturally. At present, the nuclear power
industry is based on the light-water reactor which operated on the U-235 (U-238) Pu-239 fuel cycle
(LWR/U). However, another reactor system is under development which may become important, the high-
temperature gas-cooled system operating on the U-235 (Th-232) U-233 cycle (HTGR/Th). The first isotope
in each trio refers to the starting fissile fuel, the second to the predominant fertile material and the third to
the predominant bred fissile fuel. Since nuclear fuel cycles are generally identified with the predominate
fertile material, the first of the above fuel cycles is simply referred to as the uranium cycle, and the second,
the thorium cycle.

Reactors, such as the LWR and HTGR, which have a conversion ratio less than one and thus produce
less fissile fuel than they consume, are termed converter reactors. In these reactors there is an incentive to
recycle the bred fuel because of its significant value. Recycle modes for the uranium and thorium cycles
can be represented as Pu-239/U-235 (U-238) Pu-239 and U-233/U-235 (Th-232) U-233, respectively. In
these cases the initial fuel will consist of the bred fuel recovered from the previous cycle together with U-
235 makeup.

It is also possible to have so-called crossed or mixed-progeny fuel cycles U-233(U-238)Pu-239 and
Pu-239(Th-232)U-233. In these fuel cycles the bred fuel from a uranium-fueled reactor is fed to a thorium-
fueled reactor and vice-versa. Studies have indicated that in the future such fuel cycles may be
economically advantageous. However, while such fuel cycles warrant further investigation, they are
presently undeveloped.

The nuclear characteristics of the fissile and fertile isotopes are such that the U-233(Th-232)U-233
fuel cycle gives nearly as high conversion ratios in a thermal as in a fast neutron spectrum while the Pu-
239(U-238)Pu-239 fuel cycle gives much higher conversion ratios in a high-energy neutron spectrum.
Advanced thermal and fast-spectrum reactors” of the future will probably operate primarily with the bred
fuels, U-233 and Pu-239, and not be dependent upon the U-235 content of natural uranium.

The relevant characteristics of the important fissile and fertile isotopes in thermal and fast-spectrum
reactors are summarized as follows:

(1) Thermal absorption in U-233 produces more neutrons per neutron absorbed” than does

corresponding absorption in either Pu-239 or U-235.

" Reactors with low specific fissile inventory, high fuel conversion ratio, low fuel cycle costs, and/or high
plant efficiency.
" The number of neutrons produced per neutron absorbed in the fuel is designated as n, or eta.



(2) The neutron production for U-233 is relatively insensitive to change in temperature, but for U-235
and Pu-239 eta decreases as the temperature increases. Thus, the advantage of U-233 over U-235 and Pu-
239 is more pronounced in a hard (higher energy) thermal spectrum than in a soft (lower energy) thermal
spectrum.

(3) From a nuclear standpoint, the use of U-233 in a thermal reactor makes it possible to achieve
higher fuel conversion ratios and longer fuel burnups than is practical with either U-235 or Pu-239 (Section
2.2).

(4) The higher conversion ratios which can be obtained in thermal-spectrum reactors when using U-
233 instead of Pu-239 can result in a significantly better utilization of natural uranium fuel resources with
thorium-fueled reactors than with the low-enrichment, light-water cooled uranium-fueled reactors (Section
2.3).

(5) A higher breeding ratio can be obtained with Pu-239 than with U-233 in a very high-energy, fast-
neutron spectrum reactor. On the other hand, in a degraded (10 to 100 keV) fast spectrum, U-233 would
probably be as good as, or better than, Pu-239. Also, the variation of U-233 and Pu-239 cross sections with
energy are such that improved reactivity coefficients would be obtained with the use of U-233 in a large
sodium-cooled FBR. This leads to improved nuclear safety characteristics.

(6) The energy dependence of the fast-fission cross sections of Th-232 and U-238 is such that the use
of Th-232 would produce an improved reactivity coefficient in a liquid-metal-cooled FBR. The fast fission
cross-section of Th-232 is much lower than that of U-238 so that use of the latter leads to much larger

conversion ratios in fast-spectrum reactors.

2.2 Reactor Performance Characteristics

Nuclear power plants are designed to achieve economic and reliable operation based on the
optimization of economic and technical parameters. Technical parameters of particular importance include
fuel conversion ratio, specific fissile inventory, fuel fabrication and processing requirements and plant
efficiency. These reactor system characteristics as related to the thorium and uranium cycles in thermal-
spectrum reactors are summarized as follows:

1. The fuel conversion ratio (CR) is the ratio of the amount of fissile fuel produced per unit of fissile
fuel destroyed. By virtue of the higher eta of U-233 in thermal systems, a larger conversion ratio generally
may be obtainable with the thorium cycle than with the uranium cycle. Thus fissile fuel consumption for a
thermal-spectrum, thorium-cycle reactor may be lower by a factor of at least two than for a LWR on the
uranium cycle which is fueled with U-235.

2. Nuclear fuel inventory requirements are generally measured by the specific fissile inventory, i.e.,
the amount of fissile fuel required per unit power output of a given reactor. A low specific inventory may
be obtained in the HTGR and MSBR using the thorium cycle.

3. Fuel exposures are generally expressed in units of heat energy produced (megawatt-days) per unit

weight of fuel (tons or kilograms of fertile plus fissile material). Longer fuel exposures will, therefore,



result in lower energy costs associated with fabrication and reprocessing, while, at the same time, resulting
in a decrease in the conversion ratio because of the buildup of fission products. The prospect for long fuel
exposures is enhanced in the thorium cycle primarily by virtue of the higher conversion ratio and, hence,
lower fuel reactivity changes, achievable in thermal systems.

4. A high plant efficiency permits the generation of more useful energy from a given heat source. The
utilization of resources and the cost of electric energy are influenced by the thermal efficiency of power
plants. In general, high reactor coolant outlet temperatures, which are dependent on the choice of primary
reactor coolants, allow high efficiencies to be achieved. However, the choice of fuel cycle can also be
important. For a reactor fueled with U-233, the eta, which directly affects the fuel conversion ratio, is
relatively large. As the thermal neutron spectrum becomes less thermal with increasing moderator
temperature, the eta will remain fairly constant with U-233, but decrease with a loading of U-235 or Pu-239.
Consequently, the nuclear performance of a U-233 fueled reactor relative to a U-235 fueled reactor
increases as the operating temperature of a reactor core (and the resulting thermal efficiency of the plant)

increases.
2.3 Utilization of Nuclear Fuel Resources

Important features relative to use of thortum and uranium resources are:

1. Estimates of the recoverable thorium resources as a function of recovery cost are similar to those
projected for uranium. However, the requirements for thorium, assuming that all nuclear power systems
consist of thorium-fueled reactors are considerably smaller than the uranium requirements associated with
the itial fuel inventory and net fissile fuel consumption.

2. The total uranium ore requirements of advanced reactors using the thorium cycle are substantially
smaller than for LWRSs using the uranium cycle. Hence, thorium conserves rather than replaces uranium.

3. The current availability of fertile uranium from the AEC diffusion plant stockpile and the further
amounts expected to be generated in the process of enriching uranium for fueling light-water and other
converter reactors during their lifetimes, will provide an excess of fertile material for fueling plutonium-
uranium breeder reactors significantly beyond the end of this century. Thus, there is little incentive to
develop the use of thorium primarily to extend the supply of fertile material during the remainder of this
century.

4. Uranium ore requirements for system inventories can be substantial, as shown in Section 4.
Effective uranium usage will depend importantly on how low a specific fissile inventory can be achieved

and not solely on whether the net conversion ratio is very high, or even slightly greater than unity.
2.4 Economic Considerations

The economic utilization of nuclear resources does not necessarily mean conservation of nuclear
resources. Even the more expensive nuclear resources can be utilized economically if the fuel cycle cost for
a reactor is not too sensitive to rising ore costs. Fuel cycle costs for advanced reactors using the thorium
cycle, such as the HTGR and MSBR, exhibit this characteristic. The indicated fuel cycle costs for a LWR
and a Heavy-Water Moderated Organic-Cooled Reactor (HWOCR) using the uranium cycle, and an HTGR,



HWOCR and MSBR using the thorium cycle, are shown in Figure 4.8, for postulated increases in uranium
ore costs only and no projected improvements in the other fuel cycle charges.

Comparisons of fuel cycle costs using the uranium and thorium cycles in reactors of current and
potential interest indicate:

1) The uranium cycle is currently more economical than the thorium cycle in reactors that are
relatively heterogeneous to neutrons such as the light water moderated reactor and the heavy water
moderated reactor (HWR), since the heterogeneity of the fuel allows significant self-shielding of the U-238
resonances. Consequently, uranium fuel of lower U-235 enrichment and, therefore, lower cost can be used,
as contrasted to requirement for high U-235 enrichment, and thus higher fissile inventory cost of the
thorium cycle.

2) In the reactors that are more homogenous to neutrons, such as the HTGR and the MSBR, the
thorium cycle appears to be more economic. Although more highly enriched, and expensive U-235 is used,
the increased fissile inventory cost is more than compensated for by the savings in fuel depletion costs
achievable with the thorium cycle due to the higher fuel conversion ratio.

3) In.the future (after about the late seventies), use of the thorium cycle in the HTGR indicates
potential fuel cycle cost savings of up to 0.4 mills/lkWh over those attainable with LWRs operating on
either the thorium or uranium cycle (Table 4.5).

4) In the more distant future (after about 1985), use of the thorium cycle in the MSBR indicates
potential fuel cost savings of up to 1.0 mills/lkWhr(e) over those attainable with LWRs operating on either
the thorium or uranium cycles, and a fissile fuel yield of as much as 5 percent per year (table 4.5).

5) Since the fuel inventory costs of reactors using the thorium cycle are higher than those of reactors
using the uranium cycle, high interest rates on the fuel inventory penalize the thorium cycle more than the
uranium cycle. Conversely, lower interest rates favor the thorium cycle.

6) Future increases in uranium ore costs and/or decreases in fissile fuel costs tend to favor the thorium
cycle reactors relative to the low-enrichment uranium cycle in the LWR.

7) While the use of the U-233(Th-232)U-233 cycle in a fast breeder reactor does not, in general,
appear to be as attractive as the Pu-239(U-238)Pu-239 cycle, the use of U-233 in the core may provide
advantages in reactor safety and control, while Th-232 in the blanket may be economically justifiable in a
future, mixed reactor, nuclear power complex.

8) Because thorium fuels have better physical properties, the use of thorium in place of uranium could
provide improved irradiation stability and increased fuel exposures which could lead to reduced charges for

processing and fabrication per unit energy output.

2.5 Status of Reactors Fueled with Thorium

2.5.1 HTGR -THE HIGH TEMPERATURE GAS COOLED REACTOR
Peach Bottom Atomic Power Station, Peach Bottom, Pa., the first HTGR bult for commercial power

production in the US, became operable on March 3, 1966 and went into commercial operation June 1, 1967.



During 1968 the 40 MWe plant achieved 300 full power days of operation. Its continuing operation will
serve to demonstrate the following important design features of the HTGR:

1) the practicality of high-temperature reactor operation leading to the production of steam at 1000°F;

2) the strength and integrity of the all-graphite fuel elements using coated fuel particles; and

3) the performance of primary system components, such as circulators, steam generators, control drive
mechanisms, valves, and instrumentation, in a high-temperature reactor environment.

A major R&D and engineering program is underway in support of the 330 MWe Fort St. Vrain HTGR.
As currently designed, the Fort St. Vrain plant will incorporate the following significant modifications and
improvements over the Peach Bottom HTGR design:

1) a primary system totally contained in a prestressed concrete reactor vessel (PCRV);

2) a hexagonal block fuel element, to retain more fission products, and designed to reduce fabrication
costs.

3) an advanced fuel management scheme; and

4) steam-turbine driven gas circulators and high power density, modular, once-through steam
generators.

Further R&D to investigate potential significant improvements in the HTGR economics and resource
utilization are described in Section 5.1. The HTGR has an ultimate potential to achieve a conversion ratio
slightly greater than unity or a specific fissile inventory below 1.0 kg/MWe; a plant efficiency greater than
45 percent and total fuel cycle costs below 1.0 mills/kWh.

2.5.2 MSBR - MOLTEN-SALT BREEDER REACTOR

Molten-salt technology has been studied extensively at ORNL since 1950. There have been two
molten-salt reactors—the Aircraft Reactor Experiment in 1954 and the currently operating Molten-Salt
Reactor Experiment (MSRE)—as well as a broad base of related applied research in this concept and other
fluid-fuel reactors. These experimental reactors provide a varied background of experience in complete
circuits of circulating fuel, including reactor kinetics response, pumping of fluid fuels, heat removal, and
remote maintenance. Since it achieved criticality in June 1965, the MSRE has operated successfully for 375
equivalent full-power days (as of March 26, 1968), mostly at a power level of 8.0 MWt. This operation has
served to demonstrate the following important design features of the experiment-sized single-region
molten-salt concept:

1) the practicality of high temperature (1200°F) operation of a molten-salt fuel;

2) the sustained performance of basic system components, such as pumps, heat exchangers, and
instrumentation, with molten-salt fuel;

3) satisfactory performance of remote maintenance;

4) removal of xenon and other volatile fission products from the molten-salt;

5) on-line refueling and fuel adjustment; and

6) self-regulation and good response to changes in power demand.



Preliminary reactor designs, including the 1000 MWe MSBR as well as an advanced converter, are
currently under investigation. Program plans include:

1) demonstration of dimensional and structural stability of graphite during long exposure to fast-
neutrons;

2) establishment of long term compatibility of Hastelloy-N in the molten-salt and neutron
environment;

3) development of remote maintenance equipment;

4) removal of fission products and Pa-233 from molten-salts during reactor operation; and

5) scale-up of system components, especially the pumps and heat exchangers.

As 1n all reactor development programs, there is a difficult transition from an experimental facility
such as the MSRE to a large scale commercial plant such as the MSBR. This concept has not yet received
significant industrial or utility support, and major R&D efforts will be required to develop the concept
commercially.

The MSBR offers the potential of a breeding ratio of 1.07, a specific inventory in the order of 1.0 kg
fissile/MWe or less, a power doubling time of less than 15 years, an estimated fuel cycle cost on the order

of 0.5 mill kWh or less and a plant efficiency greater than 45 percent.

2.5.3 LWR - LIGHT WATER MODERATED REACTORS

The thorium cycle in an LWR has been investigated extensively in the past, but for present conditions
the uranium cycle is clearly favored economically. The Indian Point PWR was operated initially on the
thorium cycle using U-235 enriched uranium as the initial fuel. While this plant successfully demonstrated
the possibility of using the thorium cycle in an LWR, as well as the ability of converting completely to the
uranium fuel cycle in the same plant, there appears to be no economic motivation to pursue the thorium

cycle in the presently developed water reactors unless the economic factors improve significantly.

2.5.4 HWR - HEAVY WATER MODERATED REACTORS

The use of heavy water as a moderator permits the use of natural or slightly enriched uranium as the
fuel. The resulting fuel inventory and makeup costs with the uranium cycle are so low that even a very
large change in the uranium ore costs would not make the thorium cycle economically competitive

(Sections 4 and 5.4).

2.5.5 FBR - FAST BREEDER REACTORS
Up to the present, essentially all developmental efforts on FBRs have involved the uranium cycle. No
thorium fueled fast reactor experiments, fuel elements, or reactor prototypes have been built, nor is their

design contemplated at this time.



2.6 General R&D for the Thorium Cycle

Research and development on the thorium cycle is indicated in the following areas to provide a firmer
base on which to assess the value of present and potential use of thorium in reactors:

1. Physics

Determination of more precise values of eta to resolve the present uncertainty of the values in both the
thermal and epithermal spectra and refinement in the measurement of other relevant nuclear properties of
U-233, Pa-233, and Th-232;

2. Fuel Materials

a) Continued experimentation on present thorium fuels, such as on the use of coated thorium and
uranium dicarbide and oxide particles for the HTGR, and molten-salts for the MSBR, which includes the
measurement of the physical and chemical properties after long radiation exposures and the determination
of the retention or disposition characteristics of the fission products,

b) Further study of the potential use of thorium-plutonium fuels and thorium-uranium alloys for
possible application in fast-spectrum reactors and/or in crossed-progeny cycles,

¢) Extension of the knowledge of the fundamental properties of potential advanced thorium fuels,
such as the thorium monocarbide and BeO dispersion fuels, which could find application in specific
reactors.

3. Processing

a) Additional development on head-end processes for solvent extraction of specific fuel concepts,
even though solvent extraction technology for thorium-based fuels is available and commercial capability
for recovering U-233 exists.

b) Additional development on the recovery of thorium from irradiated fuels since the experience is
limited to the pilot plant work conducted at ORNL.

¢) Further development of the separation and decontamination of U-233 which has been demonstrated
in the AEC Savannah River and Richland plant facilities.

d) Development of a U-233 recycle technology which is basic to a realization of the potential of the

thorium cycle for specific reactor concepts and on which limited data are presently available.



3. FEATURES OF THE THORIUM CYCLE
3.1 Fuel Cycles

The U-235 component of uranium is the only fissile material present in any significant quantity in
nature. Consequently, during the next few years all reactors will be started up with U-235 fuel. In general,
it is economically favorable to use uranium enriched in the U-235 isotope beyond its natural abundance of
0.71 percent. The cost of the enriched uranium per gram of contained U-235 1s a function of the enrichment.
For example, based on an ore cost of $8/Ib of U304 and an enrichment cost of $30/kg unit, the cost of U-
235 in uranium at 3.0 percent enrichment is about $8/g of U-235, and at 93 percent enrichment, about $12/g
of U-235. These costs compare with a U-235 cost of about $3/g of U-235 in natural uranium.

Reactors are designed so that the number of neutrons produced per fission can exceed the number
required for sustaining the chain reaction. It is desirable from the point of view of economic power
generation and the effective utilization of nuclear resources to use excess neutrons to convert fertile
material, either U-238 or Th-232, to new fissile material. If U-238 is chosen as the fertile material, it is
usually possible and economically desirable to design a thermal reactor for relatively low U-235
enrichment, e.g., 1 to 3 percent enrichment. If, on the other hand, Th-232 is chosen as the fertile material,
highly-enriched U-235 is required to achieve a corresponding enrichment of fissile material. Consequently,
the initial cost of the fuel per unit weight U-235 is usually higher when Th-232 is used as the fertile
material than when using U-238. In a fast-spectrum reactor, however, with U-235 as the starting fuel, the
fissile enrichment would be on the order of 10 to 20 percent. The cost of fuel per unit weight of U-235 for
this enrichment range is about $10/g of U-235. Thus, there is little cost advantage in using less than highly-
enriched uranium, and hence, the initial unit cost of fissile fuel would be relatively insensitive to the choice
of fertile material.

The significant parts of the nuclide chains in a thermal neutron spectrum associated with the Th-232
and U-238 fertile materials are shown in Figure 3.1. The horizontal arrows indicate neutron capture events
while the vertical arrows indicate beta decay processes. The numbers on the decay arrows indicate the half-
lives for radioactive decay. Figure 3.2 shows a direct comparison of the major isotopes produced.

The fuel cycle using U-235 as an initial fissile material, Th-232 as the fertile material, and bred U-233
fuel is described by the notation U-235(Th-232)U-233. The corresponding fuel cycle using U-238 as the
fertile material 1s U-235(U-238)Pu-239. When sufficient bred material is produced in thermal reactors to
justify recycle of the fuel, two self-perpetuating recycles will probably be U-233/U-235(Th-232)U-233 and
Pu-239/U-235(U238)Pu-239. In these cases, the initial fuel will consist of the bred fuel recovered from a
previous cycle together with some makeup U-235 if the conversion ratio is less than unity. The use of
crossed-progeny or mixed-progeny fuels is also possible and may be particularly valuable for certain
combinations of reactors (Section 4.6). This may be particularly true for combinations of thermal and fast-
spectrum reactors. The principal crossed progeny fuel cycles are U-233(U-238)Pu-239 and Pu-239(Th-
232)U-233.



FIGURE 3.1

NUCLIDE CHAINS ORIGINATING WITH TH-232 AND U-238 2

unijoads uwoxjinau Tewasdys Jeord4y e 01 2ae umoys sorjea 3uryoueiq YL,

a 4+ u 4

(ué %) 9

———

!

(%SL)

| £€2-ON]

UOISSTI

(PL'D]| ¢

 ————

u + u +
Lez-n | +——[ogz-0  |+~———

(%01)
u + u 4
(%0¢€)
(Pg'2) g
| 6€2-dN |
(ugz) g
u +
[(C6ez-0 | «—[scz-n |

(%08) (%06)
u + U 4
o LS e [T Jo— [z
(49°9) 9 (r L)) 9
u +
[ vez-8d | +——| €€z-Bd |
(wgz) | 9

u +

£€C-UlL |<+—— | 2€2-UL



FIGURE 3.2

THE ISOTOPIC BUILDUP IN THORIUM AND U338 SYSTEMS
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The nuclide chain beginning with Th-232 is very similar to the chain associated with U-238. In each case, a
neutron capture leads to a nuclide that is transformed by two successive beta decays to a fissile nuclide.
Two successive neutron captures in the bred fuel lead to a second fissile nuclide in each chain. Further, in
both chains, successive neutron captures beyond the secondary fissile material lead to heavy-element
nuclides that become neutron poisons. Unless special recycle management programs are used, these heavy-
element poisons can penalize the neutron economy of recycle operations in thermal spectrum reactors,
particularly after several recycles. A more detailed discussion of the nuclear characteristics of the nuclides
associated with the thorium cycle is contained in Appendix A.

The Th-232 chain differs from the U-238 chain in one important respect. The precursor of the bred U-
233, namely Pa-233, has a half-life of 27 days and a significant neutron absorption cross section;
absorption in the Pa-233 results in a neutron loss, and also the removal of a potential fissile nuclide. If the
Pa-233 is allowed to remain in the neutron flux, this process places a limit on the neutron flux intensity that

is optimum for the fuel cycle and must be taken into consideration in fuel cycle optimizations.

3.2 Nuclear Properties of Fertile and Fissile Isotopes

3.2.1 PROPERTIES IN A THERMAL SPECTRUM

The nuclear characteristics of the fissile and fertile isotopes are such that the U-233(Th-232)U-233
cycle gives nearly as high conversion ratios in a thermal as in a fast spectrum, while the Pu-239(U-238)Pu-
239 cycles gives much higher conversion ratios in a fast spectrum. The relative merits of the two cycles can
be seen by comparing some of the integral nuclear characteristics of both the fertile and fissile nuclides
mvolved.

In thermal-spectrum reactors, the cross-section characteristics of the fertile nuclides are relatively
unimportant, although the U-238 does lead to a fast-fission effect that multiplies the neutron production
rate by about 1.02 to 1.05. The fast-fission effect is generally less than 1.01 for Th-232.

Of greater importance in thermal-spectrum reactors are the neutron cross-section characteristics of the
fissile nuclides. Table 3.1 shows the thermal-spectrum-averaged eta values for U-233, U-235, and Pu-239
as a function of moderator temperature for a moderating power per fuel atom (EZ¢/Ng): of 4,000 barns.
This is equivalent to a carbon/fuel atom ratio of 5,000, or a hydrogen/fuel ratio of 90, which are
characteristic of thermal-spectrum reactors. It can be seen that the average neutron generation rates are
considerably larger for U-233 than for either U-235 or Pu-239. Pu-239 has the lowest value of eta in the
thermal spectrum considered in Table 3.1 and, in addition, this value decreases significantly with increasing
moderator temperatures.

The eta values in Table 3.1 represent averages only over the thermal-neutron spectrum i.e., up to a
neutron energy of 1.0 eV. However, neutron absorption also takes place in the epithermal range. Since the

epithermal values of eta are generally lower than the thermal values, an eta averaged over the thermal-plus-

" € denotes the neutron energy loss per collision and % the macroscopic neutron scatter cross-section of the
moderator, and Ny, denotes the number of fuel atoms.



TABLE 3.1.—Thermal=-Spectrum-Averaged Eta Values for
U-233, U-235, and Pu-239
(Moderating Power Per Fuel Atom = £Z /N, 4 = 4,000 barns/atom)

7

Temp., OC Eta
U-233 U-235 Pu-239
0 2.29 2.06 1.87
300 2.29 2.05 1.82
600 2.29 2.0kh 1.79
900 2.28 2.03 1.77

TABLE 3.2.—Typical Spectrum-Averaged Thermal, Epithermal, and Combined
Thermal-plus-Epithermg]l Eta Values for U-233, U-235, and Pu-239 at 600°C,
(Moderating Power Per Fuel Atom = £ Es/Nfuel = 1,000 barns/atom)

U-233 U-235 Pu-239
Ttn 2.29 2.0k 1.79
Tept 2.1k 1.62 1.76

n 2.2L 1.95 1.78




epithermal spectrum tends to be lower than the thermal value. Average values of eta over the thermal,
epithermal, and thermal-plus-epithermal energy ranges for the previously-defined moderating power at a
temperature of 600°C are shown in Table 3.2. The eta value for U-233 is degraded less than that of U-235
due to an epithermal flux component. Since the typical LWR spectrum normally has a higher epithermal
neutron absorption component than the example shown in Table 3.2, the average eta for U-235 in the LWR
would be somewhat lower than shown.

There will always be a mixture of U-233 and U-235 fuels present after several cycles of operation in a
thermal-spectrum reactor using the thorium cycle. Even if no U-235 is used as makeup fuel, some of it will
build up from the parasitic capture of neutrons in U-233 and a subsequent second capture in U-234 (Figure
3.1). The ratio of neutron absorptions in U-235 to those in U-233 would be about 0.1 for equilibrium
concentrations of the higher isotopes in the case shown in Table 3.2. On the other hand, if the reactor has a
conversion ratio of less than unity, then some U-235 makeup fuel would also be required with each new
fuel charge, thereby increasing the equilibrium fraction of fissions in U-235 above 10 percent; a conversion
ratio of 0.80 will result in an equilibrium fraction of neutron absorptions in U-235 of approximately 30
percent with an over-all effective eta for the fuel mixture of U-233 and U-235 of about 2.15.

The relative nuclear characteristics of the various fissile and fertile isotopes in thermal-spectrum
reactors are:

1) The thermal-spectrum-averaged value of eta for U-233 is considerably higher than that of either
U-235 or Pu-239 (Table 3.1). However, build-up of Pu-241 will increase the average value of eta of fuel in
the uranium cycle, whereas buildup of U-235 will decrease the average value of eta of fuel in the thorium

cycle (Appendix A, Table A-1).

TABLE 3.3.—Fission Cross Sections and Eta Values for Fissile Nuclides
at Three Neutron Energies

10 kev 1C0 kev 1.0 Mev
ev) (105 ev) (106 ev)

Fission Cross Sections, barns

U-233 L.5 2.5 2.0
U-235 3.3 1.7 1.2
Pu-239 1.9 1.8 1.7

Eta Values, neutrons produced per neutron ebsorbed
7-233 2.2k 2.26 2.4%0
U-235% L.77 1.90 2.32

Pu-239 2.00 2.41 2.99



TABLE 3.4.—Some Selected Average Cross-Secticn Parameters for Fuel Nuclides
in a Fast Breeder Reactor¥*

Nuclid .

fquciae a Vo VOp - 9,
U-233 2.31 7.08 L.og
U-235 1.93 L.63 2.70

Pu-239 2.49 5.50 3.29
Pu-2L1 2.2 8.92 5.65

Th-232 0. 076 0.028 -
U-238 0.h11 0.12L -

Pu-240 1.315 1.185 -

* Spectrum chosen was that of a Gas-Cooled Fast Breeder Reactor with
(U~-238/Pu) oxide fuel.

2) The thermal-spectrum-averaged value of eta for U-233 is relatively insensitive to changes in the
moderator temperature. On the other hand, an increase in the moderator temperature will result in a slight
decrease of the eta of U-235 and a greater decrease of the eta of Pu-239.

3) The epithermal eta for U-233 is slightly lower than the thermal value, so that the choice of a soft
spectrum (high moderator-to-fuel ratio) will result in improved neutron economy. The epithermal eta for U-
235 1s significantly lower than the thermal value, so that a well-thermalized spectrum 1s very important for

a reactor starting up with U-235 or using substantial amounts of U-235 as makeup fuel in recycle

operations.

3.2.2 PROPERTIES IN A FAST SPECTRUM

In a fast-spectrum reactor, the cross sections of the fertile and fissile nuclides behave quite differently.
Fission cross-section data for U-238 and Th-232, as well as the three fissile nuclides, are discussed in
Appendix A. The fertile fast-fission contribution to the over-all neutron production rate per fission in an
FBR is a very important factor in maximizing the breeding ratio. The fast-fission cross section of U-238 is
significantly larger than that of Th-232 (a factor of 4 to 3; Fig. A.5) and the U-238 contribution to the
breeding potential in a fast-spectrum reactor is, therefore, much greater.

The nuclear characteristics of the fissile nuclides as well as their behavior as a function of neutron

energy in the high-energy spectrum have an important bearing on the performance of fast reactors using



these fuels, as discussed later in Sections 3.4 and 5.6. An examination of the fission cross sections and eta
values for the fissile nuclides tabulated in Table 3.3 for three different energies, viz., 10 keV, 100 keV, and
1.0 MeV reveals that:

1) The U-233 fission cross section in the range from 10 keV to 1.0 MeV is significantly higher than
that of either U-235 or Pu-239.

2) The fission cross section of Pu-239 is relatively insensitive to the neutron energy, while those for
U-233 and U-235 decrease significantly with energy.

3) The eta value for Pu-239 is substantially higher than that of U-233 or U-235 at 1.0 MeV. At 10 keV,
however, U-233 eta is larger than that of U-235 or Pu-239. Therefore, at a somewhat degraded fast neutron
spectrum of about 100 keV, the eta values for Pu-239 and U-233 would not differ significantly.

4) The eta values for Pu-239 and U-235 are very sensitive to changes in the neutron spectrum, while
that of U-233 remains relatively constant with energy.

Of greater significance to the reactor designer are the spectrum-averaged values of the cross sections.

The spectrum of an FBR is very sensitive to the type of fuel element, the amount of structural material,
the choice and volume fraction of coolant, and the specific design features of the reactor. General
observations are possible for a broad range of spectra. For example, some spectrum-averaged cross-section
parameters for several fuel nuclides in a gas-cooled FBR are shown in Table 3.4. The value of the neutron
yield (vZf) for U-238 is more than four times as large as that for Th-232. Among the fissile nuclides, the eta
for U-233 is somewhat smaller than that the Pu-239, but still significantly greater than 2.00. The difference
between neutron yield and neutron absorption (VXf - Xa) is a measure of the critical mass of the system, i.e.,
the larger the value for the core, the smaller the critical mass. Thus, the specific fissile inventory of a
reactor using U-233 fuel should be somewhat smaller than that for one using Pu-239, and considerably
smaller than that for a reactor using U-235. However this advantage for U-233 relative to fissile Pu,

decreases as the Pu-241 to Pu-239 concentration increases.
3.3 Advantages of the Thorium Cycle for Applications in Thermal-Spectrum Reactors

3.3.1 INTRODUCTION

The selection of reactor and fuel cycle requires assessment of projected economics, taking into
consideration that the uranium ore costs may increase. This implies assessment of fuel cycle types offering
good fuel utilization. Factors which influence the economics and selection of such a fuel cycle are fuel
conversion ratio, specific fissile inventory, fuel fabrication and processing costs, and plant efficiency.

Fuel cycles characterized by high fuel conversion ratios or low specific fissile inventory conserve
nuclear fuel resources, and, in addition, permit realization of low fuel depletion costs or fuel working
capital charges, respectively. The achievement of high fuel burnup results in low unit energy charge for

fuel fabrication, shipping, and reprocessing because a large amount of heat is produced per unit of



fabricated fuel. High plant efficiency permits conservation of nuclear resources and the realization of low
overall fuel costs since a high electric output is achievable from a unit of heat generated.
A discussion of these characteristics, as related to the thorium and uranium fuel cycles, is presented in

the following sections.

3.3.2 FUEL CONVERSION RATIO

The most significant nuclear advantage of the U-233(Th-232)U-233 cycle over the Pu-239(U-238)Pu-
239 cycle in thermal reactors is the potential of a higher conversion ratio. The importance of a high
conversion ratio, CR, in assuring good utilization of resources is directly related to the burnup needs. In a
converter reactor, CR units of bred fuel are produced for each unit of fuel consumed, and the net
consumption of nuclear fuel is, then, proportional to (1-CR). Hence, other things being equal, a reactor with
a conversion ratio of 0.6 would consume twice as much fuel per unit energy developed as a reactor having
a conversion ratio of 0.8. The higher conversion ratio leads directly to a lower depletion charge in the fuel
cycle cost.

The conversion ratio is directly related to the number of neutrons available in a reactor for conversion
of fertile to fissile material and is simply the difference between the number of neutrons produced and those

which are lost or required to sustain the chain reaction, that is

CR=e*n-1-L,

where ¢ is the fast-neutron multiplication factor, n the neutron production rate per neutron absorbed in the
fissile material, and L the neutrons lost parasitically per neutron absorbed in the fissile fuel. The relatively
large eta value of U-233 in the thermal spectrum is the most important factor contributing to the potentially
larger conversion ratios achievable with the thorium cycle. A small part of the advantage of the higher eta
in U-233 is lost in the thorium cycle, however, because of the smaller fast-fission effect in Th-232 relative
to that in U-238.

The neutrons should be thermalized as much as possible in thermal and intermediate reactors to
maximize the neutron production rate, e*n. Since the absorption cross sections of graphite and heavy water
are relatively small, it is possible to thermalize the neutrons quite well in graphite or heavy water
moderated reactors without incurring a large neutron loss in the moderator material itself. With ordinary
water as the moderator, however, the neutron absorption due to the hydrogen is significant. It is also
economical to use relatively tight lattices in LWRs, i.e., lattices with a high fuel-to-water ratio. The net
result is that the neutron spectrum in a light water-moderated reactor tends to have a significant epithermal
flux component, and the effective eta of the fuel, therefore, tends to be low with U-235 as the fissile
material. This reduction is slightly offset in the LWR by a higher fast-fission factor.

Reduction of the parasitic loss of neutrons to achieve a high conversion ratio is greatly influenced by

the reactor design features, the fuel cycle choice, fuel management and methods of control. Therefore, it is



difficult to compare quantitatively the neutron loss in various types of reactors. Pertinent to the discussion
of the thorium cycle, however, are losses to control poisons, fission product poisons, and to Pa-233. A Pa-
233 absorption not only results in a neutron loss but also in the removal of a potential fissile nuclide. In the
HTGR, Pa-233 absorptions reduce the conversion ratio by about 0.03. In the MSBR there are no losses to
control poisons, while neutron losses to Pa-233, to Xe and Sm, and to fission products result in conversion
ratio losses of less than 0.005, about 0.005, and about 0.02 to 0.03, respectively.

Losses to fission product poisons can be reduced by decreasing the fuel exposure, but this normally
results in an increase in the unit fabrication and reprocessing costs. Significant reductions could be
achieved, for example, in the HTGR by allowing the more volatile fission products to escape from the fuel
particle. A basic feature of the MSBR is the continuous removal of fission products from the fuel stream.

Control poison losses can be reduced or eliminated by the use of more frequent partial refueling, by
on-stream refueling, as in the HTGR reference design, or by controls involving the motion of fuel or fertile

material as in the MSBR.

3.3.3 SPECIFIC FISSILE INVENTORY

In a growing nuclear economy, significant amounts of fuel are required for the startup of new reactors,
in addition to the net burnup requirements. If, for example, the nuclear power generating capacity grows
with a doubling time of less than six years as is expected for at least the next 15 years, then fuel inventory
requirements for the new power capacity will generally be found to exceed the fuel consumption
requirements, at least for cases where the conversion ratio is greater than about 0.7. Hence, the introduction
of reactors with high conversion ratios, even if they are slightly greater than unity, does not eliminate the
requirement for additional mined uranium. But, if breeding and a low specific inventory can be achieved
simultaneously, then annual uranium requirements to provide for an expanding nuclear power economy can
be materially reduced.

The specific fissile inventory of a reactor system, kg fissile material’kWe, can be expressed as

where Ir is the kg fissile material/kWe in the reactor, tr the time interval spent by the fuel in the reactor, and
tp the time interval of the fuel spent outside the reactor for fabrication, reprocessing, and associated
operations. Since the total ex-reactor holdup time is typically about one year, a reactor with a fuel exposure
of one year will have inventory requirement about 70 percent greater than that of a reactor with a six-year
fuel lifetime. In a circulating fuel reactor, such as the MSBR, it is very important to minimize the ex-reactor
volume of the circulating fuel system.

The specific inventory depends in part on the thermal-hydraulic design. It is generally found that

improvements in the thermal performance can be achieved by design changes at the expense of increasing



the fissile load. Uneven power distributions in a reactor core can arise from a number of factors, including
fuel zoning schemes, control rod programming, local heterogeneities in the core composition, and, in a
fixed-fuel core, the composition and age distribution of the fuel in various parts of the core. It is sometimes
difficult to accommodate power shifts arising from fuel depletion and the replacement of the spent fuel by
fresh fuel, particularly if the fresh charge involves bred fuel having a composition and effective cross-
section different from the surrounding older fuel. The situation sometimes can be improved by increasing
the fissile load in the core so that the fractional change in loading during the fuel lifetime 1s reduced.
Perturbations due to burnup and/or refueling can then be reduced, although at a penalty to the fuel cycle
cost. The problem of uneven power distributions can be less severe in reactors utilizing the thorium cycle.
The higher conversion ratio of this cycle leads to smaller changes in power due to depletion effects. In
addition, the thermal cross-section characteristics of U-233 are closer to those of U-235 than are those of
Pu-239 to U-235. When Pu-239 and U-235 are present together, the Pu-239 will burn out proportionately
faster because of its relatively larger cross section.

The reactor systems homogeneous to neutrons, such as the HTGR and MSBR, require a lower specific
inventory when using the thorium cycle instead of the uranium cycle. However, this advantage of the
thorium cycle is lost when it is used in reactor systems such as the HWR and LWR that are heterogeneous
to neutrons. In these, highly enriched fissile material would be required in utilizing the thorium cycle, as
contrasted with slightly enriched fuel in the uranium cycle. Also, attainment of low specific inventories
may be limited in the thorium cycle because of significant neutron losses in Pa-233 as the power density is

increased, unless the Pa can be frequently or continuously removed.

3.3.4 FUEL EXPOSURE TIME

Fuel exposure is chosen on the basis of technical fuel performance and an economic optimum
between fabrication and reprocessing costs, depletion costs, and, to some extent, working capital costs.
Longer fuel exposures are usually associated with fixed-fuel, thermal-spectrum reactors using the thorium
cycle than with the low-enrichment uranium cycle. This results from the higher conversion ratios in the
thorium cycle which reduce reactivity losses for a given fuel burnup fraction.

For a fluid-fuel system such as the MSBR, the above conditions do not apply, since reactivity can be
controlled by fuel addition or removal. Also, one of the major advantages of the MSBR is the continuous
reprocessing of the fluid fuel. As described in Section 5.2, the separation of the bred uranium from the
thorium-containing salt, and also the removal of fission products from the fuel carrier salt, are basic to the
high performance characteristics of the MSBR. The processing methods are uniquely suited to the use of

the thorium cycle, permitting rapid processing rates and short fuel exposures.

3.3.5 PLANT EFFICIENCY
The importance of a high plant efficiency in achieving good utilization of nuclear resources in non-

breeding reactors is obvious, i.e., to produce more power from a given amount of fuel and to reduce the



rejection of waste heat. In very efficient breeders, where the value of the bred fuel is enough to pay for all
incremental operating costs, it would seem that the plant might be operated even if heat was wasted, but
even in this case it would be more economical to have a high plant efficiency because of the fixed charges
on the plant and fuel.

The plant efficiency of a nuclear plant depends primarily on the temperature of the steam that can be
generated, and this depends, in turn, on the type of coolant, the fuel element design, and the overall plant
design. Although the choice of the fuel cycle is not a major factor in the plant efficiency of a nuclear plant,
high-temperature operation directly affects the conversion ratio as discussed in Sections 3.2 and 3.3.3. The
U-233(Th-232)U-233 fuel cycle utilizes a fuel which has a relatively invariant value of eta with
temperature and is, therefore, more attractive for high-temperature, thermal-spectrum reactors than is the

Pu-239(U-238)Pu-239 fuel cycle.
3.4 The Thorium Cycle in Fast-Spectrum Reactors

3.4.1 INTRODUCTION

Large uncertainties exist in the cross-section data for the heavy-element fissile and fertile nuclides in
the high neutron energy range of interest. Furthermore, results of only a few critical experiments are
available for U-233-fueled assemblies. Hence, it is difficult to accurately evaluate the detailed performance
characteristics of the various fuel cycles in fast reactors. Nevertheless, certain general information can be

stated on the basis of the currently available nuclear data.

3.4.2 THORIUM AS A FERTILE MATERIAL

The larger fast-fission effect in U-238 compared with that in Th-232 gives a reactor loaded with U-
238 fertile material a significant advantage over one loaded with thorium. As was shown in Table 3.4, the
value of the neutron yield, vX;, for U-238 is larger than that of Th-232 by a factor of about four, the exact
value depending on the specific reactor design. An indication of this relative improvement may be seen in
Table 3.5 which summarizes some calculations by Okrent (1) for a very simple spherical reactor. The
combinations using U-238 as the fertile material lead to conversion ratios that are higher by about 0.15 to
0.25 and inventories that are lower by about 3 to 10 percent when compared with those obtained using Th-
232. The breeding ratio given in Table 3.5 would be significantly lower for oxide or carbide fuels. Table
3.6 gives an indication of the reduction in breeding ratio using these fuel forms.

A design parameter of considerable importance in sodium-cooled FBRs is the sodium void coefficient.
For reactors using the Pu-239(U-238)Pu-239 fuel cycle, this coefficient can be positive, due in part to the
energy dependence of the fast-fission effect in the U-238. The use of thorium as a fertile material reduces
this coefficient significantly as can be seen from Table 3.5. While this represents a distinct advantage for
thorium in such reactors from the viewpoint of safety, the value of this advantage will remain unknown so

long as the safety criteria for FBRs have not been established.



TABLE 3.5.-—Critical Mass, Breeding Ratioc, and Sodium Void Effect for a

3000-Liter Metal Fueled Fast Reactor®D

Critical Breeding Reactivity Worth of 40% of

Fuel Type Mass, kg fissile Ratio the Sodium, ZXk/k in core
Th-232/U-233 918 1.27 - .031
U-238/7U-233 878 1.50 - .01z
Th-232/Pu-239 1060 1.36 - .013
U-238/Pu-239 1030 1.60 + .0025
Th-232/U-235 1580 1.00 - .030
U-238/U-235 1460 1.16 - .016

8‘Reference 1.

bThese data pertain to a core with 15 V/o fuel, 18 v/o steel, and 67 v/o
sodium, and a 45-in.-thick blanket with 40 v/o uranium.

TABLE 3.6.—Comparison of Breeding Performance of Selected 3299
Liter Fast Reactors Using Oxide, Carbide and Metallic Fuel

Critical Mass Breeding
Fuel Type Kg fissile Ratio
U-238/Pu Oxide 965 1.29
"1-238/Pu Carbide 1104 1.46
U-238/Pu Metal 1247 1.75

®Reference 21, Table 1; core

volume fraction:

30 fuel/20 clad/50 Na.



The use of thorium in the FBR leads to a unique control problem. Neutron capture in Th-232 results in
Pa-233 which decays with a 27-day half-life (Figure 3.1). As a result, a relatively large amount of Pa-233
will build up in a thorium-bearing reactor, the buildup of U-233 fuel thereby being delayed. A fairly large
reactivity loss can occur during the first month of operation before the U-233 builds in. Furthermore, if the
reactor is shut down for a period corresponding to the Pa-233 half-life, the fuel buildup will result in a
substantial reactivity increase. Since it is desirable for safety reasons, to limit the amount of excess
reactivity in a FBR, the indicated reactivity transients associated with the use of thorium are a disadvantage.
It should be noted, however, that the fast-fission effect and the Pa-233 reactivity effect would be small
when thorium is used in the blanket of the reactor.

While thorium appears to have the nuclear disadvantages described above, its physical behavior as a
metallic fuel material is far better than that of uranium. Consequently, the use of thorium as a fertile

material in fast-spectrum reactors may offer some advantages if it is used in the metallic form.

3.4.3 U-233 AS A FISSILE MATERIAL

As discussed in Section 3.2, U-233 has some attractive characteristics in fast-spectrum reactors. The
eta value for U-233 is not much lower than that of Pu-239, particularly in soft-spectrum fast reactors, so
that the breeding ratio with the U-233(U-238)Pu-239 cycle would be expected to be reasonably close to
that in the Pu-239(U-238)Pu-239 cycle. In addition, its high value of neutron yield ( vof - a ) could lead to
lower specific inventories. Finally, its cross-section behavior as a function of neutron energy is such that it
would lead to a smaller void coefficient in sodium-cooled FBRs. All of these characteristics are shown

qualitatively by the calculations summarized in Table 3.7.

3.5 Transition from the Uranium to the Thorium Cycle

Thermal-spectrum reactors will probably dominate the power reactor industry for the next two
decades. However, these reactors could be converted to the use of the thorium fuel cycle if the uranium ore
price goes up sufficiently. This would raise the conversion ratio, as discussed in Section 3.2. However, until
such time as a breeder exists, there cannot be enough U-233 available to fuel thermal reactors with that
material alone. Hence, U-235 must also be used as a feed and makeup material, and the full increase of 0.2
in the conversion ratio, which represents the potential in switching from U-235 to U-233, cannot be
realized in any system to be operated in the near term. Any increase in conversion ratio must be balanced
against the costs that may be incurred in switching from the uranium to the thorium system. Chief among
these costs is the use of highly-enriched uranium instead of partially enriched material. The lower the
required uranium enrichment in reactors utilizing the uranium cycle, the less will be the incentive to switch
to U-233. Reactor systems which are more homogeneous from the nuclear point of view, such as the
MSBR and the HTGR, would normally require a high uranium enrichment anyway, and these offer the

greatest incentive to switch to U-233.



3.6 Summary

In summary:

1. A very important incentive for the use of the thorium cycle is the high eta of U-233 and the
resulting improved fuel conversion ratio.

2. The conversion ratio of a thermal-spectrum reactor fueled with U-233 is greater than one fueled
with Pu-239. Hence, there is a greater incentive to recycle bred fuel in the thorium cycle than in the
uranium cycle.

3. The higher conversion ratios of the systems operating on the thorium cycle permit longer reactivity
lifetimes. Longer fuel lifetimes result in reduced fabrication and processing charges per unit of energy
output.

4. While only slightly enriched uranium is required for the uranium cycle, highly-enriched uranium is
required for the thorium cycle. Hence, for a particular reactor concept, the fissile inventory cost becomes a
more important consideration with the use of the thorium cycle than with the uranium system.

5. The thorium cycle tends to be more economical than the uranium cycle in high-temperature
reactors in which the fuels are homogeneous to neutrons. In thermal-spectrum reactors, such as the HTGR
and MSBR, which operate at higher temperatures, the eta remains high and the conversion ratio larger with
the thorium cycle than when using the uranium cycle. Thus, the thorium cycle tends to lower fuel depletion
costs which compensates for the relatively high fissile inventory costs associated with the thorium cycle.

6. The uranium cycle tends to be economical in soft-spectrum reactors heterogeneous to neutrons,
such as the LWR and HWR, in which the fissile enrichment requirement is low. The lower cost of fissile
fuel which can be used with the uranium cycle offsets its relatively lower conversion ratio.

7. Use of U-238 as the fertile material in a fast reactor provides a higher breeding ratio than does the
use of Th-232. This is due in large part to the large fast-fission factor in U-238; the eta values for the
respective bred fuels, Pu-239 and U-233, do not differ greatly in fast reactors. However, the uranium cycle

tends to give a positive sodium void coefficient. The use of Th-232 or U-233 alleviates this problem.



4. NUCLEAR FUEL RESOURCES, REQUIREMENTS, AND ECONOMICS

4.1 Introduction

Both U-238 and Th-232 are convertible to fissile material in a nuclear reactor, but unlike natural
uranium with its small percentage of U-235, natural thorium contains no fissile isotopes. Hence, the initial
fuel inventory and any makeup fuel requirements to sustain the operation of reactors using the thorium
cycle must depend on the U-235 separated from natural uranium, or on secondary fissile material produced
in another reactor. Even in the latter case, the secondary fuel depends at some point on naturally occurring
U-235 for fissile material. Thus, it is essential that the uranium as well as thorium requirements for fuel
mventory and fuel replacement be examined when considering the use of the thorium cycle.

The use of the thorium cycle can lead to reductions in the amount of uranium ore that must be mined
for the production of electrical energy; nevertheless the amount and cost of the uranium ore required still
will be more important than the amount and cost of thorium ore. For example, a thorium fueled reactor
might require on the order of 0.1 kg ThO,/kWe to provide its initial fertile material requirement compared
to about 5-10 times as much uranium ore to provide for its initial fissile fuel requirement. At a ThO; cost of
$5/1b, the initial thorium requirement would, therefore, be about $1/kWe, or a thorium inventory charge of
less than 0.02 mills/kWe compared to the uranium ore inventory cost of 0.1 to 0.2 mills’lkWe at an ore cost
of $8/1b U;0s. Clearly, in contrast to the effect of an increase in uranium ore price, an increase in the cost
of thorium ore by a factor of two would have little effect on the cost of electricity from a thorium-fueled
reactor.

The amount and cost of thorium ore are, therefore, of little concern in assessing the possible role of
the thorium cycle in the production of nuclear energy so long as the cost of recovery and amounts available
are not very different from present estimates. Because of the present low thorium prices and the uncertain
processing cost of the present low-volume thorium processing industry, there might be an economic
incentive not to recycle thorium in the near-term, but to stockpile it until a large-scale, lower unit cost,
industrial thorium processing capability was developed.

In the following discussion, the estimated domestic reserves of uranium and thorium ores are
reviewed and the relative requirements of resources for reactors using the thorium and uranium cycles are
discussed within the context of the projected nuclear power growth. Finally, the economics of the thorium

cycle are discussed with particular emphasis on the effect of possible uranium ore cost increases.

4.2 Nuclear Fuel Resources

Estimates of U. S. uranium resources, prepared by the AEC (2), and the U. S. Geological Survey
(USGS) (3), are given in Table 4.1. The thorium resources are given in Table 4.2. The estimates include
those resources which are reasonably assured and estimated additional. The additional resources refer to

those indigenous areas in which there are known deposits, or about which sufficient geological data or



aflf

TABLE 4.1.—BEstimates of U. S. Uranium Fuel Resources®

Up to Price of, Total, Reasonably Assured
$/lb U308 Reasonably Assured plus Estimated Additional
Millions of Short Tons
USAEC UsGS USAEC USGS
T -- -— 0.10 --
8 0.15 -- 0.43 -
10 0.21 0.19 0.56 1.1
15 0.46 .- 1.0 -
30 0.66 0.36 1.6 1.9
50 6 - 10 -
100 11 15 25 ko
500 500 -- 2000 4700

alfieference 2 data; lower cost estimates revised Jan. 1968.
bReference 3.

TARIE L.2.—Estimates of U. 8. Thorium Resources

Total, Reasonably Assured

Up to Price of, plus Estimated Additional,
$/1b Tho, Millions of Short Tons
USAECS %3
10 0.6 1.0
30 0.8% 2.1
50 11 -
100 36 77
500 3000 --

aIncomplete estimate because of lack of data.



FIGURE 4.1
U.S. AEC REASONABLY-ASSURED PLUS ESTIMATED ADDITIONAL
(JANUARY 1967)

CUMULATIVE URANIUM RESOURCES RECOVERABLE UP TO INDICATED PRICE
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FIGURE 4.2

NUCLEAR POWER GROWTH ESTIMATES

FOR 1975 AND 1980 VARYING
WITH YEAR ESTIMATE MADE
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information have been developed by active exploration to indicate the existence of a favorable environment
for the occurrence of uranium or thorium-bearing deposits. Further discussion of the uranium resources is
given in Appendix D.

Estimates of uranium and thorium resources are subject to the same uncertainties that apply to
estimates of other minerals. It is noted that the USGS estimates make greater allowance than those of the
AEC for discovering additional deposits in the specific price ranges.

For civilian nuclear power projections, the availability of uranium to meet nuclear power growth
demands have been frequently based upon the AEC estimates of reasonably assured resources. However,
for the assessment in this report, the AEC estimates of "Reasonably Assured plus Estimated Additional”
resources were used. These are shown graphically in Figure 4.1. This basis recognizes that the use of AEC
"Reasonably Assured" estimates may be too conservative and, therefore, greater credence should be given
to the AEC total estimates, which include estimated additional resources, in making civilian nuclear power
assessments. It is noted that the USGS "Reasonably Assured” estimates are lower than those of the AEC in
the lower price range although their estimates of less-defined additional resources are higher.

Established mineral resources are frequently only sufficient to meet anticipated requirements for a few
decades. As the demand increases, the established reserves become committed and the price for the mineral
increases. This provides an economic incentive for further exploration and development to provide for a
relatively consistent reserve-to-demand ratio. The practice in the uranium industry has been to maintain
about an eight-year reserve. The current strong demand for uranium has resulted in the commitment of the
bulk of the established uranium reserves and an intensified ore exploration by the mining industry to
enlarge their resources. Even in the event that new, large, low-cost reserves should not be developed, the
amount of known low-grade uranium ores that could be recovered at higher costs is large. Thus, the
conservation of uranium resources, per se, is not critical if the lower grade, higher cost ores can be
economically used in nuclear power reactors. Utilization of uranium resources, therefore, can be more

appropriately interpreted in that context.

4.3 Civilian Nuclear Power Growth

Since the inception of the development of commercial nuclear power, forecasts of its growth rate have
been made by responsible authorities. Figure 4.2 shows the variations of the projected estimates of nuclear
capacity for 1975 and 1980 as a function of the year in which they were made. These estimates reflect the
optimism of the mid-1950's when nuclear power was still under development, the cautiousness of the early
1960's when nuclear power was being commercially introduced, and the reality of the mid-1960's which
witnessed the unexpected surge in orders for nuclear power plants. While there has been a continual
revision of the nuclear power forecast up to the year 1980, none has been made beyond that date; beyond
1980 the estimate is essentially the same as that given in "Civilian Nuclear Power": The 1967 Supplement

to the 1962 Report to the President on Civilian Nuclear Power.



The nuclear power forecast shown in Figure 4.3 has been used for the present assessment. The 1980
forecast is the mean value of the 1967 AEC estimates of 120 to 170 GWe. The forecast for the year 2000 is
the same as that given in the Supplement to the 1962 Report mentioned above.

Table 4.3 indicates the projected nuclear power capacities for the years 1970 to 2010 at five-year
mntervals. Shown also in the table are the estimated annual growth rates in gigawatts and in percent, and the
cumulative, full-power, nuclear generating capability in gigawatt-years. As would be expected, the annual
growth of nuclear power installations is significantly more rapid than that of the electric industry in the
early years. By about the turn of the century, the annual growth of nuclear power is expected to approach
that of the entire electric industry. This represents a situation in which the ratio of nuclear-to-total power

generation approaches and remains essentially a constant.

4.4 Reactor Uranium Requirements

Nuclear reactors require uranium for fuel inventory and for fuel replacement. Fuel inventory denotes
either that which is required for the reactor core only, or for a total inventory. The latter includes the ex-
reactor and ex-plant inventory as well; it may be based on either initial or equilibrium reactor conditions.
The fuel replacement is usually considered on an annual basis, and is frequently called makeup, burnup, or
depletion requirements. It is important to consider in this context how the power industry makes
commitments for fuel procurement. The present assessment of uranium requirements, which reflects the
effect of the nuclear power growth and type of reactor introduced upon the uranium supply and its price, is
based upon a commitment rather than an actual utilization basis. Current practice is to negotiate for fuel for
the first loading and for up to ten years of operation at the time a commitment is made for the construction
of a nuclear plant. The practice in the uranium mining industry, indicated previously, is to maintain about
an eight-year ore reserve. This report considers ore purchases for the initial core loading as well as for
replacement for six full-power years of operation in order to estimate what impact the installation of
specific thorium fueled reactor systems might have upon the uranium ore supply and price. Such a
commitment would provide for the initial core loading plus about 7 to 8 years of operation at a 75 to 85
percent plant factor. Additional ore would be required to operate the plant for its remaining useful life. For
an average capacity factor of 60 percent and a 30-year plant life (18 full power years) the total fuel
commitment, therefore, would be equivalent to the initial and replacement fuel for 18 full power years.

The use of an average 60 percent plant capacity factor may be considered to be conservative, except,
in the unlikely event that the early plants become technologically or economically obsolete before the
expected design life of 30 years. If the average capacity factor were larger than that conservatively assumed
(60 percent) more fuel would be consumed, thus leaving a somewhat smaller reserve margin and require
additional fuel replacement. The additional fuel replacement needed, for 30 years of operation at an average
capacity factor of 70 percent would amount to 3 full power years (21 vs. 18 full power years). Variation of
the load factor and nuclear power growth rate assumed here would not significantly affect the general

assessment of the role of thorium in specific reactors. For example, discovery of uranium ore in addition to
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TABIE L.3.—Estimated Growth Rate of Nuclear Power Capacity
(Deta Interpolated from figure L4.3)

Operating Cumulative Nuclear

Capacity, Annual Growth Generating Capability,
Year Cwe? PercentPs ¢ Cwe Gwe-yr
1970 12 - - -
1975 65 20.2 13 190
1980 145¢ 12.5 18 700
1985 248 9.3 23 1,680
1990 375 7.6 28 3,230
1995 535 6.7 35 5,490
2000 T3k 6.1 Ly 8,640
2005 990 5.8 56 12,900
2010 1,310 5.5 72 18,600
2015 1,720 5.4 o2 26,200
2020 2,2k0 5.2 116 36,000

aOne gigawatt equals 1000 megawatts

bCurrently the total U.S. Steam electric generating capacity is growing at
a rate of about 8%/year and is expected to decrease to about 6%/year by
the year EOOO.E/

Clatest AEC forecast indicates a slightly higher value (about 150 Gwe).



that assumed in Figure 4.1 could provide for any increased ore demand imposed by the larger number of
nuclear plants operating at higher capacity factors.

The uranium ore requirements for various reactors are given in Table 4.4. For uranium systems, the
HWR would require less than one-half as much uranium ore as the LWR for the initial core loading, and
significantly less for makeup. With respect to the thorium systems, the HTGR and HWR would require
about the same amount of uranium ore for the initial loading as the uranium-based LWR system, but the
makeup requirement might be approximately half as much. The cumulative uranium ore requirements for
the uranium fueled LWRs, which would be needed to meet the postulated nuclear power growth rate, and
the effect of the introduction of an advanced reactor system after a specified date are given in Figures 4.4
and 4.5. In Figure 4.4 the shaded area between the top two solid lines indicates the uranium requirement if
only LWR systems were built to meet the estimated nuclear power demands up to the year 2000. The
dotted lines refer to cases where it is assumed that no LWRs would be built after 1980 and that these built
would then continue to operate with improved core performance up to the year 2000. The effect of the
introduction of only advanced reactor systems, excluding FBRs, starting in 1980, in reducing the uranium
ore requirements is indicated. Figure 4.5 differs from Figure 4.4 in that the LWRs continue to be built up to
1985, followed by the building of only advanced reactor systems thereafter.

These figures show the large amount of uranium ore which would be required to sustain the projected
nuclear power capacity up to the year 2000 with only LWRs in operation. The amount would be reduced by
more than a factor of two by the introduction of high-performance advanced reactor systems, e.g., MSBR.
Also, a very important consideration is the time of introduction of an advanced reactor; the longer it is

delayed the less would be the reduction in over-all ore requirements.

4.5 Economics

The assessment in this report excludes consideration of the introduction of an economic FBR during
the period under discussion. It is intended primarily to show the merit of the introduction of various
thorium-fueled reactor systems into an LWR nuclear power complex. The interrelationship and merit of all
promising reactor systems in meeting future electric power requirements for a variety of parametric
conditions has been investigated by the Systems Analyses Task Force using a computerized linear
programming procedure, and is reported in WASH-1098, Potential Nuclear Power Growth Patterns.

The real measure of the value of the difference in uranium resource requirements for various reactor
systems is economics. Developed nuclear power plants will be accepted by the utility industry primarily on
the basis of the economic performance which can be obtained, especially in the face of possible increases in
the cost of uranium ore for fuel replacement. Figures 4.6 and 4.7 show the calculated trend in the uranium
price with time based upon the data given in Figures 4.1, 4.4, and 4.5. The, introduction of an advanced
reactor in 1980 might limit the uranium price to about $15/1b U;Og (a possible critical economic value for
the LWR) to about the years 1995 to 2000 (Figure 4.6); it is noted that while the MSBR would extend the
availability of $15/Ib U0y far beyond 2000, the MSBR is not likely to be commercially developed as
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ESTIMATED CUMULATIVE URANIUM ORE REQUIREMENT,

MILLIONS OF TONS U3zOg

FIGURE 4.4

ESTIMATED CUMULATIVE URANIUM ORE REQUIREMENTS
FOR SPECIFIC REACTOR SYSTEMS
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ESTIMATED CUMULATIVE URANIUM ORE REQUIREMENTS
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early as 1980. If the introduction of an advanced system, other than the MSBR, is delayed to 1985, the
price of uranium ore might be limited to $15/1b U;Oy at best for ten years (1995) (Figure 4.7). Thus, to have
a significant impact upon the uranium ore requirements and the cost of ore, an advanced converter reactor
must be commercially developed by 1980, or an economic breeder developed by about 1985-1990.

One measure of the relative merit of different reactor types is their fuel cycle cost. The effect of the
price of uranium ore upon the fuel cycle cost of various reactor systems was calculated and is shown in
Table 4.5 and in Figure 4.8. In this comparison, the heavy-water inventory for the HWOCR and the on-site
processing for the MSBR are included in the fuel cycle cost. Fabrication and processing costs are those
estimated for the 1980 economy, and for the purpose of this comparison are held constant for varying
uranium ore costs. These data show the sensitivity of energy cost to the uranium ore cost. If the ore price
doubles to $16/1b U304, energy costs in the thorium-fueled HTGR, HWOCR, and MSBR reactors increase
about 0.2, 0.4 and less than 0.1 mills/kWh respectively. For the uranium-fueled LWR and HWOCR
reactors, the same ore price increase results in an energy cost increase of about 0.4 and 0.3 mills’kWh,
respectively. Figure 4.9 shows the fuel cycle cost as a function of the year of operation, based on the data
given in Figures 4.6 and 4.8. It is noted that these data do not reflect the savings due to the so-called
"learning" which was postulated for the LWR in the LWR Task Force report(5) and which could be
achievable through mass production and technological improvement. It is implicit in any comparison of
reactor types that some allowance due to such "learning" is applicable to all reactor types. Thus the relative
fuel-cycle costs of the various reactor systems given in Figure 4.9 are not expected to be significantly
affected by future improvements in reactor systems and nuclear power technology (although the timing of
these improvements in different reactors would vary).

The data in Figure 4.9, which reflect the potential of various advanced reactor systems, indicate that in
the short term the introduction of the HTGR-Th and the HWOCR-U reactor systems offer the prospects of
significantly lower fuel costs and less sensitivity to changing uranium ore costs than the LWR systems
alone. For the longer term (starting about 1985), the MSBR could lead to a very low fuel cycle cost (less
than 0.5 mill/kWh) which would be relatively insensitive to uranium ore costs during this century (Figure
4.8). As seen, there are thorium systems which promise lower fuel cycle costs than the uranium-cycle LWR.
It should be noted that the mode of operation of the various reactor systems would change in the future to
reflect changing economic conditions and, thus, affect the relative fuel cost difference. This is considered in
the overall study of reactor types by the Systems Analysis Task Force. The next section gives a general

discussion of the possible modes of operation using thorium as a reactor fuel.
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FIGURE 4.7

CALCULATED TREND IN URANIUM PRICE
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TABLE 4.5.—Calculated Fuel Cycle Costs for Varying Uranium Ore Cos;tsa

mills/kwh
Ore Cost, $/1v U308
Reactor Type 8 16 30
Thorium Cycle
P

EHOCRY 1.64 2.01 2.66

(Metal)

HTGR® 1.02 1.2k 1.68

. a

MSBR 0.44 0.47 0.51
Uranium Cycle

LWR® 1.47 1.92 2.73

b ! &
HWOCR 1.12 1.42 1.96
(carbide)

a1980 processing and fabrication charges assumed; no optimization for
high ore costs.

WASH 1983; fuel cycle cost includes DQO inventory charges.

WASH 1085.

Based on ORNL studies as of mid 1968, and extrapolation for high cost
euranium.

WASH 1082.

4.6 Fuel Strategy

Most of the reactors committed for the immediate future are LWRs designed to use the low-

c

enrichment uranium cycle, without plutonium recycle. The plutonium produced must eventually be
recycled in these reactors to assure some credit for the bred fuel since economically attractive FBRs may
not be available for many vears. Although reactors based on the thorium cycle will be started up with the
U-235(Th-232)U-233 cycle, the recycle of U-233, with U-235 makeup as necessary, will be used just as
soon as the thorium reprocessing and refabrication technology has been developed, since the motivation for
the recycle of the bred fuel is stronger in the thorium cycle than the uranium cycle.

Bred fissile material could be stored during the first few years of operation, provided that the fuel
materials permit a separation of the original and bred fissile materials. Regarding the thorium fueled
reactors, storage of bred fuel, together with a somewhat shorter fuel residence time to minimize fission

product poisoning, could lead to improved fuel conversion during the initial stages of operation.



FIGURE 4.8

CALCULATED VARIATION OF NUCLEAR FUEL CYCLE COST
WITH URANIUM ORE COST IN DIFFERENT REACTOR SYSTEMS
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The primary incentive to use the thorium cycle is that it is a source of U-233. As discussed in Section
3, in thermal-spectrum reactors the U-233 produced from thorium is a better fissile material than the Pu-
239 produced from uranium, or the U-235 occurring in natural uranium. Fissioning of U-233 in the thermal
neutron energy region can produce 15 to 20 percent more neutrons per neutron absorbed than Pu-239 or U-
235. This inherent characteristic has resulted in programs for thorium-fueled reactor systems, such as the
HTGR, LWBR, and MSBR, and it has prompted interest in possible crossed-progeny systems involving the
uranium and thorium cycles.

The merit of the introduction of the thorium-fueled HTGR, MSBR, and HWOCR into a light water
nuclear power complex has been discussed in the previous sections. Possible strategies using thorium and
producing U-233 are shown in Figure 4.10. No detailed assessment has been made of these schemes.

4.6.1 CROSSED-PROGENY SYSTEM

System I in Figure 4.10 shows schematically a nuclear power system in which the U-233 produced in
an HWR-Th reactor is used in an LWR-U reactor, while the Pu-239 produced in the LWR-U reactor is used
in the HWR-Th reactor. This so-called "crossed progeny" system is discussed in detail in Reference 6, p. 13.
Similarly, the Pu produced in a LWR-U reactor could be used in a LWR-Th reactor, and the U-233
produced in the latter used in the former reactor.

The merit of this scheme is that Pu-239 has a higher eta in a low-neutron-temperature reactor, such as
the HWR, than in a higher-neutron-temperature reactor such as the LWR; the U-233, on the other hand, is
equally effective in either type of reactor since its eta value is not significantly affected by reactor neutron
temperature. In addition, the use of U-233 permits the use of a harder neutron spectrum than with Pu-239 or
U-235, without significant loss of the neutron production. Thus, to take advantage of a high fast-fission
effect, the PWR (U-238) with U-233 feed can be designed with a tight lattice which can improve the
conversion ratio from about 0.6 to 0.9 compared with the current LWR in which the plutonium would be
recycled. It has been estimated that a saving of about 0.1 mills/lkWh could be achieved for a cross-progeny
LWR-HWR system compared to the system in which the fissile material is recycled in the reactor in which
it is produced.

System II in Figure 4.10 illustrates another possible crossed-progeny scheme for the situation in
which the FBR is being introduced into basically a light-water nuclear power complex. No analysis has
been made of the economic merit of this scheme. While the conversion ratio of the LWR using U-233 bred
from a FBR-Th blanket might be increased from about 0.6 to 0.9, the loss of Pu which could be bred from a
U blanket might reduce the FBR conversion ratio from about 1.3 to 1.0. Thus, there might not be any
improvement in the net production of fissile material. However, there are other possible considerations
which might make it profitable to operate in a crossed-progeny mode: 1) the substantial increase in specific
power of an LWR-U reactor operating on U-233 feed; 2) the advantage of using material containing the
higher isotopes of plutonium for an FBR compared with the use of plutonium obtained from an FBR-U
blanket; and 3) possible advantages of metallic thorium as fuel and blanket material because of its good

metallurgical properties.



LWR, |
SYSTEM I Th u-233— U
U-233—
Th (Bikt)
SYSTEM II l FBR
SYSTEM I JRANIOM 1 1 5(CORE)
NEW FAST
Pu—gREEDERS
HORIUM
i THORIU ¥
HTGR, i
F
SYSTEMIT | MSBR |, o35 o WWR L y-233—] [TER
=== Th v
¥ uranum | by —» NEW FAST
CEED) BREEDERS
SYSTEMIV Th
T HWR/Th
——__—URANIUM FBR : SURPLUS FISSILE HT%IRKTh
U -
THORIUM—> | . (Th AND U-233YPu | | oo% e
Lo~
1
NEW FAST
u__pu(u 233)——)| BREEDERS

FIGURE 4.10

ILLUSTRATIONS OF NUCLEAR FUEL STRATEGIES
USING THORIUM IN VARIOUS REACTOR SYSTEMS




4.6.2 THE THORIUM CYCLE IN A GROWING FBR ECONOMY

Although plutonium is the preferred fissile material for FBRs the use of U-233 could result in smaller
specific inventories. Furthermore, the use of some U-233 in the core of a liquid-metal-cooled FBR
mitigates the sodium void coefficient problem. The source of U-233 for possible FBR utilization could be a
thermal-spectrum, advanced converter, such as the HTGR or MSBR, both of which operate on the thorium
cycle. For the near-term future, the HTGR could be a commercial source of U-233. The HTGR optimized
for low energy cost could produce about twice as much U-233 per unit of electrical power as the LWR does
of Pu-239. However, this advantage might be nullified by the large breeding gain associated with the use of
Puin an FBR.

System III in Figure 4.10, which is an extension of System I, illustrates another possible, unassessed,

mode of operation of the U-233 producing HTGR and MSBR in an LWR-FBR nuclear power complex.

4.6.3. THE LONGER-RANGE POTENTIAL FOR THORIUM

It is possible that the potential production of fuel from fast or thermal breeder reactors could exceed
the demand for fissile material. Under these conditions the economic value of bred fuels would be expected
to fall, and the bred fissionable material might be used in either thermal near-breeder reactors, or in
reoptimized breeder reactors, whichever could use the low-cost fuel more economically. The cost of the
plant and the cost of the fuel handling, i.e., fabrication and reprocessing, would be the predominant factors
in choosing the proper mix of reactors. If most of the excess supply of bred fuel could be used more
economically in thermal-spectrum reactors, then it would probably be advantageous to use FBRs with
thorium blankets or MSBR-type thermal breeders so that the excess bred fuel would be particularly suited
for use in the thermal-spectrum advanced converter reactors. With U-233 as the feed material, the
conversion ratio, even for non-breeding thermal-spectrum reactors, would be very close to unity, so that a
large number of thermal reactors could be fed by a smaller number of breeder reactors.

The FBR can be fueled initially with U-235, but either U-233 or Pu-239 appears preferable. If U-233
were to be used in a continuing manner in a recycle mode of operation, the use of Th-232 somewhere in the
FBR system would be necessary. The strategies could imnvolve the use of thorium in part of the reactor core
and/or the blanket so that enough U-233 was produced to supply possible fuel requirements. One operating
mode is as shown in System II., Figure 4.10. An alternative is to adopt a mixed-progeny system where
some of the Pu-239 produced from the U-233(U-238)Pu-239 cycle in the FBR is used in thermal-spectrum
reactors operating at least partially on the Pu-239(Th-232)U-233 cycle. System 1V in Figure 4.10 illustrates
a possible use of thorium in a predominantly FBR nuclear power complex which has an excess fissile
producing capability.

Further evaluations are needed before definitive conclusions can be drawn as to the practical value of

such fuel strategies in the future.



4.7 Summary

The role of thorium in the effective utilization of the nuclear resources can be summarized as follows:

1) Since thorium requires fissile material for startup and any makeup, it does not eliminate use of
uranium; but when used competitively in thermal-spectrum reactors, the thorium cycle can decrease the
uranium requirements appreciably. In an economy based on the HTGR and MSBR, the thorium
requirements are generally small relative to uranium requirements and would contribute little to energy
costs. In an economy based on the MSBR the uranium requirements would be minimal.

2) The effective utilization of nuclear resources does not necessarily mean their maximum
conservation. If more expensive uranium could be used without making a reactor uneconomical, then the
capability to use the more expensive uranium would enlarge considerably the commercially available
resource base. The acceptance of reactors by utilities will be influenced by their economic performance,
which would include the effect of possible rising uranium ore costs.

3) A conversion ratio greater than unity is not, in itself, controlling in a rapidly expanding nuclear
power economy. Fuel conversion ratio, specific fissile inventory, capital costs, plant efficiency, and losses
during fabrication and processing all affect the cost and are all important in utilizing nuclear resources
economically.

4) The use of the thorium cycle in advanced thermal-spectrum reactors such as the HTGR, and MSBR
promises better utilization of nuclear resources and lower energy costs than the presently developed LWR-
U reactors.

5) The MSBR, with its promise of low specific inventory and positive breeding gain has the potential
to achieve fuel cycle costs on the order of 0.5 mills/kWh and constrain the price of uranium to an economic
level for nuclear power generation beyond the end of this century. However, the MSBR is the least
developed of the promising thorium fueled reactor systems, and is unlikely to be commercially available
before 1985.

6) The HTGR could be commercially available in the mid-1970's, and promises energy costs
significantly lower than the LWR; it might constrain the price of uranium to an economic level for nuclear
power to about 1995-2000. However, if its commercial introduction in an LWR economy were delayed to
about 1985, its favorable impact upon the uranium ore price would be lessened considerably.

7) While U-238 and Pu-239 appear to be more favorable than Th-232 and U-233 in the FBRs, there
may nevertheless be some advantages in using Th-232 or U-233 in these reactors. However, detailed

studies would be necessary to assess such fuel strategies.



5. UTILIZATION OF THE THORIUM FUEL CYCLE IN SPECIFIC REACTOR TYPES

5.1 Introduction

This section summarizes performance information for the different reactor concepts utilizing the
thorium fuel cycle. Features of the thorium fuel cycle relative to the uranium fuel cycle are also discussed
and their performance differences given. The reactor types considered are the HTGR, MSBR, LWR, and
HWR. The economics of each concept are discussed, with primary emphasis on the fuel cycle. Although, it
is often considered that the capital costs and the operating and maintenance costs of nuclear power plants
are the same whether the thorium or the uranium fuel cycle is employed, this is not necessarily the case.
Where information on this aspect is available, it is included. The possible use of thorium in the FBR is also
discussed.

The different reactor concepts are considered in the following subsections. In general, a description of
the reactor concept is presented, followed by a summary of the fuel cycle performance and the energy cost
performance under the reference economic conditions. The current status of reactor technology associated
with each concept and the R&D required to develop it to the point of commercial acceptance as large

power producing systems are also discussed.

5.2 High-Temperature Gas-Cooled Reactor

5.2.1 GENERAL DESCRIPTION OF THE HTGR

The large, central-station, HTGR reactor under design by the Gulf General Atomic Co. is a thermal
reactor moderated with graphite and cooled by helium. A 1000-MWe design was originally prepared in
1964, (7) and then updated for the recent Advanced Converter Task Force effort. Unless otherwise noted,
the discussion here will pertain to this design. The characteristics of the Reference Reactor are shown in
Table 5.2.1; those of a Backup Design (scale-up of the Fort St. Vrain plant) are shown for comparison.

The Reference HTGR is designed to produce a total of 2,318 MWt and a net electrical output of 1,000
MWe with a plant efficiency of 43.1 percent. Helium coolant at 700 psia pressure is circulated by six
single-stage axial compressors downward through the reactor and then through three primary coolant loops.
The gas enters and leaves the reactor at temperatures of 803° and 1,524°F, respectively. The average core
power density is 7 kW/liter and the average specific power is 1.6 MWt/kg fissile material. Supercritical
steam at 3,500 psig and 1,050°F is produced in six once-through steam generator modules which supply
three independent loops. The steam, in turn, drives a tandem-compound, six-flow reheat turbine.

The core is designed with an effective diameter of 31.1 ft and height of 15.6 ft. A total of 7,591
hexagonal fuel moderator blocks are located in the core. The inside diameter of the reactor vessel 1s 43.5 ft
and the inside height 79.0 ft. The reactor contains 182 shim and safety control rods grouped into 91 rod

pairs.



TABLE 5.2.,1l.—High-Temperature Gas-Cooled Reactor Charscteristics®™

Total Electrical Power Output, Mwe

Plant BEfficiency, percent

Fuel

Fertile Material

Fissile Inventory of First Core,

Fertile Inventory, kg

Conversion Ratio at Egquilibrium

Reactor Vessel
Inside Diameter, ft
Inside Height, ft
External Diameter, ft
External Height, ft
Prestressing Mechanism

Core i
Effective Diameter, ft
Height, ft
Reflector Thickness, in.
=Side
-Top
-Bottom

Fuel
No. of Hexagonal Blocks
Width Across Flats, in.
Iength per Blocks, in.
No. of Blocks per Column
Average Burnup, MWD/MT
Recycle Scheme

Reference Design

Backup Design
(Fort St. Vrain Scale)

1,000

43.1

ke 1,870

43.5
79.0
70.4
11k
Wire-wound

7,591
1h,2
15.6
12
60,000
Bred Uranium
. Recycle

1,000

y

40.7

47.8
88.5
76.3
136.5

Tendons

31.1
15.6

Lk
38.7
62.0

3,841
k.2
31.2
6
60,000
Bred Uranium
Recycle



a
TABLE 5.2.l.—High-Temperature Gas-Cooled Reactor Characteristics {Cont'd)

Annual U Charge at Equilibrium,
kg/yr
Fully enriched U-235 Feed
U-233 Recycle
U-235 Recycle
U-233 Retired
U=235 Retired

Annual Th Feed, kg/yr

Average Specific Power,
Mwt/kg fissile material

Refueling Scheme
Fuel Lifetime, yr
C/Th Ratio

Coolant

Total Flow Rate, 1b/hr
Pressure, psia
Temperature In, g
Temperature Out, F
Circulators

Number

Drives
Number of Ccolant Loops
Orificing

Steam System
Generators
Type
Number of Generators
Turbine

Throttle Steam Pressure, psig
Temperature, OF

Backup Design
Reference Design (Fort St. Vrain Scale)

211 29k
266 317
35 L6
2.6 L
29 51
10,300 10,800
7 7.4
1.57 1.36
On-line Annual Shutdown
L b
200 200
9. 28x106 10.27x106
700 700
803 758
1,524 1,kh9

Single-stage axial compressor

Single-stage steam turbine

3 3
None By refueling
region

Once-through, 2 modules per loop
Radial flow Axial flow
3 3
Tandem~-coumpound, six-flow reheat
3,500 2,400

1,050 1,000

aPreliminary Phase TIT Systems Analysis Task Force data.



The Reference Design core is formed with hexagonal-shaped graphite elements, 14.2 in. across flats and
15.6 in. long. Coolant-holes pass completely through the element and are located parallel to the axially-
oriented array of fuel holes which are packed with coated fuel particles. Groups of 12 elements are stacked
into columns to a height of 187 in. The fuel and coolant holes, each about 0.5 in. in diameter, are located in
a triangular array in which, except at the edges, there are two fuel holes for each coolant hole.

The fuel is in the form of small kernels of metal carbide surrounded by pyrolytic-carbon coatings. The
fissile particles consist of highly-enriched UC, surrounded by, first, a low-density buffer layer of pyrolytic
carbon and, then, a high-density layer of isotropic pyrolytic carbon. The fertile particles are composed of
ThC, kernels with similar BISO (buffered-isotropic) coatings. The buffer layer is a sacrificial layer that
absorbs fission product recoils and provides a reservoir (sink) for fission product gases. The high-density
isotropic layer acts as a pressure vessel, keeping fission products in the particle.

The core for the reference design is loaded initially with 1,764 kg of U-235 and ~40,000 kg of
thorium. Bred U-233, as available, will be charged to the reactor in subsequent cycles. At equilibrium, the
conversion ratio is 0.80 and the fuel reaches an average burnup of 60,000 MWD/MT of U and Th.
Continual on-line refueling is carried out.

A very compact equipment arrangement is achieved in the Reference Design by locating the
circulators and radial flow steam generators below the reactor core, and enclosing the entire reactor primary
coolant system and also a part of the secondary coolant circuit inside a prestressed concrete reactor vessel
(PCRYV) lined with a steel membrane. The PCRV consists of a concrete structure reinforced with steel rods
and prestressed by wires wound around the outside. It also has an inner steel liner as well as cooling pipes,
liner thermal barrier, penetrations, penetration cooling pipes, and closures.

The reflector assembly consists of hexagonal graphite blocks surrounded by a steel core barrel. This is
supported within the PCRV by means of a graphite support and flow distribution structure over a steel and
concrete floor, which is, in turn, supported from the PCRV floor by steel columns. The main helium
circulators, control rod drives, and helium purification system components are supported within their
respective penetrations.

The Backup Design (Table 5.2.1) is essentially a scale-up of the Fort St. Vrain 330-MWe HTGR
currently under design for Public Service Co. of Colorado. It differs from the Reference Design in the
following areas:

1) Steel tendons will be used in lieu of wire-wrapping to pre-stress the PCRV

2) The steam generators will be of an axial flow instead of a radial flow design

3) The steam cycle is based on a lower steam pressure and temperature

4) Annual refueling instead of on-line refueling will be employed.

From a fuel cycle cost standpoint, the Reference and Backup Designs differ most in the refueling
strategy, continual on-line vs annual, respectively. Continuous on-line refueling is worth about 0.2

mills/kWh in the fuel cycle cost.



5.2.2 ECONOMICS OF THE HTGR THORIUM FUEL CYCLE
Fuel Cycle Description—The HTGR fuel material is contained in distinct coated particles. This makes

it feasible to separate the particles after irradiation, subsequently recycling only the desired fraction. The
two modes of fuel recycle that appear most desirable at this time (7) are: (1) the Bred Uranium Cycle,
which involves the continual recycling of the bred U-233 while discharging the remaining feed U-235 after
one cycle, and (2) the Once-Through Cycle, which involves mixing bred U-233 with the feed U-235 and
then discharging the mixture at the end of each cycle. In either mode the imitial thorium contains no
uranium. The Bred Uranium Cycle is the basis for the Reference and Backup Designs, although the Once-
Through Cycle is nearly as attractive.

Flexibility in fuel management is one of the desirable features of the HTGR. Plutonium could be
substituted as a makeup fissile material in lieu of enriched uranium in the thorium cycle with little, if any,
cost penalty. The possible use of BeO in the fuel element, either as a matrix for the fuel particles or in place
of some of the bulk graphite in the element, would greatly enhance the conversion ratio of the system.
Beryllium oxide is a good moderator, and the combined (n,2n) and (n,a) reactions in beryllium would add
neutrons to the system. An HTGR with both BeO and graphite as moderators, and with a fuel particle
which allows the volatile fission products to leave the fuel, could breed. The low-enrichment uranium cycle
could also be used in the HTGR, but the resulting calculated power costs would not be as low as those for
the thorium cycle.

Initially it may not be desirable to operate the first HTGRs in a recycle mode; the discharged fuel, in
this case, could be stored to act as a fully depreciated reserve. To obtain the lowest cost, the fuel residence
time would then have to be increased and the fuel loading decreased until constrained by power peaking or
fuel element cost considerations. For example, the carbon-to-thorium ratio might be as high as 225 and the
fuel residence time as long as six years in an optimum storage cycle. The resulting conversion ratio would
be about 0.67. When the recycle mode becomes available, the cycle could be shortened to the reference
four years and the loading increased to a C/Th ratio of 200. This would result in a considerable increase in
conversion ratio and a decrease in the fuel cycle cost. Quantitative data on these points are presented later.

Fuel Cycle Costs—At the present time, the basic HTGR fuel management scheme utilizes the thorium
cycle, with recycle of the bred U-233, augmented as necessary by highly-enriched U-235. The fuel cycle
costs estimated for the equilibrium cycle of the Reference and the Backup Designs are shown in Table 5.2.2.
The cost bases are consistent with those used in the Advanced Converter and Systems Analysis Task
Forces. The fabrication and reprocessing costs assumed the existence of an established industry, i.e., 15,000
MWe.

Both the 4-year fuel lifetime and the average fuel exposure of 60,000 MWD/MT of metal are high
compared with corresponding values for other reactor systems. However, they are essential because of the
relatively high HTGR fuel fabrication and reprocessing costs. Reduction in these costs would be desirable

since fuel lifetimes could be shortened with corresponding increases in the conversion ratio.



The dependence of the conversion ratio of the equilibrium cycle on the fuel lifetime and fertile
loading is shown in Figure 5.2.1 for the Reference Design. The fertile loading and conversion ratio define
the time-dependent fissile loading of the core because the reactor must be critical at all times during the
operating cycle. As shown, heavy fertile loadings and short fuel lifetimes are both conducive to a high

conversion ratio. Reasonable fuel cycles could yield conversion ratios between 0.8 and 0.9.

TABLE 5.2.2.~--Fuel Cycle Costs for the HTGR Reference and Backup Designsa

(1,000-Mwe Plants, Equilibrium Cycle)

Reference Backup Design
Design (Fort St. Vrain Scale-up)
Conversion ratio 0.81 0.78
Average specific power
th/kg fissile material 1.57 1.36
Fuel lifetime, yr L b
Costs, mills/kwh
Fabrication’ 0.25 0.26
. b
Reprocessing 0.13 0.1
Depletion 0.30 0.40
Inventory 0.3k 0.46
Total Fuel Cycle Cost 1.02 1.26
Total Power Cost 3.7 L.o
SWASH-1087

bWOrking capital costs for fabrication and reprocessing are included in
the fabrication and reprocessing charges, respectively; reprocessing
charges include cost of fuel shipment.



CONVERSION RATIO

FIGURE §5.2.1

CONVERSION RATIO AND FUEL CYCLE COST
AS A FUNCTION OF C/TH RATIO AND FUEL
LIFETIME IN THE HTGR (REFERENCE DESIGN)
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The fuel cycle cost as a function of fuel lifetime and fertile loading is shown in Figure 5.2.1. The fuel
cycle cost is nearly constant over a broad range of C/Th ratios and fuel lifetimes.

The fuel cycle characteristics and costs of the Reference Design with different assumptions vis-a-vis
the makeup fissile material are illustrated in Table 5.2.3. The first column of numbers was calculated for
the reference case, and the second for the storage cycle, in which the bred U-233 1s stored for reprocessing
and use at a future date; the increase in cost for this is about 0.20 mills’kWh. A long fuel lifetime is
essential in the storage cycle. In the absence of a broad-based industry, storage of the bred material may be
necessary. The third column of Table 5.2.3 pertains to a cycle in which plutonium, instead of highly-
enriched uranium, is to be used as a makeup fissile material. In a nuclear economy in which plutonium is
plentiful or inexpensive, or in which U-235 is scarce, this mode of operation could be attractive. The
increase in fuel cycle cost is about 0.1 mill/kWh at a fissile Pu price of $ 10/g.

Conversion ratios close to unity would be possible using BeO in the HTGR with short fuel lifetimes
and heavy thorium loads as shown in previous studies. (9) The estimated increase in the fuel cycle cost is
about 0.1 mill/kWh, due chiefly to the working capital charges on the BeO itself. The corresponding
makeup fissile requirements would be reduced by about half, relative to the requirements of an all-graphite
fuel element. The use of BeO might be of particular value in applications where the importation of uranium
ore or the purchase of separative work were to be minimized.

Finally, although feasible, the uranium cycle does not appear to be as economic as the thorium cycle
in the HTGR at this time (Table 5.2.4). The average conversion ratio for the uranium cycle is 0.5 to 0.6,
and its fuel cycle costs are 0.2 to 0.4 mills/kWh higher than for the thorium cycle. The relative economic

incentive for using the uranium cycle decreases with increasing ore costs.

5.2.3 STATUS OF THE HTGR TECHNOLOGY

Introduction—The HTGR development in the U. S. is being carried out primarily by Gulf General
Atomic and has been marked to date by several significant milestones:

1) Peach Bottom was placed in operation on the grid of the Philadelphia Electric Company in June
1967.

2) Fort St. Vrain is proceeding for the Public Service Co. of Colorado, and is scheduled for operation
in 1971.

3) Detailed feasibility and cost studies for larger and more advanced HTGRs have been made.

Other developments in the U. S. that have contributed directly to the basic HTGR technology are the
results of work carried out at ORNL and PNL.

1) A pilot plant, Thorium-Uranium Reprocessing Facility (TURF), was designed and constructed at
ORNL.

2) The Ultra High Temperature Reactor Experiment (UHTREX) was designed and built at LASL.

This reactor experiment, while not originally designed to complement the effort in developing HTGRs, is



TABLE 5.2.3.-=-HTGR Fuel Cycle Characteristics and Costs for the Storage and
the Pu-239/Th-232/U-233 Cycles®

(Bquilibrium Cycle)

U-235 Recycle Stcrage Pu Fissile

Case Cycle Material Makeup

Makeup fuel U-235 U-235 Pu
Fuel lifetime, yr 4 6 L
¢/Th ratio 200 225 200
Conversion ratio 0.82 0.67 0.77
Average specific power, Mwt/kg 1.9 1.7 1.7
Th-232 charged per yr, MT 10 6 10
Net makeup fissile charge per yr, kg 200 500 200
Total U + Pu charged per yr, kg 500 500 800
Total U discharged per yr, kg 400 ’ 300 500
Total Pu discharged per yr, kg - - | ko
Relative Fuel Cycle Costs, mills/kwh

Fabrication 0.16 0.10 0.16

Reprocessing 0.1h4 0 0.1k%

Depletion 0.28 0.73 0.29

Inventory 0.3k 0.29 0.43

Total 0.92 1.12 1.02

aThe values in this table are self-consistent but do not reflect Phase IIT
data to the Systems Analysis Task Force.

Note: Values given for amount of fuel charged and discharged are approximations



nevertheless based on the same basic type of fuel coolant and core composition. High-temperature fuel
operation, i.e., 3,000°F, in this reactor is expected to yield information on fission product release, transport,
and control, the behavior of system components, and remote maintenance problems.

3) The High Temperature Lattice Test Reactor (HTLTR) at PNL has been designed so that the physics
characteristics of high-temperature systems can be studied.

4) An extensive program on PCRVs is underway at ORNL. The PCRYV is associated with, but not
limited to, the future development of the HTGR.

5) An extensive program on HTGR-type fuels is underway at ORNL focusing on oxide as well as
carbide fuels, irradiation damage effects, and the characterization of fuel properties.

6) A cooperative graphite program is in progress at ORNL, PNL, and Gulf General Atomic. This
work is concerned with the effects of irradiation on graphite, as well as the chemical behavior of graphite at
high temperatures, particularly the steam-graphite and air-graphite reactions.

The HTGR is also under intensive development in Europe. The Dragon Project, a 20-MWt reactor
experiment has been in operation at Winfrith, England since 1965 as the result of a cooperative effort by
several European countries. Operating experience to date with Dragon has been excellent.

Peach Bottom Reactor—The Peach Bottom reactor is a 40-MWe prototype for the HTGR system,

employing helium cooling and an all-graphite fuel element. The outlet gas temperature is about 1,400°F
while the steam temperature is 1,000°F. The core is 9 ft in diameter and 7 ft high, and fits into a steel
pressure vessel which is 14 ft in diameter and 35 ft high. The primary coolant systems consist of the reactor
and two coolant loops, each of which contains a steam generator and a gas circulator.

The 804 fuel elements are 3.5 in. in diameter and about 12 ft long. Each contains a dispersion of
coated thorium and highly-enriched uranium dicarbide particles in a graphite matrix. The annular matrix is
enclosed in a graphite sleeve, and a graphite spine fills the central region. The fuel elements are designed
for an average fuel exposure of 60,000 MWD/MT. The reactor is refueled during scheduled shutdown
periods using specially designed fuel transfer and fuel charging machines.

Pre-startup difficulties at Peach Bottom were experienced with the fuel transfer machine, and also
with the stainless steel tubing in the steam generator superheater section due to halogen stress corrosion.
The fuel transfer machine was redesigned, and the stainless steel superheater tubes were replaced with
Incoloy.

Fort St. Vrain Reactor—The next stage of HTGR development being carried out is the 330-MWe Fort

St. Vrain reactor for the Public Service Co. of Colorado. It forms the basis for the Backup Design described
earlier (Table 5.2.1). This reactor is also based on the thorium cycle with helium cooling. The steam
conditions will be 2,400 psia with 1,000°F reheat. The principal improvements over Peach Bottom include
an improved fuel element, the use of a PCRV, integral primary coolant circuits, steam-turbine-driven gas
circulators, and the addition of a single stage of reheat to the steam cycle. At the same time, improvements
in fuel management are anticipated—a graded fuel cycle will be employed instead of the batch reloading

scheme of the Peach Bottom HTGR.



Gulf General Atomic has been carrying out a program of design, analysis and model testing for
PCRV's with the financial assistance of the private utility industry [Advanced Reactor Development
Associates—(ARDA)]. The results obtained with a 1/5-scale model for a 250-MWe plant have confirmed
the analytical work which served as a basis for the design of the vessel (10). Construction of another test
model oriented specifically towards the 330-MWe Fort St. Vrain HTGR has been completed and tests are
underway. Containment vessels larger than this have already been successfully built in Europe and placed
into routine service. Safety is improved with a PCRV because of redundancy in the multiple prestressing
system and the enclosure of the entire reactor system inside a single pressure barrier.

The Fort St. Vrain fuel element will be a hexagonal block of graphite into which coolant and fuel
holes are drilled. The fuel holes contain graphite-coated pa<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>