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The role of nuclear power in producing electricity h__ 
expanded dramatically in recent years. Between 1965 
and 1976, nuclear power's share of electrical production 
capacity rose from a negligible percentage to approxi-
mately 9 percent. The federal government and industry 
have established extensive progra. 3 of research and 
development aimed at improving the performance of nuclear 
technologies and reducing the cost of electricity with 
nuclear power. The utilities, at the same time, have 
purchased nuclear plants for baseload generating capacity 
to capitalize on the perceived economic advantages 
offered by nuclear power. 

Thr predominant type of nuclear power plant in the 
United States is the light-water reactor (LWR) fueled 
with uranium slightly enriched in the U-235 isotope. 
However, research of other technologies has continued, 
most notably of the liquid-metal fast breeder reactor 
(U1FBR). The LMFBR is believed, in the long term, to be 
capable of producing power economically through the use 
of the abundant U-238 isotope. The LWR and LMFBR sys-
tems, fueled with U-235 and plutonium, have consequently 
figured largest in utility and government planning. The 
LMFBR is generally regarded as the nuclear technology of 
the future; the LWR, as an interim technology until the 
breeder becomes available. 

This view of the nuclear future has recently been 
brought into question. The development of the LMFBR has 
been slower than expected, and concern is growing over 
the widespread use of nuclear materials — particularly 
plutonium — and the potential hazard that they could be 
diverted and used for the manufacture of nuclear weapons. 
Until the problem of proliferation is resolved, President 
Carter has deferred the demonstration of the breeder 
reactor and the licensing of a facility for recycling 
nuclear fuels. 
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This decision has led to the examination of alternative 
or modified nuclear fuels less susceptible to diversion 
and use in weapons. The thorium fuel-cycle is one of 
these alternatives. 

Thorium is a "fertile" material; that is, it cannot be 
used directly as a fuel but can be converted into the 
"fissile" uranium isotope, U-233, that can serve as a 
fuel. Its use as an alternative fertile material for a 
variety of reactors, including the LWR, the spectral-
shift controlled reactor (SSCR), the high-temperature 
gas-cooled reactor (HTGR), the heavy-water reactor 
(HWR), and advanced breeder reactors, has already been 
considered. Tha technical and economic aspects of its 
use in nuclear power plants have been evaluated in a 
number of studies, which, although varying in their 
specific inclusions, generally agree on three points: 

1. Thorium fuels appear to be technically feasible in 
certain reactor applications (e.g., LWRs, HTGRs, and 
HWRs, such as those now in use in Canada) 
2. In thermal reactors (including LWRs, HTGRs, and 
HWRs), thorium appears to offer more energy-efficient 
use of the available resources of uranium ore than 
uranium alone 
3. However, at the price levels assumed in these 
previous studies, thorium applications appear to 
be less economical in the total cost of delivered 
power than the LWR/uranium system. 

The rising concern over uranium supplies and the hazard 
of proliferation warrant a reappraisal of these 
conclusions. Consequently, the Thorium Assessment 
Program (TAP) was initiated in October 1976, under the 
direction of the Division of Nuclear Research and 
Applications (NRA) of the U.S. Energy Research and 
Development Administration (now absorbed into the U.S. 
Department of Energy), to investigate the possible use 
of thorium in the nuclear market. The findings of the 
first y e a r : s investigations of this 2-year program 
indicate that further evaluation of the commercialization 
of thorium is warranted. 
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Because thorium is not in commercial use for baseload 
power generation, its commercial potential was evaluated 
under four possible recycle policies: 

• No recycle, representing the present federal 
policy, prohibiting the reprocessing and recycling 
of any fuel. This policy scenario was included to 
establish whether or not a change in the present 
government reprocessing policy is a prerequisite for 
commercial deployment of thorium. 
• Uranium-recycle only, prohibiting the recycling 
of plutonium. This policy was selected to determine 
if industry investment criteria would be met for 
thorium technologies under conditions most favoring 
the thorium fuel-cycle over the uranium cycle. 
• Recycle of plutonium in secure centers only, with 
recycle only of denatured uranium fuels in reactors 
outside the centers. This policy was selected to 
determine the potential market for thorium in 
reactor/fuel-cycle combinations being evaluated in 
other government programs aimed at reducing the 
likelihood of nuclear proliferation. 
• Full recycle, permitting reprocessing and 
recycling of all uranium and plutonium fuels without 
restriction on fuel composition. This policy was 
selected to determine whether a reversion from the 
present federal policy to the policy previously 
expected by the nuclear industry would preclude the 
possibility of industry investment in the thorium 
fuel-cycle. 

The present market is obviously shaped by the prevailing 
federal policy and governmental regulation. Under the 
present energy policy, and faced with the prospect of 
fuel-supply problems and rising costs, the electric 
utilities view oil- and gas-fired baseload capacity as 
undesirable investment options. Coal-fired and nuclear-
powered capacity, on the other hand, are viewed favorably, 
despite restrictions on the use of coal imposed by air 
quality controls and limited production capabilities, 
and on the use of nuclear power by ambiguous federal 
policy/ difficulties with licensing processes, and high 
capital costs. Despite these restraints, and a cautious 
— even pessimistic — attitude toward investments in 
the LWR with the uranium once-through cycle, the 

RRA 
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utilities perceive the need for installing over 350 
GW(e) of nuclear capacity by 1996, according to the 
compilation of utility capacity plans by the National 
Electric Reliability Council. However, unless national 
policy on nuclear power is perceived to become more 
favorable to the construction of nuclear plants, 
the prospect of these plans being realized is small. 

A survey of utilities and nuclear suppliers revealed 
that they do not regard the commercialization of 
thorium as necessary or useful under present market 
conditions. The industry's major interests at the 
moment are the reduction of licensing time and risk and 
the improved operating performance of LWRs. 

More specifically, the survey showed that: 
• The utilities foresee the need to add 358 GW(e) of 
nuclear electric-generating capacity, or 44 percent 
of all planned capacity additions, by 1996; however, 
over 65 percent of the additions are planned between 
1987 and 1996, indicating that the utilities are 
awaiting a changp to a more favorable federal policy 
before committing themselves to procurement. The 
market is therefore still susceptible to the influence 
of federal policy. 
• The electric utilities believe that uranium supplies 
are adequate to meet their demands and do not perceive 
thorium as necessary to augment these supplies. In 
fact, they view the commercial introduction of thorium 
as likely to be an unnecessary complication in an 
already difficult licensing climate and fuel market. 
• The utilities do not perceive thorium on a once-
through cycle as competitive with uranium, a view 
that TAP investigations so far support. 
• Before thorium is commercialized, the utilities 
surveyed strongly favor the development of a federal 
policy that permits the recycling of fuel, continues 
development of the FBR, and streamlines the nuclear 
regulatory process before thorium is commercialized. 
• The supplier industries will not limit the growth 
of a thorium market if the demand for thorium develops. 
However, they will not invest in production or service 
capacity until federal policy clearly establishes a 
role for thorium, and until contracts for goods and 
services are negotiated with electric utilities. 
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• The financial industry perceives the current 
market as risky for many of the utilities building 
nuclear units. The introduction of thorium would 
constitute an additional risk not justified under 
current regulatory and energy policy. However, under 
a favorable energy policy, the supply of capital will 
not be a constraint on the commercialization of 
thorium. 

The potential market for electric power plants appears 
to be gaining strength once again, and a strong market 
should continue into the 1980s. Therefore, the potential 
for nuclear power is good also, under favorable govern-
ment policies. However, the present market for nuclear 
goods is, at best, merely holding its own. Federal 
policy and regulation must change if the condition of 
the market is to change. The utilities and supplier 
industries perceive that the future market potential is 
delicate and can easily evaporate if uncertainties 
persist or if future policies or regulations are adverse. 
A new fuel is viewed as an unnecessary complicating 
factor in this market. 

Stabilizing nuclear policy is the critical step in 
the commercialization of thorium. The market awaits 
a clear policy on fuel reprocessing and recycling, 
on the availability of the FBR, on waste storage, on 
plant decommissioning, and on regulatory requirements 
for the licensing of plants. These policies are external 
to the consideration of thorium, but a stable, more-
positive policy toward nuclear power will produce a 
more-receptive market for thorium in current LWRs or in 
new reactors. If thorium is to be commercialized, 
critical decisions must be made by the federal govern-
ment. First, policy must be stabilized and regulatory 
procedures streamlined to facilitate the development and 
use of nuclear units and to forestall the dispersal of 
expertise and manu£acturing capability that will be 
required in the 1980s and 1990s. Second, the policy and 
prccedbres must be implemented and their effects realized 
in increased procurements of LWRs. Third, the decision 
to deploy thorium must be-made; this will also entail a 
change in federal policy. TAP studies show that the 
prerequisite to effective penetration of the nuclear 
market by the thorium fuel-cycle is a policy permitting 
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the reprocessing, fabrication, and recycling of fissile 
fuel. 

While a policy prohibiting recycling of uranium and 
Plutonium remains in force, then, the market is 
uninterested in thorium and, in fact, as various TAP 
studies demonstrate, thorium is not economically competi-
tive with coal or with uranium on the once-through cycle 
except in HTGRs and the German pebble-bed reactors. 1 

To examine the market potential for thorium under the 
three recycling policy scenarios, the quantitative 
potential of a thorium market was forecast for each 
policy by the Hanford Engineering and Development 
Laboratory's ALPS model. However, forecasting beyond 
the utilities' planning horizon of 20-30 years is 
uncertain because of the number of imponderables 
involved: possible shifts in government policy? the 
future financial condition of the utilities; fluctuations 
in demand; and changes in fuel prices and in the capital 
cost of generating equipment. Consequently, the 
feasibility of introducing thorium in LWRs, SSCRs, HTGRs, 
and HWRs was also evaluated qualitatively. 

Technically, commercializing thorium in the LWR is less 
difficult than in the SSCR, HTGR, or HWR. The commer-
cialization of the SSCR appears, on the basis of TAP 
data, to be less difficult than the commercialization 
of the HTGR or HWR because the SSCR is essentially an 
LWR modified to use available heavy-water technology. 
Moreover, the SSCR is adaptable to a nuclear economy 
consisting of LWRs and LMFBRs. The HTGR has already 

1. Keith C. Garel and Michael J. Driscoll, Massachusetts 
Institute of Technology, Fuel Cycle Optimisation of 
Thorium and Uranium Fueled PWR Systems (MIT-EL-777-018: 
October 1977); Combustion Engineering, Inc., Assessment 
of Thorium Fuel Cycles in Pressurized Water Reactors 
(EPRI-NP-359: February 1977); E. Teuchert, "Once Through 
Cycle in the Pebble Bed HTR," presented at the American 
Nuclear Society Winter Meeting, San Francisco, California, 
November 27-December 2, i977; and Reactor Design Charac-
teristics and Fuel Inventory Data, Hanford Engineering 
Development Laboratory (September 1977). 

RPA 
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encountered difficulty in entering the commercial 
market, and the HWR has not been designed and built to 
U.S. licensing standards. Clearly, therefore, the 
commercialization of thorium is most likely to succeed, 
initially, in LWRs, with which the regulatory agencies, 
the utilities, and the supplier industries are most 
familiar. 

If the government acts to deploy thorium, the market 
potential for thorium between 1977 and 2025 could 
develop as follows: 

• Under a uranium-recycle only policy, a total of 
748 GW(e) of nuclear capacity could be installed by 
2026, of which 623 GW(e) would be thorium-cycle HTGRs 
and 125 GW(e), LWRs. This represents a 34-percent 
nuclear penetration of the electric power generation 
market. More efficient U3O8 ore utilization and 
lower average levelized costs give the HTGR its 
competitive edge over the other technologies. (The 
SSCR would be the next most efficient thorium-fueled 
reactor under this policy, with a nuclear penetration 
of 30 percent.) 
• Under a recycle of plutonium in secure centers 
policy, a total of 1,453 GW(e) of nuclear capacity 
could be installed by 2026, with a 66-percent nuclear 
penetration of the electric power generation market. 
Of this total, 861 GW(e) would be SSCRs (366 GW(e) 
thorium-fueled); 420 GVJ(e), FBRs; and 172 GW(e), LWRs. 
The economic edge developed by SSCRs under this policy 
is due, in part, to their symbiotic relationship with 
FBRs; SSCRs produce plutonium for use in FBRs, which, 
in turn, produce U-233 fuel for SSCRs. (The HTGR 
would be the next most efficient thorium-fueled 
reactor under this policy, with a nuclear penetration 
of 63 percent.) 
• Under a full-recycle policy, 1,453 GW(e) of nuclear 
capacity could be installed by 2026, with a 66-percent 
nuclear penetration of the electric power generation 
market. Of this total, 818 GW(e) would be HTGRs; 
360 GW(e), FBRs; and 230 GW(e), LWRS. With full 
recycle, the nuclear systems including the HTGR 
achieve the most efficient uranium ore utilization. 
(A uranium-fueled SSCR was calculated to be the next 
most efficient reactor under this policy; however, its 
performance might have been matched or exceeded by the 
thorium-fueled SSCR, had thorium-fueled SSCRs been 
included in the ALPS runs.) 
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In summary, the projections show that, under tne secure-
centers and full-recycle policies (that is, the policies 
most favorable to the market penetration of nuclear 
power), the SSCR and the HTGR are closely competitive as 
far as ore utilization and economics are concerned. The 
HWR was not competitive with either at the capital costs 
assumed by HSDL; however, recent studies suggest that 
the cost of an HWR designed to meet U.S. licensing 
criteria may be significantly lower than the assumed 
costs, in which case the HWR's competitive position would 
be improved.2 

The major noneconomic barriers to the commercialization 
of thorium can be summarized as: 

• The constraints on 
stemming from the pr 
LWRs. 

n the market for any nuclear goodc. 
oblems already experienced with 

• The utilities' present lack of interest in thorium 
as an alternative to the uranium-plutonium fuel-cycle, 
and in any alternative reactor to the LWR. 
• The lack of a clearly defined, permanent federal 
policy for nuclear fuel reprocessing ano recycling, 
which adversely influences the economics of using 
thorium fuel m commercial power reactors. 
• The lack of a clearly defined, permanent policy on 
the development of FBRs, creating the risk of a return 
to a policy favoring plutonium breeders that would 
jeopardize investments in thorium reactors. 
• The lack of a demonstration of thorium fueling, 
with the related reprocessing and recycling technology, 
on a commercial scale (approximately 1,000 MW(e)). 
• The uncertainty that a reactor using thorium fuels 
and the supporting reprocessing technology are licens-
able without undue design changes and delays. 

2. United Engineers and Constructors, Inc. , Commercial 
Electric Power Costs: Capital Cost, Pressurized Heavy 
Water Reactor Plants (COO-2477-13: June 1977). 
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The first four of these barriers can be overcome only 
by policy decisions — stable policy decisions that will 
remain in effect for 20-30 years. The last two barriers 
can be overcome by RD&D programs requiring substantial 
funding and a commitment to demonstrate that thorium's 
potential can be achieved on a commercial scale. 

Although our primary objective was to identify the bar-
riers to commercializing thorium, not to determine 
precisely how to overcome them, some actions to overcome 
the barriers are clearly suggested, although they warrant 
considerably more analysis and definition. 

The lack of commercial interest in thorium stems from 
the lengthy list of nuclear problems faced by utilities 
and suppliers. If those problems persist, an interest 
in thorium will not develop. 

When these problems have been resolved to the satisfac-
tion of the utilities, a federal policy decision 
to deploy thorium would begin to arouse the market's 
interest. A federal policy favorable to recycling is 
essential to the deployment of thorium, and the benefits , 
of thorium improve if the recycling of uranium and 
plutonium is also permitted. Such a policy would be a 
positive signal to the market for thorium. 

Active implementation of a federal policy streamlining 
the regulatory process would encourage even more interest 
in thorium and new reactor designs. And finally, a 
decision on the fast breeder reactor, favorable or 
unfavorable, would help to establish which thorium-fueled 
reactor would be most economically efficient. 

These are difficult decisions with a high level of public 
sensitivity, but, without them, there is virtually no 
prospect of thorium's entering the commercial market. 
These policy decisions alone, however, will not bring 
about the commercialization of thorium. Further deci-
sions are needed to select the most-efficient types of 
reactor and fuel-cycle technology for development, 
to avoid dissipating the resources of industry and the 
government. The LWR is the technology in which the 
commercial potential of thorium can be demonstrated 
most convincingly because it involves less technical and 
licensing risk than others. 

ERA) 
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The use of thorium in a commercial-scale reactor would 
have to be demonstrated and licensed, and a joint 
industry/government RD&D program established to continue 
research to demonstrate the use of thorium in a 
commercial-scale reactor, to demonstrate fuel fabrication 
and recycling, to test the system, and to license the 
facilities. 

It is apparent that thorium can be commercialized only 
if the federal policy actions discussed above are 
effective in overccming the utilities' present reluctance 
to invest in nuclear units, despite the apparent long-
term benefits. Thorium can extend the life of uranium 
reserves and increase the market share of nuclear power 
in electric power generation at a lower cost for elec-
tricity. But these benefits must be demonstrated to the 
nuclear industry, a process that calls for firm govern-
mental policy decisions — particularly on the recycling 
of fuel — and a vigorous research, development, and 
demonstration program. 



Introduction 

Electric power accounts for an increasing share of 
the energy used in the United States. Between 1965 and 
1976, electricity's share of all energy consumed 
nationally rose from 21 percent to 29 percent. 

The role of nuclear power in generating electricity has 
expanded even more dramatically. In the same period, 
nuclear power's share of electrical energy production 
rose from a negligible percentage to approximately 
9 percent. The federal government and industry have 
established extensive programs of nuclear research 
and development aimed at improving the performance of 
nuclear technologies and reducing the cost of producing 
electricity by nucleair power. The utilities, at the 
same time, have purchased nuclear plants for baseload 
generating capacity to capitalize on the perceived 
economic advantages offered by nuclear power. 
The predominant type of nuclear power plant in the 
United States is the light-water reactor (LWR) fueled 
with uranium slightly enriched in the uranium-235 
isotope. However, as LWR systems have been deployed, 
the federal government and private industry have 
continued research and development of other types of 
reactors and fuels that promise improved fuel utilization 
and lowir cost. The most intensive effort has been made 
in developing the plutonium-fueled liquid-metal fast 
breeder reactor (LMFBR), which is believed to be capable 
of producing power economically by utilizing the abundant 
uranium isotope, U-238. 

Although research and development of other reactors 
and fueis continue, the LWR and LMFBR systems, fueled 
with U-235 and plutonium, have figured largest in 
utility and government planning. The LMFBR, because of 
its predicted economic performance and more-efficient use 
of uranium, has generally been considered the nuclear 
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technology of the future; the LWR serves as an interim 
technrlogy until the breeder becomes available. 

This view of the nuclear future has recently been 
brought into question. The development and demonstration 
of the LMFBR has been slower than expected, in part 
because of technical difficulties and in part by 
government decision. Uranium prices have also increased 
significantly, raising the prospect of uranium shortages 
in the 1980s. Moreover, concern has been growing in the 
United States and abroad over the widespread use of 
nuclear materials, particularly plutoniura, and the 
potential hazard that they could be diverted and used 
for the manufacture of nuclear weapons. The problems of 
proliferation are under study by the government, and, 
until they are resolved. President Carter has deferred 
indefinitely the construction of the demonstration LMFBR 
and the licensing of a facility for reprocessing nuclear 
fuels to recover unused uranium and plutonium fuels. 
Alternatives to, or modifications of, the present 
nuclear fuels are being investigated to determine if 
they would be less vulnerable to diversion and use in 
weapons. 

The thorium fuei-cycle is one of these alternatives. 

Thorium is a "fertile" material; that is, it cannot be 
used directly as a fuel but can be converted in a nuclear 
reactor into the "fissile" uranium isotope, U-233, which 
can serve as a fuel. Thorium has been considered in the 
past as an alternative fertile material for a variety 
of reactors, including the LWR, the spectral-shift 
controlled reactor (SSCR), the high-temperature gas-
ccoled reactor (HTGR), the heavy—water reactor (HWR), and 
advanced breeder reactors. The technical and economic 
aspects of its use in nuclear power plants have been 
evaluated in a number of studies that, while varying in 
specific conclusions, generally agree on three points: 

1. Thorium fuels appear to be technically feasible 
in certain reactor applications, such as LWRs, HTGRs, 
and HWRs, such as those now in use in Canada 
2. In thermal reactors (including LWRs, HTGRs, and 
HWRs), thorium appears to offer more energy-efficient 
use of the available uranium resources than uranium 
fuels alone 
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3. At the price levels assumed in the studies, 
thorium applications appear to be less economical 
than the present LWR/uranium system in the total 
cost of delivered power. 

The rising concern over uranium supplies and the hazard 
of proliferation warrant a reappraisal of these 
conclusions and a renewed inver.. xgation of the role for 
thorium in the nuclear marke. 

The Thorium Assessment Program (TAP) was therefore 
initiated in October 1976 under the direction of the 
Division of Nuclear Research and Applications (NRA) 
of the Energy Research and Development Administration 
(now absorbed into the U.S. Department of Energy). The 
program involved 12 organizations, including various 
government agencies, research laboratories, and private 
firms, whose purpose was to answer three questions: 

• Is there a need for thorium use? 
• Does the use of thorium provide an advantage 
over alternatives? 
• Is the use of thorium commercially viable? 

The organizations participating in TAP are: 
1. Energy Research and Development Administration 
(ERDA), now part of the Department of Energy 
2. Argonne National Laboratory (ANL) 
3. Brookhaven National Laboratory (BNL) 
4. Combustion Engineering, Inc. (CE) 
5. General Electric (GE) 
6. Electric Power Research Institute (EPRI) 
7. Hanford Engineering Development Laboratory (HEDL) 
8. Lawrence Livermore Laboratory (LLL) 
9. Massachusetts Institute of Technology (MIT) 
10. Oak Ridge National Laboratory (ORNL) 
11. Resource Planning Associates, Inc. (RPA) 
12. United Engineers and Constructors (UE&C). 

(RPA) 
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RPA was engaged by NRA to evaluate the commercial 
viability of thorium use, building on the technical work 
performed by other participants. 

TAP was originally designed as a 2-year study.1 

The first year's work consisted of: 
1. A review of earlier analyses of thorium. The 
program participants investigated studies in their 
respective fields, and an overall review was carried 
out by NRA, CE, and RPA. Summaries of some of the 
major investigations are included in Appendix D. 
2. Technical evaluations of thorium applications. 
TAP participants analyzed thorium applications in 
different reactors and fuel-cycles, investigating 
optional designs and the technical, cost, and uranium-
utilization characteristics of these applications. 
Technical performance data from these studies were 
provided to the HEDL for use in the systems analysis 
described in the report reproduced as Annex 1 in 
Volume 2 of this report. The results of the various 
technical investigations have been summarized in a 
report by CE that appears as Annex 2. 
3. Analysis of market structure and decision criteria. 
As a first step in assessing the commercial viability 
of thorium-based reactors, RPA analyzed the structure 
of a nuclear-power industry organized to supply 
thorium and thorium-fueled reactors. We also examined 
the criteria likely to be used by the participants in 
such an industry for deciding whether or not to become 
involved in a thorium-based industry. We identified 
the corporations that constitute the present nuclear-
power industry and the changes in the industry that 
would be required to support a market for thorium 
fuels, both in operating power plants and in future 
power plants. Representatives of utilities and 
nuclear suppliers were- then surveyed to determine 
their interest in thorium, the criteria they would use 
to decide whether or not to enter their sector of the 
thorium industry, and the conditions under which they 
would enter it. Potential licensing constraints were 

1. Methodology for a Thorium Assessment Program 
(October 8, 1976), prepared Dy RPA, is a detailed 
description of the methodology and organization of TAP. 
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established through a survey of regulatory bodies. 
The results of the survey are embodied in this report 
and are summarized in Appendixes A and B. 
4. Systems analysis of thorium options. The HEDL 
Advanced Linear Programming System (ALPS) mathematical 
model of the electrical energy system was used to 
compute nuclear and fossil power growth patterns. The 
model is based on the linear programming technique and 
determines the mix of nuclear and fossil plants that 
minimizes the total cost of generating electricity 
over a given period of time. The reactors selected to 
compete with coal were ^tfRs, represented by 
pressurized-water reactors (PWRs); spectral-shift 
controlled reactors (SSCRs); HWRs, represented by 
Canadian deuterium uranium reactors (CANDUs); HTGRs; 
and fast breeder reactors (FBRs), represented by 
LMFBRs. Different fuel-cycles (U-235, U-233, and 
plutonium with U-238, thorium, or a combination of 
both as the diluent) were included in each of the four 
basic reactor types, resulting in a total of 24 
reactor/fuel-cycle combinations. These combinations 
are discussed in detail in Chapter 2, and are described 
by HEDL in Annex 1, Volume 2, and in their report, 
Reactor Design Characteristics and Fuel inventory Data 
(September 1977). 

Using combinations of these fuel-cycles and reactors, 
the model determined average levelized power costs 
for each system and calculated uranium oxide and coal 
requirements, enrichment services, fissile fuel 
supply, reprocessing requirements, and capital require-
ments for building supply facilities under four 
optional federal policies concerning the reprocessing 
and recycling of fuels. These policies, selected by 
NRA for investigation, are: 

• No recycle, representing the present federal 
policy, prohibiting the reprocessing and recycling 
of any fuel. This policy scenario was included to 
establish whether or not a change in the present 
government reprocessing policy is a prerequisite for 
commercial deployment of thorium. 
• Uranium-recycle only, prohibiting the recycling 
of plutonium. This policy was selected to determine 
if industry investment criteria would be met for 
thorium technologies under conditions most favoring 
the thorium fuel-cycle over the uranium cycle. 
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• Recycle of plu'conium in secure centers only, with 
recycle only of denatured uranium fuels in reactors 
outside the centers. This policy was selected to 
determine the potential market for thorium in 
reactor/fuel-cycle combinations being evaluated in 
other government programs aimed at reducing the 
likelihood of nuclear proliferation. 
• Full recycle, permitting reprocessing and 
recycling of all uranium and plutonium fuels without 
restriction on fuel composition. This policy was 
selected to determine whether a reversion from the 
present federal policy to the policy previously 
expected by the nuclear industry would preclude the 
possibility of industry investment in the thorium 
fuel-cycle. 

5. Analysis of commercial viability. RPA examined 
the economic potential of different thorium 
applications under each of the four policies for 
reprocessing and recycle, on the basis of HEDL's 
results. The economically preferred options were then 
evaluated against noneconomic barriers to determine 
ease of commercialization, and preliminary steps to 
overcome these barriers were identified. 

The results of this analysis are the subject of this 
report and will form the basis for deciding whether or 
not to continue the assessment cf thorium in the second 
year of the program. However, these results are subject 
to a number of important qualifications. 
First, the analysis is based on data developed during 
the first year of the study, which is as yet incomplete 
because several investigations are still in progress, 
and data from other applications have not been made 
available to TAP. Data were not included, specifically, 
for an HWR with slightly enriched uranium fuel designed 
for use in the United States; for an LWR design optimized 
for thorium; for a boiling-water reactor using thorium; 
and for a light-water breeder reactor (LWBR). These 
applications have not been considered explicitly, and 
the results of the investigations could modify our 
conclusions. 

Second, the nuclear market is greatly influenced by the 
actions of the federal government. A change in policy 
will change the market for nuclear goods and services 
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and the timing of changes in public policy is dependent 
on the decis.ns of an Administration and a Congress 
whose composition and outlook can change. Consequently, 
policy changes are difficult to predict. We have 
therefore examined thorium under today's market 
conditions and also under different policies that we 
expect to alter today's market conditions. 

Finally, our conclusions have not yet been fully reviewed 
and validated by representatives of the industries that 
would supply that market. 
With these qualifications, we conclude that, with rising 
uranium prices, thorium appears to have sufficient 
promise for producing electricity more economically and 
for extending our uranium resources that tbo evaluation 
of thorium should be continued to ensure that the 
thorium fuel-cycle options under consideration in TAP 
and other government programs are, in fact, technically 
and economically viable in the commercial marketplace. 

This overall conclusion is based on a number of findings. 

Specifically, we find on the basis of interviews 
with the utilities and the Reliability Councils that, 
although the electric utilities project a need for over 
350 GW(e) of installed nuclear capacity by 1996, they 
are cautious, and even pessimistic, about investing in 
the LWR with a uranium once-through cycle. The 
industry's major interests at the moment are the reduc-
tion of time and risk in the licensing process and 
the improved operating performance of LWRs. The 
commercialization of thorium does not appear necessary 
or useful to the industry under the present market 
conditions. 

More specifically, we find that, in the industry's view: 
• In a favorable regulatory environment, additions of 
358 GW(e) of nuclear generating capacity, or 44 percent 
of total planned capacity additions, will be needed by 
1996. However, 65 percent of the capacity will be 
installed between 1987 and 1996 with major procurements 
during the 1980s. The market is therefore still 
susceptible to the influence of federal policy. 
• The electric utilities perceive the supply of 
uranium as adequate to meet their demands and do not 
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perceive thorium as necessary to augment uranium 
supplies. In fact, they view the commercial introduc-
tion of thorium as an unnecessary complication in an 
already difficult licensing climate and fuel market. 
• The electric utilities do not perceive thorium on a 
once-through cycle as competitive with uranium on a 
once-through cycle. 
• The electric utilities surveyed during the "study 
strongly favor the development of federal policy 
permitting the recycling of fuel, continuing develop-
ment of the FBR, and streamlining the nuclear 
regulatory process, before thorium is commercialized. 

• The supplier industries will not limit the growth 
of a thorium market if the demand for thorium develops. 
However, they will not invest in production or service 
capacity until federal policy clearly establishes a 
role for thorium, and until contracts for goods and 
services are negotiated with electric utilities. 
• The financial industry perceives the current market 
as risky for many utilities that are building nuclear 
units. The introduction of thorium would constitute an 
additional risk not justified under current regulatory 
and energy policy. However, under a favorable energy 
policy, the supply of capital will not be a constraint 
in the commercialization cf thorium. 

The potential market for electric power plants appears 
to be gaining strength once again, and a strong market 
should continue into the 1980s. Therefore, the potential 
for nuclear power is good also, under favorable govern-
ment policies. However, the present market for nuclear 
goods is, at best, merely holding its own. Federal 
policy and regulation must change if the condition of 
the market is to change. The utilities and supplier 
industries perceive that the future market potential is 
delicate and can easily evaporate if uncertainties 
persist or if future policies or regulations are adverse. 
A new fuel is viewed as an unnecessary complicating 
factor in this market. 

Stabilizing nuclear policy is the critical step in 
the commercialization of thorium. The market awaits a 
clear policy on fuel reprocessing and recycling, on the 
availability of the FBR, on waste storage, on plant 
decommissioning, and on regulatory requirements for the 
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licensing of plants. These policies are external to 
consideration of thorium, but they have a definite 
influence on its market. A more stable and positive 
policy toward nuclear power will result in a more 
receptive market for thorium in current LWRs or new 
reactors. If thorium is to be commercialized, critical 
decisions must be made by the federal government. First, 
policy must be stabilized and regulatory procedures 
streamlined to facilitate the development and use of 
nuclear units and to forestall the dispersal of exper-
tise and manufacturing capability that will be required 
in the 1980s and 1990s. Second, the policy and proce-
dures must be implemented and their effects realized in 
increased procurements of LWRs. Third, the decision to 
deploy thorium must be made; this will also entail a 
change in federal policy. TAP studies show that the 
prerequisite to effective penetration of the nuclear 
market by the thorium fuel-cycle is a policy permitting 
the reprocessing, fabrication, and recycling of fissile 
fuel. 

Under the present policy prohibiting recycling of any 
fuels, TAP investigations have indicated that thorium 
cycles are not economically competitive with the low-
enriched uranium cycles.2 Thorium fuels typically 
contain much larger amounts of enriched uranium in the 
initial fuel loading and in the spent fuel in the same 
reactors. HTGRs and the German pebble-bed reactors are 
exceptions; in these reactors, the use of thorium fuels 
in once-through cycles appears to produce slightly better 
uranium-resource utilization than the use of low-enriched 
uranium.^ 

2. Keith C. Garel and Michael J. Driscoll, Massachusetts 
Institute of Technology, Fuel Cycle Optimization of 
Thorium and Uranium Fueled PWR Systems (MIT-EL-777-018: 
October 1977); and Combustion Engineering, Inc., 
Assessment of Thorium Fuel Cycles in Pressurized 
Water Reactors (EPRI-NP-359: February 1977). 

3. E. Teuchert, "Once Through Cycle in the Pebble Bed 
HTR," presented &t the American Nuclear Society Winter 
Meeting, San Francisco, California, November 27-
December 2, 1977; and Reactor Design Characteristics 
and Fuel Inventory Data, Hanford Engineering Develop-
ment Laboratory (September 1977). 
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To examine the market potential for thorium under the 
three recycling policy scenarios, the quantitative 
potential of a thorium market was forecast for each 
policy by the Hanford Engineering and Development 
Laboratory's ALPS model. However, forecasting beyond 
the utilities' planning horizon of 20-30 years is 
uncertain because of the number of imponderables 
involved: possible shifts in government policy; the 
future financial condition of the utilities; fluctuations 
in demand; and changes in fuel prices and in the capital 
cost of generating equipment. Consequently, the 
feasibility of introducing thorium in LWRs, SSCRs, HTGRs, 
and HWRs was also evaluated qualitatively. 

Technically, commercializing thorium in the LWR is less 
difficult than in the SSCR, HTGR, or HWR. The commer-
cialization of the SSCR appears, on the basis of TAP 
data, to be less difficult than the HTGR or HWR because 
the SSCR is essentially an LWR modified to use available 
heavy-water technology. Moreover, the SSCR is adaptable 
to a nuclear economy consisting of LWRs and LMFBRs. The 
HTGR has already encountered difficulty in entering the 
commercial market, and requires a different reprocessing 
technology. The HWR has not been designed and built to 
U.S. licensing standards. Clearly, therefore, the 
commercialization of thorium is most likely to succeed, 
initially, in LWRs, with which the regulatory agencies, 
the utilities, and the supplier industries are most 
familiar. 

If the government acts to deploy thorium, HEDL simula-
tions indicate that the market potential for thorium 
between 1977 and 2025 could develop as follows: 

• Under a uranium-recycle only policy, a total of 
748 GW(e) of nuclear capacity could be installed by 
2026, of which 623 GW(e) are thorium-cycle HTGRs and 
125 GW(e) are LWRs. This represents a 34-percent 
nuclear penetration of the electric power generation 
market. More efficient U3O8 ore utilization and 
lower average levelized costs give the HTGR its 
competitive edge over the other technologies. The 
SSCR would be the next most efficient thorium-fueled 
reactor under this policy, with a nuclear penetration 
of 30 percent. 

M 
t 
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• Under a recycle of plutonium in secure centers 
policy, a total of 1,453 GW(e) of nuclear capacity 
could be installed by 2026, with a 66-percent nuclear 
penetration of the electric power generation market. 
Of this total, 861 GW(e) would be SSCRs (366 GW(e) 
thorium-fueled); 420 GW(e), FBRs; and 172 GW(e), LWRs. 
The economic edge developed by SSCRs under this policy 
is due, in part, to their symbiotic relationship with 
FBRs; SSCRs produce plutonium for use in FBRs, which, 
in turn, produce U-233 fuel for SSCRs. (The HTGR 
would be the next most efficient thoriur.i-fueled 
reactor under this policy, with a nuclear penetration 
of 63 percent.) 
• Under a full-recycle policy, 1,453 GW(e) of nuclear 
capacity could be installed by 2026, with a 66-percent 
nuclear penetration of the electric power generation 
market. Of this total, 818 GW(e) would be HTGRs; 
360 GW(e), FBRs; and 230 GW(e), LWRS. With full 
recycle, the nuclear systems including the HTGR 
achieve the most efficient uranium ore utilization. 
(A uranium-fueled SSCR was calculated to be the next 
most efficient reactor under this policy; however, its 
performance might have been matched or exceeded by the 
thorium-fueled SSCR, had thorium-fueled SSCRs been 
included in the ALPS runs.) 

HWRs, at the capital costs assumed in this analysis, 
were not competitive with the HTGR or SSCR under any of 
the four federal recycle policies. HWRs were projected 
to develop in a recycle of plutonium in secure centers 
policy, but only because they were the only converter 
reactor option included in the scenario analyzed that 
could utilize bred U-233 fuel. HTGRs and SSCRs both 
achieved higher levels of penetration in the scenarios 
in which they were the converter reactors using bred 
U-233. However, recent studies have indicated that the 
capital cost for an HWR designed to meet U.S. licensing 
criteria may be significantly less than assumed by HEDL; 
with these lower costs, the HWR's competetive posj£ion 
would be improved.4 

4. United Engineers and Constructors, Inc., Commercial 
Electric Power Costs: Capital Cost, Pressurized Heavy 
Water Reactor Plants (COO-2477-13: June 1977). 
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The use of thorium with recycling of f.'-sile material 
produces lower total systems costs than the present 
once-through system because the economic benefits of 
the recycled fuel more than offset the costs of 
recycling. The HTGR and SSCR (in conjunction with the 
FBR) contribute most to lowering total systems costs. 
If either SSCRs or HTGRs are deployed, the HEDL model 
projects reductions in systems costs of $100-$ 125 
billion nationally (with a 4.5-percent discount factor) 
under the recycle in secure centers or full-recycle 
policies. If a uranium-recycle only policy is selected, 
the savings drop to $10-$17 billion. 

As mentioned above, the commercialization of thorium in 
the LWR is less difficult than in the SSCR or HTGR, and 
the commercialization of the SSCR is likely to be less 
difficult than the HTGR. The SSCR is also adaptable to 
a nuclear econouy consisting of LWRs and LMFBRs. 
Consequently, the technical and economic risks of commer-
cializing the SSCR are lower than, and its economics 
comparable with, the HTGR. The preferred system for 
commercializing thorium appears to be its introduction in 
LWRs, followed by the deployment of thorium-based SSCRs 
as they become available. 

The major barriers to the commercialization of thorium 
can be summarized as: 

• The constraints on the market for any nuclear goods 
stemming from the problems already experienced with 
LWRs. 
• The utilities' present lack of interest in thorium 
as an alternative to the uranium-plutonium fuel-cycle, 
and in any alternative reactor to the LWR. 
• The lack of a clearly defined, permanent federal 
policy for nuclear fuel reprocessing and recycling, 
which adversely influences the economics of using 
thorium fuel in commercial power reactors. 
• The lack of a clearly defined, permanent policy on 
the development of FBRs, creating the risk of a return 
to a policy favoring plutonium breeders that would 
jeopardize investments in thorium reactors. 
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• The lack of a demonstration of thorium fueling, 
with the related reprocessing and recycling technology, 
on a commercial scale (approximately 1000 MW(e)). 
• The uncertainty that a reactor using thorium fuels 
and the supporting reprocessing technology are licens-
able without undue design changes and delays. 

The first four of these barriers can be overcome only 
by policy decisions — stable policy decisions that will 
remain in effect for 20-30 years. The last two barriers 
can be overcome by RD&D programs requiring substantial 
funding and a commitment to demonstrate that thorium's 
potential can be achieved on a commercial scale. 
Although our primary objective was to identify the bar-
riers to commercializing thorium, not to determine 
precisely how to overcome them, some actions to overcome 
the barriers are clearly suggested, although they warrant 
considerably more analysis and definition. 

The lack of commercial interest in thorium stems from 
the lengthy list of nuclear problems faced by utilities 
and suppliers. If those problems persist, an interest 
in thorium will not develop. 

When these problems have been resolved to the satisfac-
tion of the utilities, a federal policy decision 
to deploy thorium would begin to arouse the market's 
interest. A federal policy favorable to recycling is 
essential to the deployment of thorium, and the benefits 
of thorium improve if the recycling of uranium and 
plutonium is also permitted. Such a policy would be a 
positive signal to the market for thorium. 

Active implementation of a federal policy streamlining 
the regulatory process would encourage even more interest 
in thorium and new reactor designs. And finally, a 
decision on the fast breeder reactor, favorable or 
unfavorable, would help to establish which thorium-fueled 
reactor would be most economically efficient. 

These are difficult decisions with a high level of public 
sensitivity, but, without them, there is virtually no 
prospect of thorium's entering the commercial market. 
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These policy decisions alone, however, will not bring 
about the commercialization of thorium. Further deci-
sions are needed to select the most-efficient types of 
reactor and fuel-cycle technology for development, 
to avoid dissipating the resources of industry and the 
government. The LWR is the technology in which the 
commercial potential of thorium can be demonstrated 
most convincingly because it involves less technical and 
licensing risk than others. 

The use of thorium in a commercial-scale reactor would 
have to be demonstrated and licensed, and a joint 
industry/government RD&D program established to continue 
research to demonstrate the use of thorium in a 
commercial-scale reactor, to demonstrate fuel fabrication 
and recycling, to test the system, and to license the 
facilities. 

It is apparent that thorium can be commercialized only 
if the federal policy actions discussed above are effec-
tive in overcoming the utilities' present reluctance to 
invest in nuclear units, despite the apparent long-term 
benefits. Further investigation into the use of thorium 
is therefore warranted. Thorium can extend the life of 
uranium reserves and increase the market share of nuclear 
power in electric power generation at a lower cost for 
electricity. But these benefits must be demonstrated to 
the nuclear industry, a process that calls for firm 
governmental policy decisions — particulartly on the 
recycling of fuel — and a vigorous research, develop-
ment, and demonstration program. 

These conclusions are based upon the evidence present-rd 
in the following chapters. 

In Chapter 1, "The Market for Nuclear Power," we describe 
the future nuclear market as it is now perceived by the 
utilities, and the perceptions of the utilities and the 
supply industries of thorium's potential role in the 
market. 

In Chapter 2, "The Potential Market for Thorium," we 
analyze the performance of thorium under various federal 
reprocessing and recycling policies that will alter the 
utilities' present view of thorium, and compare the 
performance of various thorium-based technologies under 
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these options to establish the technologies warranting 
further develogjpent and demonstration with government 
support. 
In Chapter 3, "Federal Policy Options for Commercializing 
Thorium-Based Technologies," we outline a federal policy 
program for developing preferred thorium technologies to 
the point of full commercialization. 

The argument developed in these chapters is supported by 
three appendixes: 

Appendix A: The Market for Thorium Potential as 
Perceived by the Nuclear Industry 

Appendix B: Barriers to Commercialisation of the 
Thorium Fuel-Cycle 

Appendix C: Future Work to Assess Thorium 
Commercialization 

Appendix D: Summaries of Selected Thorium Evaluations. 

Two technical reports providing the data base for our 
analysis have been appended in Volume 2 of this report 
with the permission of the authors. They are: 

Annex 1: Thorium Assessment Program Systems Studies* 
Annex 2: Technical Aspects of Thorium Utilization. 

* The data base for Annex 1 is included in HEDL's 
Reactor Design Characteristics and Fuel Inventory Data, 
Volumes 1 and 2 (September 1977). 
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In the past decade, the utility industry has operated in 
an increasingly unpredictable environment, and the utili-
ties* investment decisions have become progressively more 
difficult to make. The rate of increase in the demand 
for electricity has dropped sharply, from an annual 
average of 7.1 percent in 1968 to an estimated 
5.2 percent in 1978.1 Environmental regulation of the 
use of coal has become increasingly stringent. At the 
same time, the future of nuclear power has been clouded 
by uncertainty in government policy. Delays in the 
approval of federal and state licenses have increased 
the already high capital costs of nuclear plants, and 
policies regarding the recycling of uranium and pluto-
nium, waste disposal and spent-fuel storage, and the 
further development of the breeder reactor are unclear. 

Despite these uncertainties, the utilities clearly 
regard nuclear power as a major source of electric 
generating power over the ne:;t two decades, and their 
decisions, more than any other factor, will shape the 
future mix of technologies. 

The commercial potential for thorium, then, is dependent 
essentially on the utilities' perception of the most 
feasible balance of added baseload capacity needed to 
meet future demand. However, federal and state regula-
tory agencies must also be convinced that thorium-fueled 
plants are preferable technologically, economically, and 
financially. 
Our survey of utilities and potential suppliers of a 
thorium market indicates that under present conditions a 
spontaneous demand for thorium is unlikely to develop in 
the utility industry itself. The industry's view of the 
development of nuclear power has remained essentially 

1. National Electric Reliability Council, Fossil and 
Nuclear Fuel for Electric Utility Generation: Require-
ments and Constraints 1977-1986, (1977). 
(§*) 
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unchanged; they regard the breeder reactor on the uranium-
plutonium cycle as the ultimate nuclear technology and 
the present generation of nuclear reactors — in effeco, 
the light-water reactor on the once-through uranium 
cycle — as an interim technology. They feel they have 
access to adequate and secure supplies of uranium over 
the next 20-30 years, their normal planning horizon, 
and see no convincing reason for adopting the less well 
known and less-economical thorium as a supplement. The 
difficulties they have encountered with the familiar LWR 
technology have also made them cautious of experimenting 
with other new reactor technologies designed for improved 
economics, such as the spectral-shift controlled reactor, 
the heavy-water reactor, or the high-temperature 
gas-cooled reactor, until regulation becomes reasonable 
and consistent, and a national nuclear policy is clearly 
articulated. 

Consequently, the utilities' present plans for nuclear 
baseload additions are confined to LWRs with uranium 
fuel, and, possibly, plutonium in the future. If 
thorium is to become a part of the fuel mix in electric 
power generation, the utilities must perceive the need 
for changing their investment plans. 

From the utilities' viewpoint, such a change would not 
be contemplated unless the economic conditions under 
which they operate (particularly system costs and the 
cost and availability of uranium) change significantly, 
and governmental policy and regulations favoring thorium 
are formulated. However, they do not foresee either 
eventuality as likely. And until the utilities decide to 
invest in thorium technologies, the supply industry for 
thorium will not develop. 

The nuclear market is unusual in that supply is deter-
mined by demand, that is, by the utilities' investment 
and purchasing decisions. Our survey of potential 
thorium supply industries indicates that they will not 
anticipate the development of demand, but can make a 
rapid transition to thorium if the demand develops. 

The future demand and supply for nuclear power form 
the context for evaluating the commercial potential 
for thorium. In the following sections, we examine in 
more detail the potential demand for nuclear power, on 
the basis of the utilities' plans for investing in 
additional capacity, and the potential supplier 
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industries, with particular emphasis on the utilities' 
and suppliers' perception of thorium. 

THE POTENTIAL DEMAND FOR NUCLEAR POWER 

According to our Purvey of electrical reliability 
councils and individual utilities, the utility industry 
pians to add slightly more than 838 GW of capacity to 
its present baseload capacity by 1996. Nuclear plants 
will supply 43 percent of the additional capacity, only 
slightly less than the projected ?oal-fired share. 

The following table shows the additions planned nation-
wide for every year from 1977 to 1986 and for the period 
1987-1996. 

Planned Additions to Capacity (GW) 
in 48 Contiguous States 1977-1996 

Tottl Addition.: 838J GW 
Total NucUir: 3S6.4 GW (43%) 
Total Coal-fired: 365.1 GW (44%) 

1977 1978 1979 1980 1981 1982 1983 1984 198S 1986 1987-1996 
Total additions 32 .3 25 .8 27.3 34.1 32 .6 32.4 33 .6 39 .4 39.6 32 .1 509.1 

Nuclear (GW) 9 b 5.1 8 3 11.3 12.6 14.8 17.4 18.0 14.8 32 .1 231 .9 

Nuclear (%) 29 2 0 30 33 3 9 46 52 4 6 37 4 0 4 6 

Coal-fired (GW) 11.1 11.4 11.8 15.9 12.3 13.1 9 7 15.7 17.0 15.2 231.9 

Coal-fired (%l 34 4 4 4 3 4 7 3 8 40 29 4 0 4 3 4 7 46 

Other (GW) • 11.7 9 .3 7 2 6 . 9 7.7 4.5 6 .5 5 7 7 8 4 .2 45 .3 

SOURCES (for 1977-1986 data! National Electric Reliability Council. Feaf »ndNuclfr Futl tor Ehctric 
Utility Gtntrttion: Rtquirtmum tnd Conttrtintt. 1977-86; I 'or 1987-1996 data) utilities' caoacitv proiec-
t.ot s and anticipated fuel mix ratios, supplied by regional reliability council! 

'Includes hydroelectric, oil-fired, gas-fired, and geothermal and plant upratings. also plant recrements 
and derating) as net reductions to the additions. Data are for plants announced by utilities as planned 
or under construction 180% of plants scheduled for completion by 1986 are under construction). 

As the table shows, the addition of nuclear units is 
modest in 1978 and 1979. However, from 1980 to 1996 a 
more active nuclear industry will develop, and the 
orders placed during this period for capacity additions 
represent a total addition of approximately 356 power 
plants, with the uranium fuel services, engineering 
services, and equipment to support the plants. 
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Planned NERC Additions 
to Capacity (1996) 

Nuclear 43% 
Coal 33% 

MARCA 
Nuclear 35% 

Coal 45% 

Nuclear 29% 
Coal 61% 
ERCOT 

Nucloar 26% 
Coal 49% 
MAIN 

Nuclear 43% 
Coal 47% 

ECAR 
Nuclnar 39% 

COJI 56% 

V 

SERC 
Nuclnar 4B% 
Co.il 41% 
MAAC 

Nuclear 59% 
Coul 24% 
NPCC — 

Nuclear 76% 
Coal 3% 
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These figures are a compilation of projections by the 
regional reliability councils whose jurisdictions cover 
the 48 contiguous states (see Exhibit l.a). Within 
each region/ however, the balance of nuclear, coal-fired, 
and othfci: capacity varies quite considerably. 

The Northeast Power Coordinating Council (NPCC) is almost 
completely committed to nuclear power, as the following 
table shows. 

Planned Additions to Capacity (GW) 1977-1996 
Northeast Power Coordinating Council 

Tottl Addition*: 505 GW 
Total Nudur: 38.6 GW (76%) 
Tout Coal-fired: 1.7 GW 13%) 

1977 1978 1979 1980 1981 1932 1983 1984 1985 1986 1987-1996 
Total additions 0 .9 1.2 0 .6 0 .9 0 .7 2.5 0 .1 3.9 3 . 0 1.1 35 .6 

Nuclear iGWI 0 0 .3 0 0 .9 0 2.2 0 2.2 2 . 3 1.1 29 .6 

Nuclear (%) 0 27 0 100 0 100 0 56 77 100 84 

Coai-fired (GW) 0 0 .3 0 0 0 0 0 0.7 0 .7 0 0 

Other ( G W r 0.9 0.6 0 .6 0 0 . 7 0.3 0 .1 1.0 0 0 6 0 

' Includes retirements, upratinqs. and ('•".•ting* as net reductions to additions to capacity. 

This commitment is heavily influenced by the inadequacy 
of the region's transportation network to meet the demand 
of the utilities for coal, and by stringent air-quality 
standards that create difficulties in siting coal facili-
ties near the region's main demand centers. 

Because the region's utilities are committed to nuclear 
power, and their operating experience with nuclear units 
has been satisfactory, they were open to the considera-
tion of thorium. However, they feel that a supplementary 
fuel source is not needed because their contracted 
uranium supplies are secure and reserves adequate. They 
also questioned the need for new reactors other than the 
fast breeder. However, NPCC utilities would consider 
thorium as a fuel in an LWR or in a reactor designed to 
optimize thorium use if the system were economically 
competitive with other baseload systems and could be 
licensed as rapidly as an LWR on the uranium once-through 
cycle. 
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The utilities of the Mid-Atlantic Area Council (MAAC) 
are also heavily committed to nuclear units, as the 
following table shows. 

Planned Additions to Capacity (GW) 1977-1996 
Mid-Atlantic Area Council 

Total Additions: 44.5 GW 
Total Nuclear: 26.4 GW (59%) 
Total Coal-fired: 10.4 GW (24%) 

1977 1978 1979 1980 1981 1982 1983 1984 198S 1986 1987-1996 
Total additions 3.1 0 9 1.5 1.6 0.7 1.8 3.1 1.9 2 .7 4 .3 22.9 

Nurleat (GW) 2 .0 0 .9 1.1 1.0 0 1.0 2.2 1.1 2 .2 3 .4 11.5 

Nuclear (%) 6 7 100 73 6 3 0 56 71 5 8 81 79 50 

Coal-fired (GW) 0 .3 0 0.4 0 0 0 .7 0 0 .8 0 0 .8 7.4 

Other ( G V W 0 . 8 0 0 0 .6 0 .7 0.1 0 .9 0 0 . 5 0 1 4 .0 

•Includes r^'.rements. upratmgs. dnd derating* as net reductions to addition* to cdp jo ty . 

The past economic performance of the LWRs has encouraged 
the MAAC utilities to continue procuring nuclear units, 
and approximately 60 percent of their capacity additions 
will be nuclear. Some coal-fired capacity will be built 
in those areas of the region, such as Pennsylvania, 
closest to coal reserves; however, the regional air-
quality standards limit the use of coal in the region, 
particularly in the more industrialized sectors. 

The cost of nuclear units does not appear to be a con-
straint in this region because many of the utilities are 
large corporations, some with assets of over $2 billion. 
Project financing is not as difficult for them as it is 
for the smaller or medium-sized utilities characteristic 
of other regions. 

The MAAC utilities questioned the need f«_ . thorium 
because they consider uranium supplies adequate; they 
also questioned the need for new technologies other than 
the fast breeder. The potential of thorium was not 
dismissed, but thorium would be seriously considered 
only if demonstrably competitive with coal and with LWRs 
on the once-through cycle under the present nuclear 
policy. 
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The Southeastern Electric Reliability Council (SERC) 
projects a more balanced mix of nuclear and coal-fired 
capacity, but is also heavily committed to nuclear 
power, as the following table shows. 

Plannsd Additions to Capacity (GW) 1977-1996 
Southeastern Electric Reliability Council 

Total Addition*: 186.4 GW 
Total Nuclear: 88.8 GW (48%) 
Total Coal-firtd: 76.1 GW (41%) 

1977 1978 1979 1980 1981 1982 1983 1984 1985 198S 1987-1996 
Total additions 7.7 5 .5 7 .8 6 .8 4 .1 5 .5 9 . 7 11.6 7 .1 7 .9 111.7 

Nuclear (GW) 4 .5 1.1 6 . 0 4 .5 1.3 2.1 6 . 5 7 .1 3 .8 2 . 2 49 .7 

Nuclear (%) 5 8 2 0 77 66 3 2 3 8 6 7 61 54 2 8 4 5 

Coal-fired (GW) 0.1 2 .5 1.1 1.2 1.6 3 . 0 1.9 3 . 5 2.8 4 . 8 53 .6 

Other (CW)# 3.1 1.9 0 . 7 1.1 1.2 0 .4 1.3 1 . 0 0.5 0 . 9 8 .4 

•Includss retirements, upratings. and derating* as net reductions to additions to c j u i c i t y . 

Approximately 90 GW of additional nuclear capacity, half 
of planned new capacity, is scheduled to come on line by 
1996; coal-firsd units will supply approximately 76 GW, 
or 40 percent of the new capacity. However, the attitude 
to nuclear power varies within the region. 

In the northern half, the utilities retain a preference 
for nuclear units despite the fact that some of them 
have experienced delays in plant availability, cost 
overruns, and licensing difficulties. Utilities in the 
Tennessee Valley, Virginia, and the Carolinas plan for 
nuclear capacity amounting to approximately 65 percent 
of total additions. 

In Georgia, Alabama, and Mississippi, some utilities 
have failed to obtain adequate rate relief; as a result, 
they are unable to generate the cash flow needed to 
finance a nuclear unit. In Florida, the lengthy lead-
times for nuclear plants caused by licensing uncertainty 
have influenced the utilities to favor coal, and in all 
these states the smaller utilities view nuclear invest-
ments as unacceptably risky. The cost of a nuclear unit 
in the 1,000-MW range would severely strain the resources 
of smaller utilities, which cannot generate the cash 
flow internally to finance 35 percent of the investment. 
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Unforeseen increases n cost or critical delays due 
to licensing problems or third-party interventions in 
the licensing process could place these utilities in 
financial jeopardy., ^ 

In general, the additions planned by the utilities in 
different parts of the SERC region reflect the utilities' 
financial capacity. Those favoring coal are adding 
smaller coal-fired units that can be built more rapidly 
than nuclear units and that, being less subject to 
federal regulation, are less susceptible to project 
delay with the consequent risk of capital exposure. On 
the other hand, utilities in a strong financial position 
are adding nuclear capacity because they can absorb the 
cost of the larger nuclear units and are less exposed to 
the risk of licensing delays and rising costs. 

State regulatory agencies in the SERC region expressed 
concern over the financial risks of investing in 
nuclear plants. They feel that federal regulation of 
nuclear plants creates uncertainty in the scheduling of 
plant availability, removes control of timing and 
availability of new capacity from their jurisdiction, 
and prevents state public utility commissions from 
meeting their responsibility for continuous electric 
supply. 

The attitude of the SERC utilities toward thorium is 
guarded; they believe the present nuclear policy needs 
to be stabilized and the regulation of the LWR-uranium 
cycle streamlined before any new fuel or reactors are 
considered. 

In the East Central Area Reliability Coordination 
Agreement (ECAR), coal-fired units will make up the 
largest share of capacity additions (approximately 
56 percent) by 1996, as the following table shows. 

(RRft) 
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Planned Additions to Capacity (GW) 1977-1996 
East Central Area Reliability Coordination Agreement 

Total Additions: 137 J GW 
ToUl Nuclear: 53.2 GW (39%) 
Total Coal-fired: 77.4 GW (56%) 

1977 1978 1979 1980 1981 1982 1983 1984 198S 1986 1987-1996 
Total additions 6 . 2 2 .7 2 .7 4 .7 5 .9 4 .7 5 .3 2 .5 4 2 1.6 96 .6 

Nuclear (GW) 1.4 1.9 0 1.1 3 . 0 2 .0 2 . 2 0 0 . 9 1.1 3 9 . 6 

Nuclear 1%) 23 7 0 0 23 51 43 4 2 0 21 6 9 41 

Coal-fired (GW) 4.1 0 .7 1.9 4 .6 2 .9 2.2 2 .6 2 .5 2 .3 0 .5 o3 1 

Other ! G W ) ' 0 . 7 0.1 0 .8 0 0 0 .5 0 .5 0.1 1.0 0 3.9G 

' Includes retirements, upratings. and derating* as net reductions 10 additions to caoacuv. 

The coal reserves in the ECAR region have heavily 
influenced the preference toward coal; at the same time, 
the effects of federal regulation on operational availa-
bility and cost have induced caution toward nuclear 
procurements. Even so, over 53 GW of nuclear capacity 
is planned by 1996. 

The ECAR utilities also questioned the need for thorium 
and for new nuclear technologies. They feel that 
current uranium reserves are adequate for their foresee-
able needs and will not consider a change in fuel type 
until the present problems in licensing LWRs have been 
resolved. 

The utilities of the Mid-America Interpool Network 
(MAIN), like the ECAR utilities, project a diversified 
fuel mix. Additions to coal-fired capacity are slightly 
larger than additions to nuclear capacity, as the 
following table shows. 
Planned Additions to Capacity (GW) 1977-1996 
Mid-America Interpool Netwoik 

Total Additions: 77.0 GW 
Total Nudur: 33.4 GW (43%) 
Total Coal-fired: 36.4 GW (47%) 

1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987-1996 

Total additions 2.7 2.7 2.1 1.9 4 . 2 5 .7 0.7 2.4 3.1 3 .7 4 7 . 8 

Nuclear (GW) 0 0 1.1 1.1 2.7 3 . 9 0 .2 0 1.0 0 .7 22 .7 

Nuclear (%) 0 0 5 2 5 8 64 6 8 2 9 0 3 2 19 4 7 

Coal-f ired (GW) 1.6 1.4 0 0 . 5 1.2 1.4 0.4 0.6 2.1 2.1 25 .1 

Other ( G W ) * 1.1 1.3 1.0 0 . 3 0 .3 0 .4 0.1 1.8 0 0 .9 0 

' Includes retirements, uoratings.andderatingsas 1-7er reductions to additions to capacity. 
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In this region, as in ECAR, air-qualitv standards will 
limit coal use in the more heavily populated and indus-
trialized areas, particularly in Illinois. This 
constraint more than offsets the utilities' concerns 
over the cost of, and regulatory delays to, nuclear 
plants. 

Most of the region's added nuclear capacity is projected 
to come on line between 1987 and 1996. The long delay 
allows the utilities to postpone construction or to 
switch to coal-fired units if they encounter difficul-
ties in financing a planned nuclear unit or licensing 
uncertainties increase. 

The utilities in the region were interested in the 
potential of thorium and would consider adopting the 
fuel and the reactors using it if they prove to be 
economically competitive with the conventional LWR and 
coal-fired units. 

The utilities and public utility commissions in the 
Southwest Power Pool (SPP) region strongly favor coal-
fired units for future capacity additions, as the 
following table shows. 

Planned Additions to Capacity (GW) 1977-1996 
Southwest Power Pool 

Total Additioni: 115.6 GW 
Total Nuclear: 33.7 GW (29%) 
Total Coal-find: 70.7 GW (61%) 

1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987-1996 
Total additions 3 . 5 3 . 0 2 . 8 6 . 1 4 . 8 3 . 7 3 . 8 5 . 6 7 . 4 4 . ( j 7 0 . 3 

Nuclear (GW) 0 0 . 9 0 0 2 . 4 0 . 8 1 . 9 2 . 2 0 . 9 0 2 4 . 6 

Nuclear (%) 0 3 0 0 0 5 0 2 2 5 0 3 9 12 0 3 5 

Coal-fired (GW) 1.6 2 . 0 1.6 4 . 6 1 .0 2 . 6 1 . 7 2 . 9 3 . 3 3 . 9 4 5 . 5 

Other (GWC 1.9 0 . 1 1 .2 1 . 5 1.4 0 . 3 0 . 2 0 . 5 3 . 2 0 . 7 0 . 2 

' I nc ludes ret i rements, uDrai ings , and derat ing; as net reduct ions to add i t ions tu CJUJCIIV. 

(RPA) 
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The utilities in the region are convinced that the 
LWR-uranium cycle is technically sound and the fuel 
supply adequate, but are concerned about cost. They 
expressed the view that licensing requirements were 
imprecise and design criteria not necessarily developed 
on a sound technical basis. Consequently, they could 
not anticipate design requirements with any confidence 
and, by committing themselves to a nuclear plant, could 
incur rapidly escalating costs from changed requirements 
and licensing delays. A number of utilities have 
abandoned plans for additional nuclear capacity after 
the units under construction are completed. They will 
rely on coal-fired baseload units for the future. 

Despite the preference for coal, a substantial amount of 
nuclear capacity — over 30 GW — is planned from 1977 
to 1996; however, over 70 percent of this capacity is 
planned to come on line after 1987. 

There was very little interest in thorium in this region 
because coal is abundant and uranium supplies are 
perceived as adequate. The utilities also feel that 
problems with the current fuel-cycle should be corrected 
before a new fuel-cycle is introduced. 

The utilities of the Electric Reliability Council of 
Texas (ERCOT) share the SPP's perceptions of the nuclear 
market, as the following table shows. 

Planned Additions to Capacity (GW) 1977-1996 
Electric Reliability Council of Texas 

Total Additions: 61.0 GW 
Total Nuclear: 16.9 GW (28%) 
Total Coal-fired: 30.1 GW (49%) 

1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987-1996 
Total additions 2.1 2.6 2 . 9 2.5 4 . 1 4 .1 3 . 8 3 . 0 3 . 6 2 .0 3 0 . 3 

Nuclear (GW) 0 0 0 1.3 1.1 1.3 1.1 0 1.2 0 10.9 

Nutlear (%) 0 0 0 52 2 7 3 2 2 9 0 3 3 0 3 6 

Coal-fired (GWl 1.6 2 .2 2 .5 1.2 0 . 9 1.5 1.2 2 .5 1.7 1.3 . 13.5 
Other 1 G W 0.5 0.4 0 .4 0 2.1 1.3 1.5 0 .5 0 . 7 0 .7 5 .9 

•Includes retirements, upratings. and deratings as net reductiuns ;o additions to caaacitv. 
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Recent licensing problems and cost overruns have made 
the ERCOT utilities cautious of investing in nuclear 
units. The position of the SPP and ERCOT utilities is 
supported by state policy in the Southwest. In Texas, 
for example, the Texas Railroad Commission has mandated 
that the use of natural gas for generating electric 
power must be reduced by 10 percent by 1981, and by 
25 percent by 1985. It has also directed the railroads 
to upgrade track to accommodate a daily traffic of 1,000 
coal cars. Concurrently, the Texas legislature is 
considering a bill, supported by several utilities, to 
grant the power of eminent domain to pipeline companies 
for acquiring rights-of-way for a coal-slurry pipeline. 

The lack of interest in nuclear capacity is paralleled by 
a lack of interest in thorium. The ERCOT utilities and 
the region's regulatory agencies would prefer a stream-
lining of the regulatory program for the present LWR 
before a new fuel or new reactor concept is introduced. 

The utilities of the Mid-Continent Area Reliability 
Coordination Agreement (MARCA) are also heavily commit-
ted to coal-fired additions to capacity, as the following 
table shows. 

Piannad Additions to Capacity (GW) 1977-1996 
Mid-Continent Area Reliability Coordination Agreement 

Total Addltioni: 3S.1 GW 
Total Nuelaar: 10.2 GW (29%) 
Total Co«l-firad: 20.3 GW (58%) 

1977 1978 1979 1980 1981 1982 1983 1984 198S 1986 1987-1996 
Total additions 1.3 1.7 1.8 1.1 2.6 0 .6 1.8 1.1 2 .5 1.1 

Nuclear (GW) 0 0 0 0 0 0 1.2 1.1 0 1.1 

Nuclear (%) 0 0 0 0 0 0 67 100 0 100 

Coal-fired (GW I 1.2 1.2 1.8 1.0 2.6 0 .6 0.6 0 2 .5 0 

Other <GW|* 0.1 0 .5 0 0.1 0 0 0 0 0 0 

19 .5 

6.8 
3 5 

8.8 
3 . 9 

' Includes retirements, upratmgs, and derat ing at net 'eductions to additions to capacity. 
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They have ready access to CCJ I reserves; federal regu-
lation of coal-fired plants is less stringent; the 
plants can be built and licensed comparatively quickly; 
and costs can be predicted with greater certainty. 

Because of the commitment to coal, interest in thorium 
was low in the MARCA reqion. Coal and uranium reserves 
were perceived as adequate to meet the utilities' needs, 
and the introduction of a new reactor fuel was perceived 
as opening up the possibility of further complications 
in federal regulation. The consensus of this region also 
was that federal nuclear policy and regulation should 
be stabilized before a new fuel or reactor concept is 
introduced. 

In the Western States Coordinating Council (WSCC) 
region, the largest share of added capacity will be 
nuclear powered, as the following tabie shows. 

Planned Additions to Capacity (GW) 1977-1996 
Western States Coordinating Council 

Total Additions: 129.5 GW 
Total Nuclear: 55.2 GW (43%) 
Total Coal-fired: 42.2 GW (33%) 

1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987-1996 
Total additions 4.4 5.5 5.1 6.2 5.5 3.8 5.3 7.5 6.0 5.8 74 4 
Nuclear (GW) 1.6 0 0.1 1.4 2.1 1.5 2.1 4.3 2.5 3 1 36.5 
Nuclear (%) 41 0 2 23 3 8 39 4 0 57 42 53 49 
Coal-fired (GW] 0.6 1.1 2.5 2.8 2.1 1.1 1.3 2.4 1.6 1.8 24.9 
Other (GW)* 1.9 4.4 2.5 - " 1.3 1.2 1.9 0.8 1.9 0.9 13.0 

"Induces retirements, uuratmgs. and Geratings as net reductions !o additions to capac'tv. 

However, the deployment of coal-fired and nuclear plants 
alike faces restrictions. Air quality standards limit 
the use of coal in the region; seismological restrictions 
on design, public opposition, and unfavorable state 
government policy — particularly on reprocessing and 
storing spent fuel — limit the use of nuclear power. 
For example, two units of Pacific Gas and Electric's 
Diablo Canyon plant were originally scheduled to come 
on line in 1971; however, new seismic design guidelines 
entailed changes in design that will delay the completion 
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of the project until late 1978. The California State 
legislature is considering bills that will prohibit the 
California Energy Commission from licensing nuclear 
plants until the federal government formulates a policy 
regarding reprocessing and storage of nuclear waste, 
issues that are far from being resolved. Under these 
conditions, the proposed nuclear development may not be 
realized. 

Nevertheless, the WSCC utilities displayed some interest 
in thorium, but its economic competitiveness with 
uranium and its licensability must be demonstrated. 

THE POTENTIAL SUPPLY FOR NUCLEAR POWER 
A demand for thorium-fueled reactors would be supplied 
by a chain of industries consisting of the thorium-mining 
and -milling, enrichment, fuel-fabrication, reactor-
mar.ufacturinq, fuel-reprocessing, fuel-refabrication, 
and waste-storage or disposal industries. Initially, 
these suppliers would probably be firms already involved 
in nuclear supply. The nuclear supply industry has 
already experienced an unstable business environment, 
and this experience will color their attitudes toward 
entering the thorium market. In the late 1960s and 
early 1970s, fuel suppliers were forced to operate below 
capacity when earlier government orders were canceled 
or reduced. Reactor and fuel manufacturers found 
themselves in a similar situation in the 1970s because 
of cancellations or postponements of orders for nuclear 
plants. 

Although the uranium mining industry is now operating 
profitably, most supplier industries have never realized 
the expected profits on their investments because of 
unforeseen technical problems, declining demand, changing 
licensing requirements, and changing federal policy on 
reprocessing, refabrication, recycling, and waste-
handling. Even were these policies firmly established, 
licensing uncertainties greatly increase their financial 
risk. The intervention of individuals and groups 
concerned with, or opposed to, nuclear power has further 
delayed power-plant construction, increasing costs and 
confusing stili more the market outlook for supplier 
services. 
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The supplier industries-are now hesitant about investing 
in the nuclear market, where previously they were 
willing to make major investments that were viewed as 
sound, on the basis of demand projected by the government 
and the utilities, in an attempt to capture market shares 
and profits. They now evaluate the risks much more 
critically. They are carefully reviewing federal and 
state policy actions and licensing decisions as bench-
marks to the level of risk involved in investments and 
are unlikely to commit themselves unless the risk is 
lowered significantly. And the uncertainties of thorium, 
which is less familiar so far as technological feasibil-
ity, licensing, c-conomics, and policy are concerned, are 
even greater than those of uranium. 

Despite the hesitancy of the potential suppliers of 
thorium fuels and equipment, the possibility of their 
investing in manufacturing capacity can be evaluated. 

The willingness of suppliers to invest will be determined 
primarily by the expected size of the market for their 
products or services, the potential profit, the degree 
of risk in the investment compared to other available 
investment options, and the compatibility of the invest-
ment with the firm's marketing strategy overall. 

The market for any thorium supplier is directly dependent 
on the penetration of thorium into the nuclear market, 
and the certainty of this penetration is critical. The 
advent of new technologies that render established 
technologies obsolete or the possibility of changes in 
federal policy affecting utility investment options must 
be carefully considered as potential hazards to a stable 
and secure demand. The profit potential of the invest-
ment is determined by the construction and operating 
costs of the power plant and the price of its fuel. 
This potential would be jeopardized by unforeseen 
fluctuations in sales and in the cost of providing the 
product, stemming in part from the technical difficulty 
of manufacturing the product and in part from the 
uncertainties of the licensing approval process. 
Federal and state policies and licensing decisions are, 
at present, the primary risk factors. 

(RPA) 
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The ability of the supplier to finance the investment 
must be measured against the size of typical investments 
that the firm might make. The investment should not be 
so large as to strain the firm'sj^apacity to borrow 
funds or to generate cash inteaffiRly, nor should it 
exceed the normal level of investment for the firm 
itself or for other firms in the industry. However, if 
it is sufficiently attractive in other respects, a large 
financing can be accomplished through a consortium. 

The capital cost of supply facilities constitutes a 
major investment for a single company; the cost of 
enrichment and reprocessing plants, for example, may be 
as much as $3 billion. However, investments of compar-
able size have been made by private firms in the past, 
through consortia or other forms of joint venture. Under 
a government policy that reduced risk, therefore, the 
supply industries should be capable of providing the 
capital necessary for their manufacturing investments. 

However, according to our survey of potential suppliers 
for a thorium fuel market, the major suppliers in the 
chain — the fuel and reactor manufacturers, fuel 
enrichers, and reprocessors — will not invest in 
manufacturing capacity without a fairly certain market 
demand and some assurance that the financial risk will 
be limited. 

Under these restraints, the supplier industries are 
unlikely to commit themselves unless the risks are 
shared jointly with the utilities and the government. 
Only the mining and milling sector appears prepared to 
move without this support, but it will not do so until a 
relatively stable demand has been established by the 
action of the utilities and the other nuclear suppliers. 

The Potential for 
Thorium Mining 
and Milling 
Thorium mining and milling would be the first link of 
the supply chain. Investment by a mining firm involves 
a sequence of decisions: first, to commit funds for 
exploration for thorium; second, to purchase or lease 
mineral rights to specific properties; and third, to 
develop and operate a new mine. The level of investment 
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rises at each step in the sequence, and a progressively 
more certain return is required. 
Exploration funds are allocated on the basis of expected 
long-term future markets for minerals. Major mining 
firms seem willing to commit exploration funds for 
thorium as soon as a federal policy encouraging the 
development of thorium-fueled reactors is formulated. 
Because the costs are small in comparison to costs of 
mine development, the mining firms are willing to accept 
a higher-than-normai risk that demand will not develop. 
The purchase of land or mineral rights to properties 
requires a larger commitment by the firm and will 
necessitate a more-certain market potential. The mining 
companies will probably not make these purchases until 
the utility requiring the thorium is at least on the 
verge of purchasing the fuel. Many mining firms were 
severely hurt by the depressed uranium market and will 
be cautious about investing in new property to supply 
a thorium market. 

Major funds for developing mining property will probably 
not be committed until the utility has signed a contract 
or letter of intent to purchase a large share — perhaps 
as much as 50 percent — of the mine's output; smaller 
or less-diversified firms may require an even higher 
share. 

Internal funds would be used to finance exploration and 
the purclr se of most land or mineral rights; however, 
the development of a mine demands a larger investment 
and may involve project financing from debt or equity 
markets. However, if a long-term contract for purchase 
of output had been negotiated, these funds should not be 
difficult to acquire. 

Financing, then, does not appear to be a major barrier 
for thorium mining. 
Many of the uranium mining firms in our survey have 
considered thorium investments in the past and have 
identified thorium deposits a*, least adequate to support 
the initial demand. Consequently, should the thorium 
market develop, protracted exploration, which could 
delay the commercial deployment of thorium fuel, would 
be unnecessary. 
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Many of these firms also have the expertise for mining 
thorium. Thorium mining technologies are similar to 
those for uranium, and many firms are experienced in 
dealing with radioactive materials and meeting occupa-
tional safety requirements. Firms now involved in 
uranium mining could therefore be expected to move into 
thorium mining first, but others could soon follow. 
Moreover, the lead-time for developing a mine is consid-
erably shorter than the lead-time for building a power 
plant. The first mines, which will involve little or no 
exploration, could be developed in 2-3 years, perhaps 
with equipment diverted from other uses. In comparison, 
10 years are required for the construction and licensing 
of a power plant, leaving considerable leeway — even 
with a late start — for the development of the mine and 
further exploration. 

Finally, the mining and milling firms surveyed stated 
that they are willing and able to move very quickly if 
the market were to become firm; a considerable amount of 
"wildcat" exploration has been carried out in the past 
in anticipation of a thorium market. They felt that 
the government consistently tends to underestimate the 
speed with which mines could be brought into operation. 
The consensus was that mining would not be the initial 
inhibiting barrier to thorium development. 

The Potential for 
Thorium Fuel Fabrication 
and Reactor Manufacture 
The major fuel fabricators and reactor manufacturers are 
generally subsidiaries or divisions of large, diversified 
businesses with interests outside the nuclear field. The 
investment decisions of these firms must be considered 
in the financial context of the larger firm or parent 
company. 

Fuel fabricators and reactor manufacturers have not 
realized the expected profits from their activities, 
largely because of the sluggish growth of the nuclear 
industry and the increased costs entailed by delays 
and changes in licensing procedures and requirements. 
Because of the changing and complicated licensing 
process, fuel and reactor products have been subject to 
"constant obsolescence." Moreover, many firms are 



34 

THE MARKET FOR NUCLEIAR POWER 

operating below capacity because of canceled, reduced, 
or postponed orders. The originally estimated demand of 
30 power plants per year did not materialize; only 3 
plants, for example, were ordered in 1977. Consequently, 
most parent firms will be reluctant to embark on major 
new investments in the nuclear industry, particularly for 
the research and development of different types of reac-
tor or processing methods, until purchase agreements for 
their products have been negotiated with the utilities. 

Before reaching a decision to invest in thorium manufac-
turing capability, a firm must have some assurance that 
it can sell its services or products at a price that 
will provide an adequate return; it must also foresee a 
sufficiently large market to justify its capital expen-
ditures. But even more importantly, the investment risks 
stemming from uncertainties in price or the timing and 
extent of the potential demand must be regarded as 
acceptable. These risks may develop from uncertainties 
that the power plant or the manufacturing facility will 
be licensed, or from technical uncertainties that could 
increase manufacturing costs. The firm must perceive 
the potential returns as sufficiently attractive when 
compared with other investments. The responses to our 
survey indicate that each reactor manufacturer must build 
about five reactors per year to remain in business; 
however, at this minimal level of demand, suppliers 
would prefer th^t a single, or, at most, two types of 
reactor be selected for deployment — by government 
policy, if necessary — so that they are not obliged to 
dissipate their resources in an attempt to supply a 
diversity of technologies. 

The degree of diversification is another important 
consideration for firms in this industry. Because of 
the depressed profits in the nuclear business, parent 
companies are unwilling to commit more than a certain 
percentage of their business — for larger firms, about 
20-30 percent — to the nuclear field. Furthermore, 
although they may be willing to invest unusually large 
funds for specific research or development projects, 
their long-term investments in nuclear business must be 
consistent with their general diversification objectives. 
Only if the future nuclear market is more certain than 
the past would firms be likely to increase their commit-
ment to nuclear ventures. 
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The Potential for 
Enrichment, Reprocessing, 
and Refabrication 
At present, the enrichment, reprocessing, and refabrica-
tion of nuclear fuels are entirely in the hands of the 
federal government. Several bills authorizing private 
participation in these supply activities are pending 
before Congress, but the Administration has recently 
postponed the licensing of private facilities indefi-
nitely and has expanded federal capacity. It would 
appear that the government will continue to supply these 
services exclusively, or will at least play the leading 
role in supplying them. Few private firms are actively 
seeking licenses, and few more are likely to do so 
unless the government formulates a clearly articulated 
policy and provides financial aid and guarantees. 
Without this support, the potential return does not 
justify an investment in enrichment and reorocessing 
facilities, an investment so large that it could be made 
only by the largest firms or consortia of large firms. 
However, consortia have been formed in the past, and 
the required capital is likely to be available as 
needed; private firms are clearly willing and able 
to raise it. However, equally clearly, such sizeable 
funds will not be committed unless the uncertainties 
that could adversely effect profitable operations are 
diminished. 

The reprocessing and refabrication capacity for thorium 
fuels cannot be expected to develop without a fairly 
assured market for the products — in effect, the 
purchase of thorium fuels by utilities and the develop-
ment of government policies permitting reprocessing'and 
refabrication of thorium fuels. 



2 THE POTENTIAL 
MARi'ET 
FOR THORIUM 

Ur.der the reprocessing policies now in force, the 
utilities do not perceive thorium as economically 
competitive with uranium as a fuel for nuclear reactors. 
However, certain alternatives to these policies, designed 
to reduce the risk of proliferation of weapons-grade 
nuclear materials, are now under consideration by the 
federal government. These alternative policies on the 
reprocessing and recycle of nuclear fuels could create a 
more favorable environment for thorium and warrant the 
reappraisal of thorium's viability. 

RPA evaluated different thorium fuel-cycle and reactor 
applications under four such recycle policy options 
to determine which thorium applications are the most 
ittractive. The four policies were selected by the 
Division of Nuclear Research and Applications of the 
Department of Energy, in consultation with the Hanford 
Engineering Development Laboratory and RPA, as represen-
tative of the range of possible future policies. The 
four policies are: 

• No recycle. This policy, also called the "once-
through" or "open-cycle" policy, is the present policy, 
which prohibits the reprocessing or reuse of nuclear 
fuels after their initial use. It was included to 
establish whether or not a change in the present 
government reprocessing policy is a prerequisite for 
commercial deployment of thorium. 
• Uranium-recycle only. Under this policy, the 
reprocessing and reuse of uranium fuels (U-233 and 
U-235) is permitted; the reprocessing and reuse of the 
plutonium fuels produced from U-238 during reactor 
operation is prohibited. This policy was selected to 
determine if industry investment criteria would be met 
for thorium technologies under conditions most favoring 
the thorium fuel-cycle over the uranium cycle. 
• Recycle of plutonium in secure energy centers only. 
Under this secure-centers policy, the reprocessing 
of plutonium and uranium fuels is permitted only in 
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secure energy centers where the handling of potential 
weapons-grade materials may be strictly controlled. 
Plutonium-fueled reactors would be permitted only in 
these centers. In reactors outside the centers, only 
"denatured" fuel-cycles (i.e., those that include less 
than 20 percent U-235 or 12 percent U-233 in a U-238 
fuel) would be permitted, to reduce the likelihood of 
the diversion of fuel for weapons use. The" policy is 
designed to limit proliferation; fissile U-233 and 
U-235 are comparatively difficult to separate from 
other uranium isotopes, whereas the separation of 
plutonium from uranium input fuel involves a relatively 
simpler chemical process. Some experts believe that 
uranium recycling may consequently be less vulnerable 
to the proliferation of weapons-grade nuclear materials. 
This policy was selected to determine the potential 
market for thorium in reactor/fuel-cycle combinations 
being evaluated in other government programs aimed at 
reducing the likelihood of nuclear proliferation. 
• Unrestricted recycling of plutonium and uranium. 
This full-recycle policy imposes no restriction on the 
reprocessing and reuse of uranium and plutonium; 
it is, in effect, the policy originally believed to be 
the most likely federal policy. It would permit 
unrestricted use of the liquid-metal fast breeder 
reactor and other reactors using highly enriched 
uranium and plutonium fuels. This policy was selected 
to determine whether a reversion from the present 
federal policy to the policy previously expected by 
the nuclear industry would preclude the possibility of 
industry investment in the thorium fuel-cycle. 

Various applications of thorium were projected under 
each of these options by Hanford Engineering Development 
Laboratory's Advanced Linear Programming System (ALPS). 
This model projects the future growth of national 
baseload electric generating capacity by simulating 
competition among different nuclear reactors and coal-
fueled plants on the basis of the levelized cost of 
power. (The model and the outputs used as a basis for 
RPA's analysis are described in Annex 1, which was 
written by HEDL staff and contributed to this report.) 

Using the ALPS model, a series of "cases" were run, 
simulating various mixes of electric baseload capacity 
from the present to 2026. Four cases, including in most 
instances thorium applications, were run for each 
pol icy scenario. Each of the four cases under each 
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policy was designed to include the conventional uranium-
fueled LWR and also to allow the introduction of one or 
more thorium fuel-cycle options in a generic type of 
reactor: the LWR only, the spectral-shift controlled 
reactor (SSCR), the heavy-water reactor (HWR), and the 
high-temperature gas-cooled reactor (HTGR). Liquid-metal 
fast breeder reactors were included under the two 
policies permitting the recycling of plutonium. 

The following table illustrates the 16 cases: 

Reactor 
Type* No Recycle 

Uranium 
Recycle Only 

Secure 
Centers 

Full 
Recycle 

LWR 
(L cases) 

No recycle(L) U-recycle (L) Secure 
centers(L) 

Full 
recycle(L) 

SSCR 
(S cases) 

No recycle(S) U-recycle(S) Secure 
centers(S) 

Full 
recycle(S) 

HWR 
(H cases) 

No recycle(H) U-recycle(H) Secure 
centers(H) 

Full 
recycle(H) 

HTGR 
(G cases) 

No recycle(G) U-recycle(G) Secure 
centers(G) 

Full 
recycle(G) 

* In addition to the LWR and FBR (where permitted). 

These 16 cases correspond to the "L," "S," "H," and "G" 
cases under the "small uranium supply" assumptions 
described in Annex 1 to this report, which contains the 
detailed results from these 16 cases and a full documen-
tation of the assumptions used in the ALPS runs. These 
data formed part of the data base for our analysis. 
The analysis of the ALPS cases was a three-step process 
aimed at screening out progressively the less-promising 
thorium applications and ultimately determining the 
applications most deserving of further development by 
the government. 
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In the first step, the economic performance of various 
thorium applications was compared. Economic performance 
is the most important investment criterion from the 
utilities' standpoint. Three factors were considered: 
the average levelized cost of producing electricity (in 
mills per kilowa'tt-hour) ; the percent penetration 
of nuclear power into the total electric market; and the 
efficiency of uranium ore utilization. (Efficiency of 
ore utilization provides a measure of long-term 
performance and offsets the comparatively short-term 
(50-year) time horizon of the scenarios.) The factors 
were given a weighting of 25 percent, 25 percent, and 50 
percent respectively and combined to yield a single 
index of economic performance on a scale of 0-100. 

The economic performance for the entire case, that is, 
for all nuclear options and coal-fired capacity in the 
case, is the appropriate measure of cost because the 
economic effect of thorium is realized not only through 
the direct thorium applications, but also through the 
fuel produced from thorium for use in other reactors. 
The applications with the highest composite economic 
indexes were considered preferred technologies and 
subjected to further screening in the second step. 
In the second step, the noneconomic (technical, 
financial, and regulatory) barriers to commercializing 
the preferred case were evaluated. To evaluate the ease 
of commercializing the various types of thorium-using 
reactor, three factors were considered: 

• Degree of technical readiness, that is, the simi-
larity of the technology to known technology and the 
level of research and development required to bring it 
to commercial readiness. 
• Degree of financial risk, that is, the susceptibil-
ity of the technology to unforeseen cost increases or 
delays in construction and licensing that would 
increase the risk of capital exposure for the utility. 
Ease of licensing, adaptability to different federal 
policies, and other potential causes of financial risk, 
especially higher initial capital cost, were considered. 
• Time to commercialize, that is, the time required 
to complete necessary R&D to prepare the technology 
for commercial demonstration. 

(RPA) 
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In addition to these reactor-specific factors, we consid-
ered also the capital investment required for utilities 
and suppliers for the entire case, to identify the 
potential constraints to commercializing the entire 
electric baseload system and to evaluate the combined 
effects of the thorium-fueled systems and the uranium/ 
plutonium-fueled systems.' 

The utilities and suppliers in our survey had stated 
their preference for the development of at most a single 
new reactor in addition to the existing LWR and planned 
LMFBR; and the high cost of developing any new reactor, 
for all practical purposes, minimizes the likelihood of 
fully commercializing more than one. With such a 
narrowing Of options likely, those selected must be 
adaptable to possible future changes in federal recycle 
policy. Thus in this last step, the performance of the 
selected applications was compared under each of the 
policies to allow narrowing the choice of thorium 
fuel-cycle and reactor applications for further develop-
ment to the lowest practical level. 

Our general conclusion is that, under any policy permit-
ting reprocessing, the use of thorium would improve the 
economics of electric power generation over the next 50 
years, with or without the fast breeder reactor, because 
U-233 appears to be a preferred recycle fuel for thermal 
reactors and can be produced either in thermal reactors 
or in fast-breeder reactors. 

From the point of view of long-term economic attractive-
ness, the HTGR and SSCR appear to be the preferred 
applications for thorium under HEDL's cost and perfor-
mance assumptions. The HWR was not economically 
competitive under HEDL's capital cost assumptions, but 
other more recent studies have shown that the HWR may 
become competitive with lower capital cost assumptions.* 

The economic performance of this advanced converter 
would then be improved when uranium prices are high 
because of its more-efficient utilization of ore. 

1. United Engineers and Constructors, Inc., Commercial 
Electric Power Costs; Capital Cost, Pressurized Heavy 
Water Reactor Plant, (C00-2477-13: June 1977). 
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Under the uranium-recycle only policy, the case including 
the HTGR, with an index of 42, is the economically 
preferred case, largely because of a more-efficient 
utilization of ore and slightly lower levelized costs 
than the case including SSCRs. The case including 
the SSCR ranks second with an index of 31, considerably 
higher than the case with LWRs (19) and HWRs (11). 
Under the secure-centers policy, however, the case 
including SSCRs is economically preferred, with an index 
of 95. In this case levelized cost is lower and penetra-
tion of the nuclear market higher than the second-rankod 
case with HTGRs (85); ore utilization was virtually the 
same in both. The improved performance of the SSCR case 
is probably attributable to the "symbiotic" relationship 
of SSCRs and fast-breeder reactors, which were included 
in that case (that is, the SSCR is a good source of 
plutonium to fuel the LMFBR, which in turn produces 
U-233 to fuel SSCRs). Higher economic indexes (compared 
with the uranium recycle only case) were achieved 
largely because of the introduction of breeder reactors 
into both cases. Again, the cases with LWRs (72) and 
HWRs (67) ranked lower. 

Under the full-recycle policy, the case including 
thorium-fueled HTGRs was economically preferred, with an 
index of 93. (This case is similar to the secure-
centers case with HTGRs; full recycle and the inclusion 
of HTGRs fueled with highly enriched uranium accounts 
for the higher economic index.) No thorium-fueled SSCR 
options were included in this case because input data 
for an SSCR fueled with highly enriched uranium were not 
available; however, thorium-fueled SSCRs would probably 
have performed well. The drop in the economic index of 
the SSCR cases from 95 for the secure-centers policy, in 
which thorium-fueled SSCRs were included, to 82 with 
plutonium reactors in the full-recycle case is a measure 
of the positive economic effect of thorium. Again, the 
cases with LWRs and HWRs had lower rankings, with an 
equal index of 69. 

The position of the HWR warrants comment. HWRs were 
projected to develop only in the secure-centers policy, 
and then merely because they were the only converter 
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reactor option in the scenario that could use U-233. 
In the other cases under the same policy, the HTGR or 
SSCR, which could use the bred U-233, were projected to 
penetrate the market more successfully than the HWR. 
However, if the estimates of capital costs for an HWR 
designed to meet U.S. licensing criteria were signifi-
cantly lowered, the HWR would be a much improved option. 

In summary, then, on the basis of the HEDL analysis, our 
conclusion is that the SSCR appears to have a slight 
economic advantage over the HTGR, although the advantage 
is difficult to quantify, implying that the economic 
performance of the two is virtually the same within the 
range of uncertainty in the input assumptions. When the 
noneconomic barriers are considered, the SSCR would 
probably be somewhat easier to commercialize than the 
HTGR because of its similarity to familiar LWR tech-
nologies and its adaptability to a nuclear economy 
including LWRs and LMFBRs, its versatile performance 
under different recycle policies, and its earlier 
availability (1990). For the same reasons, the SSCR 
would involve less financial risk to the utilities, and 
would probably be the preferred application for thorium. 
However, both the SSCR and the HTGR are more difficult 
to commercialize than the thorium-fueled LWR, but all 
three rank higher on this count than the HWR. 

The market penetration projected by the ALPS model has 
been used as an indicator of potential investment by 
utilities and nuclear suppliers in the various reactor/ 
fuel-cycle combinations under the four policies. 
However, the sensitivity of these market penetrations to 
variations in input data, such as capital cost, has not 
been determined and must be analyzed further if the 
significance of such variations for market penetration 
and industry investment is to be fully understood. 

In the following section, of this chapter, we discuss 
first the comparative economics of thorium technologies 
under the various policies, and then the noneconomic 
barriers. However, the analysis and our conclusions are 
subject to certain qualifications. 

First, to expedite the analysis, a decision was made to 
use completed ALPS cases instead of cases designed 
specifically for the study. Consequently, the reactor/ 
fuel-cycle matches were not always the most appropriate 

( R R A ) 
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for a critical comparison of the different technologies 
evaluated. In particular, if U-233-fueled LWRs had been 
included in the S, H, and G cases, the capability of that 
system to develop economically in competition with the 
other reactor systems could have been determined; 
similarly, the inclusion of U-233-fueled LWRs in the 
L case and SSCRs in the S case under the full-recycle 
policy would have allowed a better determination of the 
role of thorium under that policy. 
Second, for certain types of reactors, in particular 
those that are not close to commercial introduction, 
costs (especially initial capital costs) e.re difficult 
to estimate with precision. Changes in the capital cost 
assumption could produce quite different results, but, 
at this stage of the Thorium Assessment Program, the 
sensitivity of the effects of such changes has not been 
determined. Moreover, in ALPS, as in any such model, the 
cost assumptions are based on the costs of known technol-
ogies and do not account for the economic effects of 
unforeseen technological advances, such as considerably 
less-expensive methods for producing heavy water. 

Third, the ALPS model, a linear programming system, 
cannot duplicate nonlinear, real-world conditions 
precisely. For example, a linear-programming approach 
could show a large market share for a technology with 
only a small cost advantage, where, in actuality, 
closely competitive technologies would probably share 
the market on equal terms. The linear-programming 
approach also optimizes for minimum system cost over the 
scenario's entire time-span. Consequently, the scenario 
may introduce at an early point certain technologies 
whose economic preferability is based on the future sale 
of the fuel they produce to reactors introduced at a 
later point. In reality, a utility would have to 
be convinced that the market for fuel was relatively 
certain before it would invest in such a technology. 
The potential long-term economic benefits of selling the 
£uel produced might- be discounted and the utility 
motivated to purchase a technology with more certain 
economics. 

Fourth, some thorium applications, notably the light-
water breeder reactor (LWBR) and other advanced LWR 
designs, have not been explicitly included in HEDL's 
analysis because performance data on these reactors were 
not available. (The LWBR design is now undergoing 
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initial prototype testing, and advanced light-water 
reactor designs optimized for thorium are still under 
investigation.) Consequently, the role of these reactors 
as a vehicle for commercializing thorium has not been 
evaluated. 
Finally, the results of these cases have not been fully 
reviewed by representatives of the industries that would 
take the lead in the commercial deployment of thorium; 
their verification is critical to validate our initial 
conclusions on ease of commercialization. 

ECONOMIC PERFORMANCE OF THORIUM 
UNDER DIFFERENT RECYCLE POLICIES 

Total systems costs are the ultimate measure of economic 
performance. Consequently, our comparison of the 
economic performance of thorium is based on the economics 
of each case as a whole, not on the economics of the 
individual technologies within the case. After the 
comparison of cases, we could identify the reactors and 
fuel cycles that had contributed to the strong economic 
performance of the case. 
Two measures of economics were used: cost, and uranium 
ore utilization. Cost is the final measure of economics; 
however, it must be balanced against the longer-term 
costs of depleting scarce natural resources, which we 
have considered by measuring the efficiency of uranium 
ore use in producing electric power. 

Cost can be measured by several different means, but we 
selected average levelized costs, which are used by 
utilities as a criterion in making their plant purchase 
decisions. We used also the degree of penetration by 
nuclear units into the total market for electri.c generat-
ing capacity, which is a second indicator of relative 
cost. (In the ALPS model, all cases include constant 
costs for coal-fired capacity, the alternative to 
nuclear units.) We calculated the average levelized 
cost over the period 1977-2026 for each case- from the 
HEDL yearly average levelized cost data by weighting the 
cost for each consecutive 10-year period by the kilowatt-
hours produced in the period. The percent penetration 
of nuclear units into the utility market was taken 
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directly from HEDL data. Efficiency of ore utilization 
was calculated by dividing the cumulative GW(e) of 
nuclear capacity in 2026 by the cumulative total (in 
tons) of uranium ore consumed by that point.* 

As a composite measure of performance, we developed an 
index of economic performance normalized to a scale of 
0-100. The cost and ore-utilization factors from which 
the index was calculated were each weighted 50 percent 
to offset the possibility that a scenario minimized 
costs in the short term while depleting uranium supplies 
and increasing costs after 2026. The two cost measures 
(average levelized cost and percent penetration of the 
market) were each weighted 25 percent. 

The index does not provide an absolute measure of 
economic performance, but permits the relative economic 
performance of the cases to be compared. 
In the following sections, we summarize the results of 
our analysis and the application of the economic index 
to the cases under each of the four policies. 

Economic Performance 
Under the No-Recycle Policy 
The scenario representing the present no-recycle 
policy constitutes a base case for comparison of 
the other three policies. No thorium fuel-cycle once-
through cases were considered in the ALPS runs because 
other studies by TAP participants had shown that these 
cycles were generally not as economical or resource-
efficient as the low-enriched uranium cycles in the 
once-through mode.2 The thorium fuels typically 
contain much larger amounts of enriched uranium both in 
the fuel charged and in the spent fuel than low-enriched 

* Total kWh of nuclear power generated would be a more 
precise measure, but the necessary data were not 
accessible. 
2. Keith C. Gavel and Michael J. Driscoll, Fuel Cycle 
Optimization of Thorium and Uranium Fueled PWR Systems 
(MIT-EL-77-018: October 1977); Combustion Engineering, 
Inc., Assessment of Thorium Fuel Cycles in Pressurized 
Water Reactors (EPRI-NP-359: February 1977). 
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uranium cycles in the same reactors. However, HTGRs and 
the German pebble-bed reactors are exceptions; the use 
of thorium fuels in a once-through cycle in these 
reactors appears to use resources more efficiently than 
the use of low-enriched uranium once-through cycles. 

The significant data for the scenario are summarized in 
Exhibit 2.a.l. * 

The reactor/fuel-cycle alternatives permitted in the 
scenario are: 

Case L 
• LWR-U5(LE)/U (low-enriched U-235/U-238 fuel) 
• LWR-U5(LE)/U-T (low-enriched U-235/U-238 fuel, 

optimized for the no-recycle policy) 

Case S 
• LWR—U5(LE)/U (low-enriched U-235/U-238 fuel) 
• SSCR-U5(LE)/U (low-enriched U-235/U-238 fuel) 
Case H 
• LWR—U5(LE)/U (low-enriched U-235/U-238 fuel) 
• HWR-U5(NAT)/U (natural uranium fuel) 
• HWR-U5(SEU)/U (slightly enriched (about 

1 percent U-235) uranium fuel) 

Case G 
• LWR-U5(LE)/U (low-enriched U-235/U-238 fuel) 
• HTGR-U5(LE)/U-T (low-enriched U-235/U-238 

fuel, optimized for the no-recycle policy). 

(The abbreviations for the reactor types are those used 
by HEDL. See Annex 1.) 
In all cases, the nuclear capacity built amounts to no 
more than 13 percent of the total electric capacity, 
reflecting the reduced competitiveness with coal-fired 
units of nuclear units after the low-cost uranium is 
consumed when reprocessing is prohibited. 

The LWR is the dominant technology in all cases except 
Case S. The SSCR would therefore appear to be economi-
cally superior in the long term to the LWR when both are 
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fueled with uranium. The economic performance of all 
cases is similar, and uniformly poor in comparison to 
the cases under the three recycle policies, as the 
following table shows. 

Systems Economics: No Recycle Policy 
(1977-2026) 

Case L CaseS Case H Case G 

Average level ized cost (mills/kWh) 18.3 18.4 18.5 18.4 
Rank 1 2 4 2 

Penetration of nuclear market (%) 12 13 9 10 
Rank 2 1 4 3 

Uranium-utilization efficiency index 8.9 10.4 7.5 7.7 
Rank 2 1 4 3 

Composite economic index 8 8 0 3 

The composite economic indices range from 0 to 8. Case 
L and Case S perform slightly better than Cases H and C 
because of the presence of the extended exposure LWR 
option optimized for the once-through cycle (in Case L) 
and the SSCR (in Case S) . 

Economic Performance 
Under the Uranium-
Recycle Only Policy 
This policy scenario prohibits the recycle of plutonium, 
but permits the recycling of uranium fuels (U-235, and 
U-233 produced from thorium); consequently, the reactor/ 
fuel-cycle alternatives using U-233 produced from thorium 
are permitted. 

The significant data for the scenario are summarized in 
Exhibit 2.a.2. 
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The reac tor ,/f ue 1-cycle alternatives permitted in the 
scenario are: 

Case L 
• LWR-U5(LE)/U (low-enriched U-235/U-238 fuel) 
• LWR-U5(DE)/U/Th (denatured U-235 fuel 

(20 percent) in U-238 with thorium feed) 
• LWR-U3(DE)/U/Th (denatured U-233 fuel 

(12 percent) in U-238 with thorium feed) 

Case S 
• LWR-U5(LE)/U (low-enriched U-235/U-238 fuel) 
• LWR-U5(DE)/U/Th (denatured U-235 fuel 

(20 percent) in U-238 with tnorium feed) 
• SSCR-U5(LE)/U (low-enriched U-235/U-238 fuel) 
• SSCR-U3(DE)/U/Th (denatured U-233 fuel 

(12 percent) with thorium feed) 
Case H 
• LWR-U5(LE)/U (low-enriched U-235/U-238 fuel) 
• HWR-U5(NAT)/U (natural uranium feed) 
• HWR-U5(SEU)/U (slightly enriched (about 

1 percent U-235) uranium fuel) 
• HWR-U5(DE)/U/Th (denatured U-235/U-238 fuel 

(20 percent) with thorium) 
• HWR-U3(DE)/U/Th (denatured U-233 fuel 

(12 percent) in U-238 and thorium with U-233 
self-generated recycle fuel) 

Case G 
LWR-U5(LE)/U (low-enriched U-235/U-238 fuel) 
HTGR-U5(LE)/U (low-enriched U-235/U-238 fuel, 
optimized for recycle) 
HTGR-U5(DE)/U/Th (denatured U-235 fuel 
(20 percent) in U-238 plus thorium, optimized 
for recycle) 
HTGR-U3(DE)/U/Th (denatured U-233 fuel 
(15 percent) in U-238 plus thorium, optimized 
for recycle). 
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In this scenario, uranium recycle allows nuclear units 
to capture up to approximately one-third of the total 
baseload capacity for electric generation. Reactors 
fueled with thorium were heavily used in all cases 
except for Case H; in fact, mors than half the nuclear 
reactors in all those cases are thorium-fueled. Clearly, 
thorium-fueled reactors and U-233-fueled reactors are 
economically competitive under this policy. In Case L, 
the U-233-fueled LWR captured about one-third of the 
nuclear market, and U-235-fueled LWRs the remainder. In 
Case S, the SSCR fueled with 0-233 made up almost half 
the total nuclear capacity, indicating that the SSCR 
uses the thorium/U-233 fuel system more efficiently than 
the LWR.* In Case H, no HWR was built, suggesting that 
HWRs are not competitive (at the assumed capital costs) 
with the U-235-fueled LWR or with coal-fired units, 
even when recycling of U-233 is permitted. In Case G, 
more than 80 percent of the nuclear capacity consisted 
of HTGRs, which apparently have a clear advantage over 
LWRs under this policy. However, fewer than a third of 
these HTGRs were U-233-fueled because they are dependent 
on the U-233 discharged from HTGRs fueled with denatured 
U-235. 

Of the three cases, the case including the HTGR has the 
highest economic index (42); the case including the SSCR 
ranks second with an index of 31. Higher ore-utilization 
efficiency and a slightly higher penetration of the 
market provide the HTGR with the advantage over the 
SSCR; the levelized costs of the two were practically 
equal. The cases including LWRs and HWRs had much lower 
indices (19 and 11, respectively). 

The systems economics under this policy are summarized 
in the following table. 

* This superiority could have been established more 
directly, however,,if a U-233-fueled LWR had been 
included in Case S. 
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Systems Economics: Uranium Recycle Only Policy 
(1977-2026) 

Case L CaseS Case H Case G 

Average levelized cost (mills/kWh) 18.4 18.4 18.4 18.3 
Rank 2 2 2 1 

Penetration of nuclear market {%) 21 30 16 34 
Rank 3 O 4 1 

Uranium-utilization efficiency index 16.0 22.0 11.6 27.0 
Rank 3 2 4 1 

Composite economic index 19 31 11 42 

The levelized costs for all systems were very close; 
the levelized cost for the system including HTGRs 
(18.3 mills/kWh) is slightly lower than the levelized 
cost for the other systems (18.4 mills/kWh). This 
slight advantage resulted in a somewhat larger market 
penetration of nuclear capacity (34 percent) than the 
other cases; the SSCR case ranked second with a market 
penetration of 30 percent. The penetration by LWRs 
and HWRs was considerably smaller. 

The ore-utilization efficiency index of 27 for the case 
including HTGRs is considerably higher than that of the 
case including SSCRs (22), but both are markedly higher 
than those including LWRs and HWRs (16 and 11, 
respectively). (The lower cost resulting from the 
greater efficiency of ore utilization of the SSCR and 
HTGR offsets the higher capital costs of these systems.) 

Economic Performance Under 
the Secure-Centers Policy 
This policy permits the recycle and reuse of plutonium 
in secure energy centers only; it also permits the 
reprocessing of uranium but limits the use of reprocessed 
uranium fuel outside the secure centers to denatured 
fuel mixtures. Under this policy, the use of liquid-
metal fast breeder reactors and other plutonium-fueled 
reactors is possible. 
The significant data for the scenario are summarized in 
Exhibit 2.a.3. 
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The ceactor/fuel-cycle alternatives permitted in the 
scenario are: 

Case L 
• LWR-U5(LE)/U (low-enriched U-235/U-238 fuel) 
• LWR-U5(DE)/U/Th (denatured U-235 fuel 

(20 percent) in U-238, with thorium feed) 
• LWR-U3(DE)/U/Th (denatured U-233 fuel 

(12 percent) in U-238, with thorium feed) 
• LWR-Pu/Th (recycled plutonium fuel in thorium) 
• FBR-Pu-U/Th (Pu/U-238 core feed and thorium 

blanket feed) 
Case S 
• LWR-U5(LE)/U (low-enriched U-235/U-238 fuel) 
• LWR-U5(DE)/U/Th (denatured U-235 fuel 

(20 percent) in U-238, with thorium feed) 
• SSCR-U5(L£)/U (low-enriched U-235/U-238 fuel) 
• SSCR-U5(DE)/U/Th (denatured U-235 fue.i 

(20 percent) in U-238, with thorium feed) 
• SSCR-U3(DE)/U/Th (denatured U-233 fuel 

(12 percent) in U-238, with thorium feed) 
• FBR-Pu-U/Th (Pu/U-238 core fuel and thorium 

blanket feed) 

Case H 
• LWR-U5(LE)/U (low-enriched U-235/U-238 fuel) 
• HWR-U5(NAT)/U (natural uranium fuel) 
• HWR-U5(SEU)/U (slightly enriched (approximately 

1 percent U-235) uranium fuel) 
• HWR-U5(DE)/U/Th (denatured U-235 fuel 

(20 percent) in U-238 and thorium) 
• HWR-U3(DE)/U/Th (denatured U-233 fuel (12%) 

U-238, and thorium with self-generated U-233) 
• HWR-Pu/Th (plutonium fuel in thorium) 
• FBR-Pu-U/Th (Pu/U-238 core fuel and thorium 

blanket feed) 
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Case G 
• LWR-U5(LE)/U (low-enriched U-235/U-238 fuel) 
• HTGR-U5(LE)/U (low-enriched U-235/U-238 fuel, 

optimized for recycle) 
• HTGR-U5(DE)/U/Th (denatured U-235 fuel 

(20 percent) in U-238, and thorium, optimized 
for recycle) 

• HTGR-U3(DE)/U/Th (denatured U-233 fuel 
(15 percent) in U-238, and thorium, optimized 
for recycle) 

• HTGR-U3/Th (U-233 and thorium fuel with self-
generated U-233 recycle) 

• FBR-Pu-U/Th (Pu/U-238 core fuel and thorium 
blanket feed) . 

Under this policy, over half the baseload electrical 
generating capacity consists of nuclear plants. Thorium-
fueled and U-233-fueled reactors penetrated the market 
heavily in all four cases, providing more than half the 
nuclear capacity. FBRs with thorium blankets were used 
extensively in each case, and plutonium-fueled and 
U-233-fueled reactors were economically competitive. 
In Case L, the predominant reactors are U-235-fueled 
LWRS (594 GW(e)) and plutonium-fueled FBRs (408 GW(e)); 
some U-233-fueled LWRs were also utilized to use the 
U-233 produced from the thorium blanket on the FBR. In 
Case S, the predominant reactors are U-235-fueled SSCRs 
(495 GW(e)) and plutonium-fueled FBRs (420 GW(e)); 
however, almost 300 GW(e) of U-233-fueled SSCRs were 
built. Total nuclear capacity is consequently higher 
than in Case L. In Case H, where HWRs were included 
and provided 250 GW(e)) of capacity, FBRs (537 GW(e)) 
and U-235-fueled LWRs (442 GW(e)) predominated; U-233-
fueled HWRs were built to burn the available U-233. 
This case is very similar to Case L, with the HWR 
replacing the LWR as the consumer of U-233. FBRs 
and U-235-fueled LWRs also predominated in Case G; 
however, over 300 GW(e) of HTGRs were built to use the 
available U-233. 

The case including the SSCR has the highest economic 
rating with an index of 95; the case including HTGRs 
(85) is also high. The SSCR was apparently able to 
operate more efficiently because of its "symbiotic" 
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relationship with the FBR. Cases L and H ranked lower 
with indexes of 72 and 67, respectively. However, all 
systems have considerably higher economic indices than 
the comparable systems under the uranium-recycle only 
policy, demonstrating the penalty in terms of economics 
and resource utilization of restricting recycle to 
uranium. Even when FBRs are restricted to secure 
centers, they provide the system with an economic 
advantage in the long term. 

The systems economics under this policy are summarized 
in the following table. 
Systems Economics: Recycle in Secure Centers Policy 
(1977-2026) 

Case L Case S Case H Case G 

Average levelized cost (mills/kWh) 17.8 17.4 18.0 17.8 
Rank 2 1 3 2 

Penetration of nuclear market (%) 57 66 56 63 
Rank 3 1 4 2 

Uranium-utilization efficiency index 33.8 41.3 33.3 41.3 
Rank 2 1 2 1 

Composite economic index 72 95 67 85 

The levelized cost of the case including SSCRs (17.4 
mills/kWh) is significantly lower than that of the next 
most attractive cases, the L and G cases with costs of 
17.8 mills/kWh, probably because of the SSCR's symbiotic 
relationship with the FBR. The case including the HTGR 
is not economically competitive with the case including 
the SSCR, primarily because the HTGR apparently cannot 
produce plutonium as required, and large numbers of LWRs 
are necessary in the early years to provide plutonium 
for the FBR. The deployment of HTGRs is consequently 
limited until the FBR economy approaches plutonium 
self-sufficiency. The efficiency of the HWR's ore 
utilization in the H case is not sufficiently better 
than in the other cases to offset the higher capital 
costs of the HWR, contributing to the higher overall 
cost of this case when compared with the other cases. < 
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The market penetration of nuclear units is highest in 
the case including the SSCR (66 percent); followed by 
the G case (63 percent), the L case (57 percent), and 
the H case (56 percent). 

The ore-utilization efficiencies of the cases including 
the SSCR and HTGR are equal (41.3), and considerably 
higher than the L and H cases (33.8). In the S and G 
cases, also, more electricity is generated by nuclear 
power, but less uranium consumed, than in the L and H 
cases. 

Economic Performance 
Under the Full-Recycle Policy 
This policy permits recycling and reuse of plutonium 
and uranium fuels without restriction on fuel-cycle 
design other than the safeguards required by NRC and 
security requirements. Consequently, no fuel-cycle 
alternative is excluded. 

The significant data for this scenario are summarized in 
Exhibit 2.a.4. 

The reactor/fuel-cycle alternatives permitted in the 
scenario are: 

Case L 
• LWR-U5(LE)/U (low-enriched U-235/U-238 fuel) 
• LWR-Pu/U (recycled plutonium fuel in natural 

uranium) 
• FBR-Pu-U/U (Pu/U-238 core fuel, U-238 blanket 

feed) 

Case S 
• LWR-U5(LE)/U (low-enriched U-235/U-238 fuel) 
• LWR-Pu/U (recycled plutonium fuel in natural 

uranium) 
• SSCR-Ub(LE) AJ (low enriched U-235/U-238 fuel) 
• FBR-Pu-U/U (Pu/U-238 core fuel, U-238 blanket 

feed) 
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Case H 
• LWR-U5(LE)/U (low-enriched U-235/U-238 fuel) 
• HWR-U5(NAT)/U (natural uranium fuel) 
• HWR-U5(SEU)/U (slightly enriched (approximately 

1 percent U-235) uranium fuel) 

• HWR-Pu/U (plutonium fuel in natural uranium) 
• FBR-Pu—U/U (Pu/U-238 core fuel, U-238 blanket 

feed) 
Case G 
• LWR-U5(LE)/U (low-enriched U-235/U-238 fuel) 
• HTGR-U5(LE)/U (low-enriched U-235/U-238 fuel, 

optimized for recycle) 
• HTGR-U5(HE)/Th (high-enriched U-235 fuel and 

thorium) 
• HTGR-U3/Th (U-233 and thorium fuel, with 

self-generated U-233) 
• HTGR-Pu/Th (plutonium and thorium fuel) 
• FBR-Pu-U/U (Pu/U-238 core fuel, U-238 blanket 

fuel). 

Under this policy, as under the secure-centers policy, 
more ^han half the baseload capacity consists of 
nuclear units; recycling gives nuclear units an economic 
advantage in the long term over coal-fired units. 
However, thorium/U-233 systems were included in only one 
case, the case including HTGRs. Although 863 GW(e) of 
the capacity in this case was made up of HTGRs, the 
relative performance of thorium in other reactor 
applications is consequently difficult to evaluate. 

LWRs fueled with U-235 and recycled plutonium and FBRs 
fueled with recycled plutonium were built in large 
numbers in Cases L and H, but no HWRs entered the market 
in Case H, emphasizing the economic disadvantage of 
their (assumed) high capital costs. In Case S, more 
than a third of the reactors built were U-235-fueled 
SSCRs (454 GW(e)), and many FBRs (511 GW(e)) developed. 
Plutonium-fueled and U-235-fueled LWRs made up the 
remaining nuclear capacity. SSCRs replaced some LWRs 
and provided a higher share of total nuclear capacity. 
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In Case G, which included HTGRs, the HTGR fueled with 
highly enriched U-235 dominated the market, providing 
472 GW(e) of capacity; plutonium and U-233-fueled HTGRs 
provided an additional 391 GW(e). PBRs and LWRs were 
built in smaller numbers than in the other cases, 
providing 360 GW(e) and 230 GW(e) of capacity, 
respect ively. 

Case G, including the HTGR, had the highest economic 
index (93), followed by the case with the SSCR (82); 
Cases L and H had identical indexes of 69. The higher 
index of the case including the HTGR may be attributed 
to the more-efficient ore utilization and higher market 
penetration of the thorium-fueled HTGR system. 

The systems economics under this policy are summarized 
in the following table. 

Systems Economics: Full Recycle Policy 
('977-2026) 

Case L Case S Case H Case 6 

Average levelized cost (mills/kWh) 17.8 17.7 17.9 17.7 
Rank 2 1 3 1 

Penetration of nuclear market (%) 53 61 53 66 
Rank 4 2 3 1 

Uranium-utilization efficiency index 32.4 38.0 34.4 44.8 
Rank 4 2 3 1 

Composite economic index 69 82 69 93 

The levelized costs are the same for the cases including 
the HTGR and the SSCR; however, market penetration is 
higher in the case including the HTGR (6 6 percent) than 
in the case including the SSCR (61 percent). The former 
consequently has a slight cost advantage. The cases 
including the LWR and HWR are comparable because no HWRs 
were built; both have somewhat higher levelized costs 
and lower market penetrations than the other cases. 

In the case including the HTGR, the HTGR fueled with 
highly enriched U-235 competes favorably with the FBR 
until uranium prices have risen significantly, allowing 
wider deployment of the more resource efficient FBR. 
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However, in the case including the SSCR, SSCRs and FBRs 
develop simultaneously, presumably because of their 
symbiotic relationship. Ore utilization is markedly 
better in the G case (44.8) than in the S case (38). The 
increased use of thorium in the HTGR case may contribute 
to the higher resource efficiency of the HTGR. In 
general, however, HTGR and SSCR systems both use ore 
more efficiently than LWRs and FBRs in Cases L and H. 

The comparison of the economic performance of thorium 
under the full-recycle policy and the secure-centers 
policy indicates that the economics of some denatured 
uranium-thorium cycles is better than that of their 
plutonium counterparts under unrestricted recycle. 
For example, composite economic indices are higher under 
the secure-centers policy, which restricts recycle, for 
the L case (72) and the S case (95) than for the 
comparable cases under the full-recycle policy (69 and 
82, respectively). The contrast suggests that the use of 
thorium largely eliminates the potential adverse economic 
impact of a secure-centers policy. 

The effect of thorium use on ore utilization can be 
similarly evaluated. For example, ore utilization 
in the L cases is higher under the secure-centers 
policy (33.8) than under the full-recycle policy (32.4); 
the comparable figures for the S cases are 41.3 and 
38, respectively. Again, the higher efficiency is 
attributable to the use of thorium, which, in this 
instance, extends the uranium resources. (The effect of 
thorium can be observed more clearly in the period 
2027-2050. HEDL data from Annex 1, Tables F.3 and F.4, 
show an improvement of approximately 13 percent for the 
case including LWRs and 25 percent for the case including 
SSCRs over this period.) 

EASE OF COMMERCIALIZATION OF 
THE ECONOMICALLY PREFERRED CASES 

The analysis of the economics of the four cases under 
each of the recycle policies identified the cases 
warranting further consideration as options to pursue. 
In the following table, which summarizes the economic 
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performance oC ail 12 cases, the preferred option for 
each policy is indicated by boldfaced type. 

Composite Economic Indexes 

Policy Option Case L Casa S Casa H Case G 

Uranium recycle only 19 31 11 42 

Recycle in secure centers 72 95 67 85 

Full recycle 69 82 69 93 

The performance of the cases for system average levelized 
cost and efficiency of ore-utilization is illustrated in 
Exhibits 2.b and 2.cr respectively. 

The next step in narrowing down the thorium-based tech-
nologies for development involved the comparison o£ the 
noneconomic barriers to commercialization for the pre-
ferred cases. 
An essential consideration in evaluating the ease of com-
mercialization is the difficulty of commercializing the 
basic types of reactor using thorium. 

A thorium-fueled LWR is the easiest application to 
commercialize and could be available by about 1987. 
Uranium-fueled LWRs are the predominant technology in 
the United States and would require only minor modifica-
tion to convert to thorium. The Indian Point reactor 
has already provided a large-scale demonstration of 
thorium use, and delays in licensing are not as likely 
as for new reactor concepts. Commercialization of LWRs 
fueled with recycled U-233 may encounter delays because 
of the difficulties of recycle; however, similar con-
straints will apply to all technologies using recycled 
fuels. The LWBR prototype will provide some demonstra-
tion experience with U-233, but not a demonstration of 
recycling capability on a large scale. The principal 
barriers to commercializing the LWR are summarized 
in Exhibit 2.d.l. A commercialization schedule is 
illustrated in Exhibit 2.d.2. 

The thorium-fueled SSCR will probably be easier to 
commercialize than the HTGR or HWR because its technology 
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is similar to the conventional LWR technology; the 
experience o£ the Canadians with HWRs will also be 
useful. However, changes to licensing standards could 
result in design modifications and construction delays. 
Moreover, the utilities foresee an increased likelihood 
of delays with a new technology, and this perception in 
itself is a barrier that must be overcome. Commercial-
ization barriers to a U-233-fueled SSCR would be 
comparable to those £or the U-233-fueled LWR. The 
principal barriers to commercialization of the SSCR are 
summarized in Exhibit 2.e.l. A commercialization 
schedule is illustrated in Exhibit 2.e.2. 
The HTGR application will be more difficult to 
commercialize than the SSCR because the HTGR is less-
closely related to the established LWR technology and 
requires a different reprocessing technology. Some 
operating experience of the HTGR has been developed in 
the United States, and considerably more of gas-cooled 
technology in France and the United Kingdom. However, 
several other barriers to commercialization must be 
overcome: the lack of a supply industry; differences in 
the necessary reprocessing technology; and licensing 
uncertainties. The principal barriers to commercializing 
the HTGR are summarized in Exhibit 2.f.l. A commercial-
ization schedule is illustrated in Exhibit 2.f.2. 
The HWR application would be the most difficult to 
commercialize. An HWR has not been designed to meet 
U.S. licensing requirements, and the domestic capability 
for the production of heavy water has not been 
established. Consequently, a major investment would be 
required to overcome these barriers. Technological 
expertise would also have to be transferred from Canada, 
and negotiation of binational agreements on the transfer 
will undoubtedly be a time-consuming process. The 
principal barriers to commercialization of the HWR are 
summarized in Exhibit 2.g.l. A commercialization 
schedule is illustrated in Exhibit 2.g.2. 
These reactor-specific barriers are central to the 
consideration of the noneconomic barriers to commercial-
ization under each of the policy options. The other 
major factors to be taken into account are the capital 
requirements of the utilities and the financial risk 
involved, and the demands placed on the supplier 
industries. 
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The cases including the HTGR and the SSCR appear to make 
the most effective use of thorium under the three 
policies. Generally speaking, the cases including the 
HTGR appear to have a higher economic potential, but 
possibly greater noneconomic barriers to commercializa-
tion. On the other hand, the cases including the SSCR 
are probably less difficult to commercialize and more 
compatible with the existing LWR industrial base. 
Consequently, the HTGR-based systems would be the 
preferred approach if a firm policy permitting uranium-
recycle only were adopted. In the present uncertain 
federal policy environment, however, the development of 
the more-versatile SSCR might well be a preferable 
approach. 

In the following sections, we evaluate the implications 
of these barriers for the preferred options under each 
of the three recycle policies. 

Noneconomic Barriers Under the 
Uranium-Recycle Only Policy 
Under the uranium-recycle only policy, the G case was 
economically preferred, with an index of 42, and the S 
case, with an index of 31, was also attractive. 

The utility capital requirements do not appear to 
represent a commercialization barrier for either case 
(see Exhibit 2.h.l). The capital demands for the S 
case, which includes the SSCR, are somewhat higher in 
the early years (to 2002) than those for the G case, 
probably because of the cumulatively higher cost of 
SSCRs. After 2002, however, the G-case capital costs 
are higher as HTGRs are introduced. However, in both 
cases, the capital requirements are close to historical 
trends and should not constitute barriers to commercial-
ization. (Utilities have accounted for an average of 
approximately 23 percent of the total capital raised in 
the United States.) 

The capital investments for reprocessing and enrichment 
capability in the S case would place a greater financial 
strain on suppliers until the early 1990s (see Exhibit 
2.h.2). The suppliers' capital requirements for the 
G case are higher in later years because of the 
investment in enrichment and U3O8 mining. Overall 
supplier investment is not expected to constrain 
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commercialization in either scenario. However, in both 
cases, the suppliers would be able to raise the necessary 
capital if federal policy were sufficiently firm to make 
the investment risk acceptable. (This conclusion 
should be confirmed, however, with representatives of 
each major supplier segment.) 

As far as ease of commercialization for a new thorium-
using reactor is concerned, the S case with the SSCR 
is probably slightly less difficult than the G case 
with the HTGR. Neither case is clearly preferable from 
the point of view of ease of commercialization, but 
because of its economic advantage, the G case including 
the HTGR should be considered the preferred case for 
this policy. 

Noneconomic Barriers Under 
the Secure-Centers Policy 
Under the secure-centers policy, the S case was econom-
ically preferred, with an index of 95, and the G case 
case, with an index of 85, was also attractive. 

The capital requirements for utilities are similar 
and are close to historical trends in both cases (see 
Exhibit 2.i.l.). They are likely to prove a financial 
burden only if the rate of demand for electricity were 
to continue as projected but the growth of gross national 
product and the total capital supply declined. The 
capital requirements under this policy are higher 
than under the uranium-recycle only policy because the 
nuclear share of capacity is higher. 
The investments required for suppliers in both cases 
again exceed the historical trend until the first decade 
of the 21st century (see Exhibit 2.i.2). The S-case 
demands, created by the extensive development of the 
SSCR, are lower than those for the G case until 2000, 
but are higher after 2000 because of the generally 
greater demand on all supply sectors. In both cases, 
enrichment and U3O8 mining requirements decline in 
the later years while reprocessing increases, reflecting 
the shift to the self-sustaining breeder nuclear economy. 
Neither case is strongly favored with regard to the 
development of the supplier industries. (The high 
supplier capital costs in the H case reflect the require-
ments for fabrication and reprocessing of HWRs in the 
later years of the scenario.) 
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In both cases, financial burdens are imposed on the 
suppliers' capabilities; however, our analysis indicates 
that if the firms now in the nuclear supply business 
were to allocate 20 percent of their capital to the 
nuclear supplier industries, the projected demands would 
be adequately met. Moreover, in a strong nuclear-growth 
environment, supported by a favorable federal policy, 
the suppliers would make the necessary investments, 
according to our survey. Consequently, the suppliers' 
investment requirements should not preclude commercial-
ization if a firm, stable government policy is developed. 
(Again, these conclusions should be verified with the 
suppliers.) 

The S case with the SSCR will probably be slightly 
easier to commercialize than the G case, and is 
apparently superior economically. It should therefore 
be considered the preferred case. 

Noneconomic Barriers Under 
the Full-Recycle Policy 
Under the full-recycle policy, the G case has the 
highest economic index (93). The S case also has a high 
index (82), but no thorium/U-233-fueled systems are 
included. Consequently, the G case is preferred. 

The utility capital requirements are slightly higher 
than historical trends from 1995 to 2012 because of the 
investment in capital-intensive HTGRs and FBRs (see 
Exhibit 2.j.1). If the projected economic advantage of 
the G case, and especially of the HTGR, can be realized 
without undue risk, the utilities can be expected to 
supply the required capital. 

Higher demands are placed on the supplier industries 
than in any of the other cases because of the enrichment 
and U3O8 mining investments required to supply 
highly enriched uranium for the HTGRs in the later years 
of the case (see Exhibit 2.j.2). This additional burden 
on the suppliers makes commercialization more difficult 
than in the G case under the secure-centers policy, but, 
egain, should not preclude commercialization if the 
favorable economics of the case are supported by a firm 
and stable government policy. 



Exhibit 2.«.1 
HEDL Results (2026): No Recycle Policy 

Case L CaseS Case H CaseG 
GWfel nuclear 261 292 204 216 
GVUIe) fossil 1.934 1.903 1.991 1,979 
Thorium-bated systems none none none none 
U-238/Pu-based systems 
Reactor tyin;s (GW(e)| L W R - U 5 ( L E ) / U (361 LWR-U5 ILE1 /U 1951 L W R - U 5 I L E I / U (1951 LWR U 5 | L E ) / U 11411 

L W R - U 5 ( L E ) / U - T (2251 SSCR-U5(LF) /U 11971 HWR U5(SEUJ /U (91 H T G R - U 5 ( L E ) / U T ( 7 5 ) 
Average levelized cost (mil ls/kWh)* 16.3 1 8 4 18.5 18.4 
Cumulative U3O3 consumption ( )0®/short Ions) 2 .92 2.81 2 .79 2 74 
Annual (2025) coal consumption DO^/sliort tons) 5 . 220 5 .170 5 ,350 5 ,330 

•Avmaj ix l over 1977-2025. 

ON 

(RPA) 



Exhibit 2.a.2 
HEDL Results (2026): Uranium Recycle Only Policy 

Case L Case S Case H Case G 

GINU) nuclear 4 0 9 6 6 1 3 4 9 748 

GW(a) fossil 1,736 1.534 1 .846 1.447 

Thorium-based systems 
Reactor types IGW(e) ) LWR U 5 ( D E ) / U / T h 11891 S S C R - U 3 ( D E ) / U / T h [3001 none H T G R U 5 ( D E ) / U / T h 1487) 

L W R - U 3 ( D E ) / U / T l i 11571 LWH U 5 I O E ) / U / T h [273 ) H T G R U 3 ( D F . ) / U / T h (1361 

U-238/Pu-based systems 
Reactor types (GW(u)) L W R - U 5 ( L E ) / U 11131 LWR UStLEI/U 182) L W R - U 5 ( L E ) / U 1349) L W R - U 5 I L E ) / U 11251 

Average leveliied cost l in i l lsAWh)* 18.4 18.4 18.4 18.3 

Cumulative U3O3 consumption ( lOfysHurt tons) 2 .88 3 .01 2 .76 3 .01 

Annual (2025) coal consumption ( I0®/short tons) 4 . 7 9 0 4 . 3 3 0 5 , 0 3 0 4 , 0 9 0 

•Averaged over 1977-2025. 

•C-



Exhibit 2 A 3 

HEDL Results (2026): Recycle in Secure Centers Policy 

Casa L Case S Casa H Casa G 

GWUI nuclear 1.244 1.453 1,227 1.377 
G W M M 951 742 968 818 
Thorium-baaed systems 
Reactor types (GW(e)) LWR-U3(DE)/U/Th (1901 LWR-U5IDE )/U/Th 12) HWR-U3(DEl/U/Th (248) HTGRU3(DE)/U/Th 1273) 

LWR Pu/Th 1521 SSCR-U3(DE)/U/Th 12941 FBR-Pu/U/Th 1537) HTGR Pu/Th (45) 
FBR-Pu-u/Th 14061 SSCR-Pu/Th 172) FBR-Pu-U/Th 1493) 

U-238/Pu-baaed systems 
Roacior types (GW(e)) LWR U5(LEI/U (5941 

FBR-Pu-U/Th 14201 
LWR-U5(LE)/U (170) 
SSCR-U5(LE)/U (495) 

LWR-U5(LE)/U 1442) LWR-U5(LE)/U (566) 

Average lavelized coft (mills/kWh)' 17.8 17.4 18.0 17.8 
Cumulative U3O8 consumption OOfyshort tons) 3.68 3.52 3.23 3.63 
Annual (2026) coal consumption (10®/short tons) 2.910 2.340 3,020 2.560 

'Averaged over 1977-2025. 



Exhibit 2.a.4 

HEOL Results (2026): Full Recycle Policy 

Case L CaseS Case H Case G 
GW(a) nuclaar 1.153 1.333 1.171 1.453 
GWfal fossil 1.042 862 1.024 742 
Thorium-based systems 
Reactor types (GW(e)l none none none HTGR-U51HE WTh (472) 

HTGR U3/Th (291) 
HTGR Pu/Th (1001 

U-238/Pu-baMd systems 
Reactor types IGWIel) LWR-U5(LE)/U 1513] LWR-U51LE )/U (1611 LWR-U5(LEI/U (4481 LWR-U5(LEI/U (230] 

LWR-Pu/U (196) LWR Pu/U (207) FBR-Pu-U/U 1723) FBR-Pu-U/U (360) 
FBR-Pu-U/U 1444) FdR-Pu U/U (5111 

SSCRU5(LE)/U |454| 
Average levelized cost (inills/kWh)* 17.8 17.7 17.0 17.7 
Cumulative UjOg consumption (10®/short tons) 3.58 3.50 3.24 3.41 
Annual (2025) coal consumption (lOfyshort tons! 3.150 2.680 3.090 2,330 

'Averaged over 1977-2025. 

(RW) 
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Exhibit 2-b 
System Average Levelized Costs 

19 0 

18.8 
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Exhibit 2.c 
U 3 0 8 Ore-Utilization System Efficiencies 
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No ttcyda Uranium recvcl* only Rtcyd* in secure centui Full recycle 
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a See gage 2.9 'or exoiananon of index 



Financial Barriers 

Exhibit 2.d.1 

Noneconomic Barriers to Commercialization of LWR/Th 

Technological Barriers Licensing Adaptability 

Not demonstrated at com-
mercial scale, only in 
Consolidated Edison 275-MW 
Indian Point plant in 1960s. 
Use of U-233-fueled LWR 
with thorium not demon-
strated; only in LWBR now 
beginning operation. 
Nuclear characteristics, less-
negative moderator coefficients 
may require different control 
procedures. 
Thorax reprocessing not 
demonstrated at commercial 
scale; some technical 
uncertainties unresolved. 
Remote refabrication of 
U-233-bearing fuels. 

Minor delays possible due to 
novelty of thorium use, 
different nuclear properties. 
Licensing of reprocessing 
facilities deferred indefi-
nitely. 
Utilities expect potential 
delays from development 
of new standards, design 
changes during construction. 

Minor barriers; retrofitting 
and adaptation of new 
plants feasible. Most 
adaptable application. 

Other 

Initial enrichment require-
ment increases initial capital 
cost, thus marginally 
increases financial exposure. 

Commercial Availability 

Thorium fertile diluent 
by 1987, LWR with 
recycled U-233 by 1991-
1995. 



Exhibit 2.d.2 
Estimated Schedule for Commercial Availability of LWR/Th 

1978 1980 1985 1990 1995 2000 2005 2010 

Design and testing of technology 

Commercial demonstration of technology 
Selection of LWR plant for thorium fuel 
reload 

Licensing of reload fuel 

Commercial demonstration of part- and 
full-core loading 

Development of first commercial unit 
Utility decision to use LWR/Th 

Construction and licensing of commercial 
plant 

Start of operation of commercial unit 

Reprocessing 
Decision by federal government to permit 
reprocessing 

Construction and licensing of reprocessing 
facility 

Operation of reprocessing facility 

First recycled fuel available 

SOURCES: Combustion Engineering; HEDL; RPA, 

o 

I I I 

(RWQ 



Exhibit 2.». 1 

Noneconomic Barriers to Commercialization of SSCR 

Financial Barriers 

Technological Barriers Licensing Adaptability Other Commercial Availability 

Not demonstrated on com-
mercial scale, only in 
ttalyian 10 20 MW plant 
in 1060s. 
S O I T I H uncertainties regarding 
pump suals (liBjvy wdter 
le,ik,ige rales, refueling and 
cuie reactivily contiol I 
MixluMtnr properties may 
luquiie new control pro-
cedures. equipment. 
Possible difficulty in retro-
tittiivj to LWR because of 
potentidl tritium leakage. 

First-of-akind licensing 
delays likely. 
Tritium leakage, control and 
safety of heavy water raise 
licensing question; other 
uncettainties may be mini-
mized by similarity to 
LWR, Canadian experience 
with CANDU and West 
German experience with 
ATUCHA. 

Reprocessing, enrichment, 
fuel fabrication possible in 
same facilities as for LWR. 
Hence, similar supplier 
infrastructure to established 
system; however, heavy 
water plant components 
supplier needed. 
Versatility to be operated 
as a conventional LWR 
reduces risk. 

Domestic heavy-water 
production capability lacking; 
del-.y in heavy-waier supply 
may delay introduction of tech-
nology. increase financial risk. 
Higher capital cost increases 
financial exposure. 

Possibly 1991 with U-235 
fuel; with U-233 fuel in 
1991-1995. 



Exhibit Ze.2 

Estimated Schedule for Commercial Availability of SSCR 

1978 1980 1985 

Des!gn and testing of technology 

Tasting of basic equipment design 

Development of prototype unit 

Selection of LWR plant 

Start of prototype demonstration 

Evaluation of prototype demonstration 

Development of first commercial unit Utility decision to use SSCR 

Modification of LWR plant 

Start of operation of first commercial 
unit 

Reprocessing 
Decision by federal government to 
permit reprocessing and recycling of fuels 

Constf&^tion and licensing of 
reprocessing and refabrication facility 

Operation of reprocessing and 
refabrication facility 

First recycled fuel available 

SOURCES: Combustion Engineering; HEDL; RPA, 

1990 1996 2000 2005 2010 



Exhibit 2.1.1 

Noneconomic Barriers to Commercialization of HTGR 

Financial Barriers 

Technological Barriers Licansing Adaptability Othar Commercial Availability 

Not fully demonstrated at 
commercial scale in United 
States, low power test of 
330 MW Fort St. Vrain 
station in Colorado now 
underway and 40 MW Peach 
Bottom plant opeiated 
successfully; wide experience 
with smaller plants in UK. 
No full-power test of steam 
generators. 
Extensive development of 
luel element, but commercial-
scdln reprocessing arid recycling 
ot bieil U 233 fuel not demon-
strated. 
"Head end" of reprocessing, 
disposal of irradiated caibun 14. 
remote reprocessing and 
mfdbiicdtion not Jemon̂ t'̂ 'ed 

First-ofa-kind licensing 
delays expected, although 
Fort St. Vrain reactor 
provides precedents. 
No licensed reprocessing 
arid refabrication facilities; 
licensing may create delays, 
alter economics, and increase 
financial risk. 

Reactor and fuel supply 
facilities cannot bo adapted 
for other types of reactor, 
but financial risk partially 
offset by flexibility of fuel-
element design, allowing 
modification of design 
parameters (fertile to 
fissile, heavy metal to 
moderator ratios). 

Technology adopted only in 
France and UK because of 
many difficulties in commer-
cializing; financial risfc gener-
ally regarded as high. 
Capital cost higher than LWR 
particularly for initial units. 

Commercially available 
1995 1997; on recycled 
U-233, possibly by 1995 
2005. 

(RPA) 



Exhibit 2.1.2 

Estimated Schedule for Commercial Availability of H T G R 

1978 1980 1985 

Design of technology (almost complete) 

Testing of basic design (almost complete) 

Demonstration of prototype unit 

Demonstration of commercial-scale unit 
Decision to initiate demonstration 

llll 

Construction and licensing of 
demonstration unit 

Operation of commercial-scale unit 

Development of first commercial unit 
Utility decision to use HTGR 

Construction and licensing of commercial 
unit 

Operation of commercial unit 

Reprocessing 
Decision by federal government to permit 
reprocessing 

Construction and licensing of reprocessing 
facility 

First recycled fuel available 

SOURCES: Combustion Engineering; HEDL; RPA, 

1990 1995 2000 2005 2010 

vj -O 

T 



Exhibit 2 * 1 

Noneconomic Barriers to Commercialization of HWR 

Technological Barriers 

Financial Barriers 

Licensing Adaptability Other Commercial Availability 

No demonstration of tech-
nology on commercial scale 
in United States. 
No design meeting U.S. 
licensing requirements. 
Negligible manufacturing base 
in United Stales; but broad 
Canadian experience with 
CANDU. 
Nn HWRs operated on 
thorium, but few problems 
expected in converting 
CANDU. 
Uncertain conformity of CANDU 
on-line refueling system, tritium 
release from heavy-water leakage, 
emergency core-r-yjling systems, 
and computer controls to U.S. 
licensing standards and practices. 

Without design to U.S. 
standards, licensing delays 
expected. 
Licensing of fueling and 
control systems may be 
delayed; use of thorium 
likely to increase delays. 

Li I tie risk of delay in fuel 
fabrication and reprocessing; 
facilities same as for LWR 
could probably be used. 

High risk of cost overruns 
due to lack of manufacturing 
experience with reactors, 
heavy-water production. 
Capital costs higher than 
the LWR's; unacceptably 
high financial obligation for 
smaller utilities. 

1995-1997 in United States. 
(Already available in Canada 
and international market.) 

-J Ln 

(RfVp 



Exhibit 2.g.2 

Estimated Schedule for Commercial Availability of HWR 

Design of HWR to U.S. standards 

Testing of basic design 

Demonstration of prototype unit 
Decision to initiate demonstration 

1978 1980 1985 

in 

Construction and licensing of 
prototype unit 

Demonstration of prototype unit 

Development of first commercial unit 
Utility decision to use HWR 

Construction and licensing of 
commercial unit 

Operation of first commercial unit 

Reprocessing 
Decision by federal government to permit 
reprocessing and recycling of fuel 

Construction and licensing ot reprocessing 
and refabricatiun facility 

First recycled fuel available in United 
States* 
S O U R C t S . Coinbusiinn Engineering; H E D L . RPA. 

'Canada plans commercially available U-233 recycle tuel by about 1990. 

1990 1995 2000 2005 2010 

• I I I 

CT> 

• 

• 
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Exhibit 2J1.1 

Utility Capital Requirements (nuclear and 
coel-fired plants): Uranium Recycle Only Policy 

60.000 

10.000. 

1 9 7 7 1982 1987 1992 1997 2 0 0 2 2 0 0 7 2 0 1 2 2 0 1 7 2 0 2 2 2 0 2 7 

I Historical ut i l i ty share of U S total caoital markets 

* Case L 
' Case S 
• Case H 
> Case G 
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Exhibit 2.h.2 

Nuclear Supplier Capital Requirements: 
Uranium Recycle Only Policy 

1977 1982 1987 1992 1 9 9 7 2 0 0 2 2 0 0 7 2 0 1 2 2017 2 0 2 2 2 0 2 7 

• • M M Historical suoolier share of U.S. total capital markets. 
• — Case L 
- • — Case S 
. . . . . . . Case H 

CaseG 
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Exhibi t 2. i .1 

Utility Capital Requirements (nuclear and 
coal-fired plants): Recycle in Secure Centers Policy 

10,000' 

• • • • • •• • • • « • 
1977 1982 1987 1992 1997 2002 2007 2012 2 0 ' 7 2022 2C27 

hisior ca1 jMiw short? o» L. S tota. caoita' 
Case L 
Case S 
Case H 
Case G 

(RPA) 
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Exhibit 2.i.2 

Nuclear Supplier Capital Requirements: 
Recycle in Secure Centers Policy 

3000 

2 5 0 0 

200C 

$ million/year 1500 

1000 

5 0 0 

1977 1 9 8 2 1987 1992 1997 2 0 0 2 2 0 0 7 2 0 1 2 2 0 1 7 2 0 2 2 2 0 2 7 

Historical supplier share of U.S total capital markets. 

Case L 
Case S 
Case H 
Case G 

iRPA; 
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Exhibit 2.j.2 

Utility Capital Requirements (nuclear and 
coal-fired plants): Full Recycle Policy 

60 .000 

10.000 

• • • • • • • • • • • 
1977 1982 1967 1992 1997 2002 2C0? 2012 2017 2 0 2 2 2027 

• • B B Historical .jt'Htv snare Df 'J S. '.ot3i capita1 oiorku-s 

— — Case L 

• • — Casp S 
• Case H 
i i Case G 

(RPA) 
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Exhibit 2.j.2 

Nuclear Supplier Capital Requirements: 
Full Recycle Policy 

5 0 0 

1977 1982 1987 1992 1997 2 0 0 2 2 0 0 7 2 0 1 2 2 0 1 7 2 0 2 2 2 0 2 7 

I Historical supplier share of U S total capital markets 

Case L 
• Case S 

• Case H 
• Case G 

(RPA) 
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3 FEDERAL POLICY OFTIONS 
FOR COMMERCIALIZING 
THORIUM-BASED TECHNOLOGIES 

The utility industry, as we have shewn, will not adopt 
thorium voluntarily under the conditions prevailing in 
the nuclear market. The commercialization of thorium, 
then, depends upon government action. The decision that 
thorium-based technologies are desirable to extend our 
nuclear resources, to prevent the proliferation of 
weapons-grade nuclear material, or for some other reason, 
must be made by the federal government. And the berriers 
to commercialization can be removed only by a large-scale 
effort involving a number of federal government agencies 
— at least the Department of Energy, the Nuclear 
Regulatory Commission, the Environmental Protection 
Agency, the Departments of State and the Interior, and 
the Arms Control and Defense Administration — acting in 
concert, with the solid support of the Administration and 
the Congress. 

As we have shown in the preceding chapter, these barriers 
are not likely to be economic.* Under certain federal 
policies permitting recycling, thorium could be economi-
cally competitive with uranium-plutonium; the major 
barriers to thorium are institutional, technological, 
or regulatory. They are: 

• The lack of a definite, permanent federal policy on 
fuel recycle; without such a policy, the absolute and 
relative economics of all technologies are uncertain. 
n The lack of a definite, permanent policy on the 
development of fast-breeder reactors; without such a 
policy, the payback period for investments in thorium 
cannot be determined with confidence. 

* The L>R Study Group of the Massachusetts Institute of 
Technology independently reached the same conclusion. 
Their study is reported in ERDA's Role in the Development 
and Acceptance of Light Water Reactors (discussion 
draft) (August 12, 1977) . 
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FEDERAL POLICY OPTIONS 

• The lack of a practical limitation on the types of 
reactor and fuel-cycle technology to be developed; 
supporting a diversity of technologies will dissipate 
the resources of government and industry and increase 
the risk of constant technological obsolescence. 
• The lack of a commercial-scale demonstration of a 
thorium technology; without such a demonstration 
the utility industry will not be persuaded that 
thorium is viable. 
ft The uncertainty that a reactor on the thorium fuel-
cycle and its supporting reprocessing and recycling 
technology are licensable; without a demonstration 
of licensability, the utility industry and the 
suppliers will be reluctant to adopt even a technically 
demonstrated technology. 

In this chapter, we go beyond the immediate purpose of 
this phase of the Thorium Assessment Program, which was 
to identify these barriers, to suggest a series of 
policy options that would remove the barriers. These 
suggestions are highly tentative and must be regarded as 
no more than a first step toward the formulation of a 
comprehensive program of research, technology development 
and demonstration, financial incentives, nuclear regula-
tion and policy amendment, legislation, international 
agreements, and agreements and joint ventures with 
utilities and suppliers. 

We outline in the following sections a policy program 
consisting of five steps, the first three of which in 
combination address the three institutional barriers and 
the last two, the technological and regulatory barriers. 

POLICY OPTIONS TO OVERCOME INSTITUTIONAL BARRIERS 
The first three policy steps are: 

1. Complete technical investigation of thorium 
applications. We believe that the technical informa-
tion now available is almost complete enough to form 
the basis for an initial policy decision among the 
thorium options; however, further investigation of a 
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FEDERAL POLICY OPTIONS 

number of related topics is necessary to ensure all 
options are properly considered: 

• The performance, cost, and licensability of an 
LWR design optimized for the use of thorium on a 
once-through cycle. 
• The performance and cost of a thorium/U-233-
fueled light-water breeder reactor. 
• The cost and perforr^nce of an HWR design 
conforming to U.S. lice;.sing criteria. 
• The technical viability and cost of reprocessing 
and recycling Pu/U-235 and U-233/Th-based fuels. 
• The capital costs of power plants, particularly 
of reactors other than LWRs; these costs may 
contribute as much as half of levelized cost of 
the plant, but have not been determined with 
certainty and estimates should ba further devel-
oped and reviewed jointly with industry experts. 
• The outstanding technical uncertainties of 
thorium technologies, including those discussed 
in the preceding chapter. 

These evaluations can, and should, be completed 
within the next year. They should yield sufficient 
information to corfirm or refute our initial conclu-
sions, and to suggest what, if any, additional economic 
evaluations of thorium systems may be required. A 
listing of future work is provided in Appendix C. 

2. Decide whether or not to commercialize a thorium-
based fuel-cycle. On the basis of the information 
developed in the previous step, the federal government 
should decide if any thorium technology should be 
developed. This decision could be based upon one 
or more of the following criteria: 

• The need for a more proliferation-resistant 
fuel-cycle technology. 
• The need for a technology to extend available 
nuclear fuel supplies. 
• The need for a hedge, or "insurance policy," 
against the possibility that the development of 
advanced technologies, such as the fast breeder 
reactor, is delayed or falls short of 
commercialization. 

RPA 
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3. Develop the minimum practical number of fuel-
cycle/reactor combinations. Utilities and suppliers 
repeatedly stated that one thorou9hly researched, 
well-understood technology is preferable to a diversity 
of possibly superior, but unfamiliar, technologies, 
even if the selection is made and enforced by the 
government. 

If a non-LWR technology is selected and developed 
as the single preferred technology, the retrofitting 
of LWRs for thorium use and the adaptation of new LWRs 
and LMFBRs for thorium should still be pursued in 
parallel. Modifying an LWR in the early stages of 
construction is likely to be less costly than retro-
fitting, where the loss of power during the 1-2 years 
needed to complete the process may not be offset by 
the potential advantages of thorium use. Nevertheless 
these alternatives should be considered as supplements 
to the selected technology or as insurance policies. 

These steps complement research and development already 
under way in DOE. In combination, they address the first 
three of the five major barriers to the commercialization 
of thorium. 

Completion of the technical and economic studies will 
document more fully the advantages of thorium in dif-
ferent reactors and fuel-cycle applications, particularly 
the economics of thorium and ore-utilization character-
istics and will reduce or eliminate many technical 
uncertainties. 

DOE and other branches and agencies of government 
involved with the decision will then be in a position 
to formulate a policy on fuel recycle that accounts for 
the role thorium can play in nuclear power development. 

The same information will also elucidate a policy 
decision on the breeder reactor and its fuel-cycle. The 
decision to develop thorium could affect the arguments 
for and against developing the breeder reactor; the 
economically preferred case described in the preceding 
chapter consists of a system of LWRs, SSCRs, and breeder 
reactors using uranium/plutonium-based fuels, and 
U-233/thorium and plutonium/thorium-based fuels. 
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A dec sion to proceed with the breeder reactor would not 
preclude a market for thorium; thorium-fueled FBRs could 
operate symbiotically with U-233/thorium-fueled reactors. 
A decision against the breeder, on the other hand, could 
favorably affect the thorium market, but would not affect 
the paiicy steps required to commercialize thorium. A 
definite policy, however, would clarify the extent of 
economic gain resulting from the use of thorium. 
Finally, a practical limit on the thorium reactor and 
fuel-cycle technologies to be pursued will provide a 
focus for government and industry. Historically, when 
the development of technologies has been diversified, 
resources are dissipated in pursuing a variety of 
uncoordinated research and development efforts. The 
uncertainties of pursuing several options would make the 
utility industry and the supplier industries cautious 
about committing their resources to new technologies and 
fuel-cycles. The decision to concentrate on a single 
technology or limited number of technologies will 
overcome the industries' reluctance; and, as the 
decision will be made within the federal government,, che 
selection can accommodate related programs in DOE and 
other federal agencies and be timed to conform to the 
objectives of these prior commitments. 

POLICY OPTIONS TO OVERCOME 
TECHNOLOGICAL AND REGULATORY BARRIERS 
A groundwork must be laid for addressing the tech-
nological and regulatory barriers: the lack of a 
demonstration of a thorium technology on a commercial 
scale; and the uncertainty that a thorium fuel and 
supporting reprocessing technology are licensable. 

These two barriers encompass many of the noneconomic 
constraints to commercialization identified in the 
preceding chapter and discussed in reference to four 
different reactors. 

(RRft) 
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Two policy steps are involved: 
4. Develop a joint government/industry R&D program. 
Information developed under DOE's present nuclear 
program will serve to identify precisely the outstand-
ing technological and regulatory problems that must be 
resolved before a commercial-scale thorium technology 
can be demonstrated. The R&D program would be imple-
mented in three stages. 

• Identify elements to be investigated. These 
would include not only technical problems, but 
also financial and institutional problems; for 
example, if a CANDU reactor were selected for 
development, technical R&D could evaluate methods 
of minimizing heavy-water losses, financial inves-
tigations could concentrate on reducing initial 
capital costs and improving reactor availability, 
and ins'- tutional investigations could determine 
the proper licensing criteria for new design 
features. The primary goal would be a standardized 
reactor design con'orming to the applicable, tech-
nically evaluated licensing criteria. Licensing 
criteria would therefore have to be developed in 
parallel with technical R&D and design. 
• Determine participants. The program should 
involve the government, the utilities, and sup-
pliers. Their efforts could be coordinated through 
Uhe Electric Power Research Institute to ensure 
that the maximum funding is obtained from industry 
and applied to the selected technology. The 
federal government should serve as the program 
manager to coordinate the work of the various 
participants and aim it toward the common goal of 
licensable reactors and fuel-cycles. In this role, 
the government would also ensure that the results 
of research are shared. 
• Provide supporting legislation. A firm, stable 
government policy will be demonstrated to industry 
only by legislation that precludes changes in the 
policy by future administrations. This legislation 
should also provide the necessary funding to 
complete the research, development, and demonstra-
tion; mandate the development of adequately tested 
licensing criteria and standards in parallel with 
the technical research; and specify a schedule for 
completion of the research, development, and demon-
stration of the selected technology. 
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We estimate that designing the program and solic-
iting industry participation and financial support 
will take approximately 1 year. The design would 
incorporate current thorium programs and should begin 
in 1978. The first two stages should be completed by 
1979 if thorium is to be commercially available 
between 1987 and 1991. 

5. Develop a demonstration program to overcome 
technical, financial, and institutional barriers. The 
demonstration of the selected reactor, fuel-cycle, and 
reprocessing technology on a fully licensed, commercial 
scale is crucial to the ultimate purchase of thorium-
fueled plants by utilities. This program should 
demonstrate not only that the technology is feasible, 
but also that the requisite federal and state licenses 
can be obtained. The demonstration program must there-
fore include a requirement that all normal licensing 
procedures are followed and approvals obtained for 
fuelrgg a commeroial-scale (approximately 1000-MW) 
reactor with thorium. 

A thorium-fueled LWR or SSCR can probably be 
commercialized more rapidly than the HTGR and CANDU, 
and at a lower cost. The cost would be shared with 
utility owners of the reactor; the federal share 
should include some percent of capital cost or a 
compensatory payment to the utility or utilities for 
power purchased while the uni , is out of service. 

Fuel fabrication, irradiation testing, and repro-
cessing and refabrication development could be 
initiated at a bench or test scale and would ccntinue 
throughout the demonstration of the reactor. Heavy 
water for an SSCR demonstration could be purchased (in 
preference to building a heavy-water facility), and 
the cost assumed by the government. If demonstration 
and testing were successful, utilities could begin to 
place orders for SSCR units by 1984 or convert LWRs 
going on line after that date. 

A very rough estimate of the government costs for 
an LWR or SSCR demonstration ranges from $400 million 
to $800 million. The largest cost component would be 
the government's share of the construction and interest 
costs, which would be incurred over 6 years of 
construction and demonstration. 

The demonstration of a commercial-scale HTGR will 
take considerably longer. A commercial-scale unit 
would have to be designed and built from the start; 
the entire process, including a demonstration period, 
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would span approximately 10 years. However, some 
utilities have already instituted HTGR research, so 
that a framework for government/industry working 
agreements has been established. The building and 
demonstration of the plant would be paralleled by a 
demonstration of fuel fabrication and reprocessing 
technologies. 

The government's share of the cost for demon-
strating a thorium-fueled HTGR is estimated roughly to 
range from $1.2 billion to $2.0 billion. The public 
cost is heavy, but, without a convincing demonstration 
of this technology, it appears unlikely that the 
utilities will invest in a thorium-fueled HTGR. 

The most effective method of introducing a thorium-
fueled HWR is the transference of the Canadian CANDU 
technology. The process, however, will be complex. 
The federal government must negotiate agreements 
with the Canadian government, Canadian utilities, 
and Canadian suppliers, presumably through DOE. The 
CANDU design would then have to be modified to meet 
U.S. licensing and safety requirements, and a 
commercial-scale unit built and demonstrated. The 
government would also have to purchase heavy water for 
the demonstration or build heavy-water facilities to 
supp_y the demonstration unit and any subsequent 
commercial CANDUs. 

The burden of designing and building a demonstra-
tion CANDU would also fall mainly on the government; 
the technology is novel in this country, and the 
private sector has no experience with it. Conse-
quently, the government would assume almost all of 
the costs of transferring the technology, which may 
range from $1.8 billion to $2.4 billion, exclusive 
of the cost of developing the necessary supplier 
manufacturing base. 

Whichever technology is selected for demonstration, 
the government should also be prepared to provide R&D 
support for at least 5 years to overcome start-up 
problems as the utilities adopt the technology on a 
commercial scale. 

A suggested program and schedule for commercial-
izing the SSCR and HTGR are presented in Exhibits 
3.a and 3.b, respectively. A similar program for the 
HWR is presented for comparison in Exhibit 3.c. 
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Exhibit 3J.I 
Suggested Schedule for Commercialization of LWR/Th or SSCR 
(Recycle in Secure Centers Policy Case S) 

Action Required 

Fadaral and Stat* Governments 
Decision to deplov thor ium 

Decision to reprocess and recycle fuel 

Establishment of federal and state 
regulations and procedures 

Establishment of federal program of 
incentives 

Start of federal R D & D program 
-Establ ishment of orcgram with utilities 

—Demonstration of thorium-fueled LWR 
or SSCR in existing reactor 

—Demonstration of reprocessing and fuel 
fabrication 

Complet ion of R D & D D r r j ^ t to fully 
commercial fuel and reactors 

UtilitiM 
Commi tment to participation in. and 
funding o f , R D & D program 

Particip?tion in demonstration of LWR 
or SSCR 

Initial order for thorium-fueled reactor 

Construction of thorium-fueled reactor 

Suppliers 
Commi tment to participation in, and 
funding o f , R D & D program 
Participation in LWR/SSCR and fuel 
demonstrations 

Construction of fuel fabrication facilities 

Construction of heavy-water facilities 

Construction of reprocessing facilities 

Mining for thor ium 

First operational SSCR 

First operational LWR wi th thorium 

1978 1980 
• 

• 

1985 1990 199S 2000 2005 
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Installed Electric Generating Capacity: 
Recycle in Secure Centers Policy Case S 
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Suggested Schedule for Commercialization of HTGR 
(Uranium Recycle Only Pohcy Case G) 

Action Required 1978 1980 1985 1990 

Federal and Stats Government 
Decision to deploy thorium 

Decision to recycle thorium 
Estaohsnme-.t of fede'ai ann state -"guiat r,ns ana procedures 
Estaolisnmpnt o: federal program ot 
incentives 
Establishment ot 'eaerai RD&D urogram 
—Estabhsnment ̂t prcirjm with util.t.es 
-Development of t 000 MW'el HTGR 
demonstration plant 
—Testing, licensing and operation of 

demonst ra t ion plant ^ 

—Demonstration of reprocessing and fuel 
'abncation 

Completion ot R D & D orogram to 'ullv 
commercial 'uei and reactors 

Util it ies 
Commitment to participation in.ano 
'umjing of. RD&D program 
Pa'tiCioaton .n demonstration, Vensinj 
or,a 'JĈr-ition of HTGR 
•3urcr,asing ;f HTGr̂ s 
Construction of HTGRs 
Suppliers 
Cnmmitment to p a r t i C i D a ' i o n i n . a n d 

' u n d i n g ol. RD&D u r o g r a m Participation in fuel demonstration program 
Participation in HTGR demonstration 
program 
Construction of fuel facilities 
Construction of resrocessmg facilit.es 
Mining of thorium 
P.'St ooerat'onal reactor 

T i i 
T 
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E x h i b i t 3 b 2 

Installed Electric Generating Capacity: 
Uranium Recycle Only Policy Case G 

>'iC 

2̂.-0 

GW(e) 201' 
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Exhibit 3.c.1 
Suggested Schedule for Commercialization of HWR 
(Recycle in Secure Centers Policy Case H! 

Action Rtquirid 1978 1980 
FMitral and Stat* Governments 
Decision to deplov thorium • 

Dec., on to recycle thorium • 

Estab l i shment of federal a n d s M t e 
regu 'a t ions a n d p r o c e d u r e s 

Establishment of federal program of 
incentives 

Agreement with Canada to transfer 
technology 

Dev»ioornent uf fedpral R D & D pruardm 
—Establishment of program to trjns'ur 

technoloay with Canada 

-Establishment of program with utilities 

—Construction, licensing, and 
demonstration of HWR 

—Development of heavy-water facilities 
and transfer to suppliers 119921 

-Demonstrat ion of reprocessing nnd fuel 
fabrication 

Comple' ion of R D & D program to fully 
commercial fuel and reactors 

Utilities 
Commitment to participation in. and 
funding of. R D & D proqram 

Partiooatiun in loint U.SVCanadian 
transfer of technology 

PartiCiDa'ion in HWR demonstration 

.li.censini), demonstration, arid oppration 
of test HWR 

Initial order tor commercial HWR 

Start of construction of commercial HWR 

Suppliars 
Commitment to participation in, and 
funding of. R D & D program 
Participation in |Oint U.S./Canadian 
transfer r.t 'echnUogv 

Participation m HWR demonstration 

Construction of fuel facilities 

Construction of heavy-water facilities 

Construction of reprocessing tacihties 

Start of thorium mining 

1985 1990 1995 2000 2005 
i 

RPA.: 
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Exh ib i t 3.C.2 

Installed Electric Generating Capacity: 
Recycle in Secure Centers Policy Case H 

4000 

3500 
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Appendix A 

THE MARKET FOR THORIUM POTENTIAL 
AS PERCEIVED BiT THE NUCLEAR INDUSTRY 

A potential market for thorium will be critically depen-
dent on, first, a strategic decision by the utilities to 
commit tl emselves to additional nuclear baseload units 
and, second, an acceptance by the utilities and their 
public utility commissions that thorium fuels have dis-
tinct technological, economic, and financial advantages. 

The utilities' decision to purchase baseload units 
depends essentially on the projected demand for elec-
tricity. If the forecast demand clearly dictates the 
need for added capacity, the utilities must then make a 
strategic decison as to whether the added capacity will 
be coal-fired or nuclear-powered or some mix of the two. 
In recent years, the business climate of the utility 
industry has changed considerably, and strategic planning 
has become hedged with uncertainty in a changing and 
less-predictable market for electric power, 

According to DOE's projections, trie national demand for 
electricity over the next 50 years will grow to between 
9.0 trillion kWh and 16.9 trillion kWh. This growth 
and the need to replace aging units will create a large 
market for baseload electric power generation stations 
with a progressive trend to coal-fired and nuclear units. 

The Administration's national energy policy will stimu-
late a shift by utilities from oil and gas to coal. 
However, some utilities cannot convert their boilers to 
coal utilization and others are not ible to add new 
coal-burning power plants to their capacity. Air-quality 
standards, particularly the nondeterioraticn, nondegrada-
tion standards in effect in the early 1980s, will severely 
restrict the use of coal in many states. Utility manage-
ments have cited the difficulties of using coal, not only 
in RPA's recent survey of utilities, but also in the 
Federal Energy Ad 'nistration's Executive Conferences on 

RPA: 



98 

NUCLEAR INDUSTRY SURVEYS 

the National Energy Plan and in testimony before Congres-
sional committees. The use of coal, therefore, will 
depend not only on its availability at competitive 
prices, but also on the utilities' ability to conform 
with present and future air-quality standards. 

In any case, coal alone cannot support the predicted 
national demand for electric generation. The level of 
coal production by 1985, forecast in the National Energy 
Plan, is 1.2 billion tons per year. This will produce 
about 550 GVJe of the total required demand; the remainder 
will be supplied by nuclear and other fuels. Conse-
quently, there will be a potential market for nuclear 
fuels for the remainder of this century. The magnitude 
of this market will be a critical factor in the planning 
of baseload power limits by the utilities. 

The purchase of baseload units has been governed by 
projected demand; during the period in which statistics 
for the electric utility industry have been kept, elec-
trical energy production has never failed to double 
every 9-10 years. Since World War II, the stability and 
predictability of growth have been notable characteris-
tics of the utility industry. Load characteristics have 
varied little from historical trends; regulatory policy 
has been consistent; and, consequently, the various costs 
considered in capital investment planning were under 
control — generally declining, and quite predictable. 
Revenues were equally secure. Between 1960 and 1965, 
total national consumption of energy grew at a constant 
average annual rate of 7.1 percent. Annual consumption 
fluctuated between 5.4 percent and 7.8 percent; but, over 
the last 4 years of the period, increases were virtually 
identical. Increases varied more widely with individual 
companies. However, the factors affecting demand, such 
as shifts in population, number of households, and 
industrial activity, were all familiar to the utilities 
concerned; forecasting growth in energy consumption posed 
few problems. Similarly, forecasting peak demand was 
uncomplicated. Throughout the 1960s, the annual peak 
load for the industry as a whole grew at an average rate 
of 7.0 percent annually, with annual fluctuations ranging 
only from 6.0 percent to 8.5 percent. And because growth 
in consumption and peak load were predictable, so too was 
the annual load factor. The load factor for the industry 
as a whole remained virtually unchanged during the early 
1960s, declining slightly from 65.5 percent in 1960 to 
65.0 percent in 1965. 

(RBV) 
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Under these circumstances, the planning of capital 
investment was simplified. Planning was based cn fore-
casts of energy demand and peak load for several years 
ahead, factors that were thought to be known wii.h a very 
high degree of certainty. The capacity mix presented few 
problems. Utilities were adding large baseload plar.'.s 
to realize the profit accruing from economies of scale; 
they were retirirq older, less-efficient plants or con-
verting them t . m a k i n g use. Only 3 percent of the total 
generating additions in the early 1960s consisted of 
peaking units. 

This stable environment was disrupted by the Arab oil 
embargo of 1973. Rapid changes in fuel prices were 
passed on to consumers through fuel adjustment clauses, 
and the price of electricity rose sharply. As a result, 
the demand for electricity decreased in every customer 
class, and utility system planners found it increasingly 
difficult to project demand with confidence. The elec-
tric utility industry was faced with a shift from stable 
growth to highly unpredictable growth. 

The factors that guide utility planning have become more 
complicated and less certain. Demand has become less 
predictable with the rapid change in electricity prices, 
and uncertainty has been one of the factors leading to 
the cancellation of 20 nuclear plants and the deferral of 
100 others in the last 7 years. The situation has been 
further complicated by national and local policies that 
encourage — and, in some cases, mandate — reform of 
utility rate structures and a move toward rates reflect-
ing marginal costs. 

Marginal-cost pricing of electricity will tend to 
increase prices to the customers and customer classes 
whose demands require expansion of the system. This 
trend is bound to increase the unpredictability of 
demand, so that forecasting system demand, particularly 
baseload demand, by customer class will become difficult. 
Obviously, the need to add generating capacity will 
change reciprocally with demand. If demand declines, 
utility revenues will decline proportionately, as will 
the utilities' ability to finance costly baseload units. 
One result of uncertainty has been the recent increase 
in less capital intensive peaking units, now 17 percent 
of total new capacity. This trend may be reinforced by 
industry's renewed interest in cogeneration and 
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self-generation systems. The price of electricity has 
led many manufacturing firms to examine the economic 
potential of these systems, but the utilities are unable 
to project how many firms in any service area may opt 
for cogeneration. The uncertainty is compounded where 
cogeneration is concerned. Industrial consumers who 
turn to cogeneration reduce baseload demand signi-
ficantly; simultaneously, they increase the need for 
peaking capacity to provide backup power, and thus 
increase the proportion of residential and commercial 
demand, which is less stable. 

The utility's business environment has, therefore, 
changed rapidly and radically. The stability and 
predictability that formerly marked this environment 
have given way uncertainties in demand, in regulation 
and policy, ana in economics. Utility executives are 
justifiably hesitant about committing themselves to 
investment in new baseload capacity. Such commitments, 
as manifested in the utility plans submitted to the 
regional electric reliability councils and in purchase 
orders to equipment manufacturers, reflect decisions to 
invest billions of dollars yearly over a considerable 
period of time. The consideration of a new and 
unfamiliar fuel or type of reactor, then, adds a new 
dimension of uncertainty to a decision-making process 
already complicated by the uncertainties of cost, 
price, return on investment, public policy, and public 
acceptance of nuclear power. 

To gauge the effect of this additional complication to 
the utilities" strategic planning, we surveyed more than 
50 utilities, nuclear supply firms, state regulatory 
agencies, industrial associations, and members of the 
banking community. Under a guarantee of confidentiality, 
we elicited the views of a broad spectrum of respondents 
intimately concerned with nuclear power on the present 
and prospective status of the nuclear market and on 
the potential for thorium in that market. 

The results of this survey are summarized in the 
following sections. 

(RPA) 
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UTILITIES AND STATE 
PUBLIC UTILITY COMMISSIONS 

We surveyed a number of utilities, regional electric 
reliability councils, and state regulatory agencies. 
Their responses are summarized by region, corresponding 
to the jurisdictions of the regional reliability 
councils. 

Northeast Power 
Coordinating Council 

• Strong movement toward nuclear power because of 
its economic advantage, transportation and environ-
mental constraints on use of coal. 
• Uranium contracts and uranium reserves are adequate 
to meet demand for fuel; hence, no perceived need for 
thorium as a fuel supplement. 
• Nuclear industry needs stability; thorium cycle 
would add to the present uncertainties of policy and 
market regulation. 
• Difficulties with regulatory process expected to 
constrain demand for nuclear units, so need for 
thorium will not develop. 
• Alternative reactor concepts to the LWR not con-
sidered for units in this region. 
• Utilities unwilling to undertake the first thorium 
project because of risk of delay or rejection during 
the licensing process. 
• Utilities unwilling to undertake the first new 
reactor (i.e., HTGR, CANDU, SSCR) with thorium because 
of regulatory uncertainties. 
• Utilities believe thorium and reactors designed to 
optimize use of thorium would require 6-10 years of 
RD&D before market would begin purchasing. 
• Thorium could enter a market if proved licensable 
and economically competitive, but stable nuclear market 
has higher priority than changes in fuel or reactor. 
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Mid-Atlantic 
Area Council 

• Some local opposition to nuclear units, but utili-
ties tend to prefer nuclear units from an economic and 
environmental viewpoint. 
• Consensus that uranium reserves are adequate to meet 
demand; hence, no perceived need for thorium. 
• Uranium supplies should sustain the nuclear units 
until tho breeder reactor is commercialized. 
• Federal government should concentrate on correcting 
policy deficiencies (e.g., permit recycling of uranium 
and plutonium) and accelerating development of the 
breeder. ^ 
• Alternative reactor concepts to LWR not an important 
consideration. Insufficient experience and information 
to justify the risk of increasing already serious 
licensing problems. 
» Utilities unwilling to undertake first thorium 
project because of risk of delay or rejection during 
licensing process. 
• Utilities would require strong federal interest 
..before thorium would be seriously considered. 
• Economic competitiveness of thorium in conventional 
LWRs or other reactors would have to be convincingly 
demonstrated before thorium would be considered 
seriously. 

Southeastern Electric 
Reliability Council 

• Region foresees major role for both nuclear and 
coal-fired units. 
• Mining and transport of coal viewed as constraint; 
hence, slight preference toward nuclear power in 
region, but northern sector prefers nuclear, southern 
sector prefers coal. 
• Uranium supply viewed as adequate. 
• Acceleration of development of breeder reactor 
preferred over introduction of thorium in \-he event of 
a uranium shortfall. 

RPA; 
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• Utilities ir southern half of the region tended to 
be more conser•••-tivc in plans for nuclear units because 
of cost overruns and licensing problems. 
*> Utilities in Georgia, Alabama, Mississippi, and 
'""lorida concerned that nuclear units present financial 
risk that could jeopardize their financial future. 
• Regulatory agencies concerned over the schedule 
and financial risks of nuclear units to the companies 
in their states. Concern over the uncertainty in plant 
availability may prevent state from fulfilling its 
responsibility in assuring continuous electrical 
supply. 
• Thorium perceived as "good distance away" from 
commercialization (e.g., 15 yesrs); would create more 
problems than it would solve, particularly in the regu-
latory process. 
• Alternative reactors to LWR perceived as pre-
senting too great a risk. A new reactor would have to 
be proven before interest would develop. 

East Central Area Reliability 
Coordinating Agreement 

• Region moving more toward coal than nuclear fuel, 
but substantial capacity for both fuels is expected. 
• Uranium supply appears adequate; hence, need for 
thorium is not apparent. 
• Financial risks of nuclear units caused by cost 
overruns r.*nd schedule uncertainties concern many 
utilities in the region. 
9 Thorium would creaca more regulatory problems; need 
to correct outstanding regulatory problems first. 
• Regulatory agencies are only just beginning to 
understand how to regulate LWR~uranium system; new 
fuel or reactor will strain ability of state and 
federal regulators to maintain control over electric 
power generation. 
• Thorium would need to bo demonstrated as workable, 
licensable, and as economically competitive before 
interest would develop. 
• Alternative reactor concepts to conventional LWR 
present risk to utilities. 
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Mid-Ame r ica 
Interpool Network 

• Continued use of coal and nuclear in this region. 
• Uranium supplies appear adequate, but interest 
evinced in thorium if the breeder reactor significantly 
delayed. 
• Need to correct regulation and policy constraints 
on the LWR-uranium once-through cycle before intro-
ducing thorium. 
• Involvement of state and federal government a 
constraint to nuclear development; will become more 
complicated if new fuels and reactors enter the market. 
• Considerable R&D necessary, particularly in remote 
handling, before thorium is viable fuel option; 
thorium expected to be 10-15 years from commercial 
reality. 
• Thorium needs to be demonstrated and licensed before 
interest would develop. 

Southwest Power Pool 
• Coal preferred in this region, yet strong desire for 
fuel diversification. 
• Expanded railroad, and possibly slurry pipeline, 
transportation of coal planned. 
• Discouraged with federal nuclear policy, licensing 
of nuclear units, and fear of open-ended tax on 
nuclear units. 
• Convinced that uranium supply is adequate and that 
thorium is not needed to supplement supply. 
• Thorium would be acceptable if safety and licensing 
requirements are met expeditiously and economical 
competitiveness demonstrated. 
• Prefer to correct problems with present fuel-cycle 
before introducing new fuel. 
• Regulatory agencies prefer coal for safety and 
minimization of federal regulation. 
• Alternative reactors to the LWR are of limited 
interest until the licensing problems of the LWR are 
correc ted. 
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Electric Reliability 
Council of Texas 

• Coal preferred in this region by utilities and 
regulatory agencies. * 
• Federal policy constraints and licensing problems 
seen as reducing demand for uranium; hence, no need 
for thorium. 
• If national or state policy restraints on coal use 
become more stringent, outlook for nuclear power will 
improve. 
• If demand for nuclear units and uranium increases, 
federal funds are better spent in accelerating 
breeder reactor program. 
• Policy in Texas emphasizes coal utilization. 
Railroad Commission has ordered upgrading of tracks to 
accommodate coal traffic; legislature is considering 
bill to give right of eminent domain to pipeline 
carriers for coal slurry pipeline. 
• Cost uncertainty of nuclear units is a major 
concern, and would increase with new reactor options; 
however, new reactors would be purchased if fully 
tested and proven. 
• Concern over federal regulation and desire to 
minimize requirements; concern with imprecise and 
constantly changing design standards for nuclear 
units. 

Mid-Continent Area Reliability 
Coordination Agreement 

• Coal dominant in utility plans because supplies 
are abundant and utilities prefer to avoid federal 
nuclear regulatory requirements. 
• Uncertainty in plant cost militates against 
nuclear units, and capital cost of nuclear plants 
would strain resources of smaller utilities. 
• Because of the abundance of coal in region (and 
nationally), the need for thorium is not perceived 
unless regulation of coal use becomes considerably 
more restrictive. 
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• Introduction of a new fuel or new reactors com-
plicates difficulties with federal regulations. 
• Current nuclear policy and regulations should 
be improved before any new fuel or reactor concepts 
are introduced. 

western States 
Coordinating Council 

• Substantial nuclear capacity planned; significant 
coal capacity also to be constructed. 
• Air-quality standards constrain coal use, while 
seismic conditions constrain nuclear use in certain 
areas. 
• SLate energy policy and regulatory policy vary 
from seriously constraining nuclear units to favoring 
nuclear units. 
• Interest in thorium and alternative reactor con-
cepts, but concern over difficulties of introducing new 
concepts in present regulatory and policy environment. 
• Interest in new technologies difficult to develop 
while problems with present technologies are unsolved. 
• Little interest in pioneering use of thorium in 
present or new reactors; interest will not develop 
without demonstration of cost-effectiveness. 
• Need for thorium not demonstrated. 
• State agencies becoming more demanding and strin--. 
gent in siting requirements and nuclear licensing 
requirements. 
• As regulation of nuclear power increases, interest 
in innovation and change deceases. 
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SUPPLY INDUSTRIES 

We surveyed a number of firms, including miners and 
millers, fuel fabricators and reactor manufacturers, and 
enrichers, reprocessors, and refabricators, who would 
be the initial suppliers of a developed demand for 
thorium. 

Mining and Milling 
Industry 

• Willingness to commit exploration funds to thorium 
as soon as a federal policy encouraging the develop-
ment of thorium is formulated. 
• Purchase of land or mineral rights for thorium 
properties will be made when utilities begin to 
select thorium as a fuel. 

Firms now in uranium mining have considered thorium 
investments in the past. 
• Wildcat exploration for thorium has been carried out 
in anticipation of a possible market for thorium. 
• Thorium deposits adequate to support initial demand 
have already been identified. 
• With utility commitments for thorium represented by 
contracts, financing and the timing of thorium's 
availability will not be a constraint in the commer-
cialization of thorium. 
• Thorium presents no unusual difficulties or hazards 
in mining or occupational safety for firms that have 
been mining uranium. 
• Initial thorium mines, where little exploration is 
required, could be developed rapidly. 
• Mining and milling firms willing to move, and 
capable of moving, quickly if a thorium market develops. 
• Thorium mining will not be a constraint or barrier 
to the commercialization of thorium. 
• Present inventory of mining equipment, some of which 
is not committed for other purposes, could be diverted 
to thorium so that mines could become operational in 
2-3 years. 
• Mine would not be developed and opened without at 
least 10-year order for thorium supply. 
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Fuel Fabrication and 
Reactor Manufacture Industry 

• Major fuel fabricators and reactor manufacturers 
generally subsidiaries or divisions of large, diver-
sified businesses with interests outside the nuclear 
field; nuclear investments compete with other 
investment opportunities. 
• New technology, new fuel will tend to disrupt the 
market. 
• Minor modifications of current technology preferred 
to new technologies until current technology demon-
strates better financial performance. 
• Thorium cycle must be initiated, developed, and 
demonstrated by government. 
• Present policy and regulatory environment does not 
provide any incentives for risk-taking. 
• Firms reluctant to embark on new investments because 
original estimated demand of 30 plants per year has not 
materialized. 
• Thorium manufacturing capacity will not develop 
until government policy clearly indicates that the 
fuel is needed, the market will endure long enough to 
generate adequate return on investment, and the fuel 
and reactors developed for its use can be licensed 
expedi tiously. 
• Because of depressed profits in the nuclear field, 
parent companies are unwilling to commit more than 
about 20-30 oercent of their business to the nuclear 
field. 
• Firms unlikely to increase their commitment to 
nuclear ventures unless nuclear market becomes more 
cer tain. 
• Flow of capital for fuel and reactor manufacturing 
will not be a major constraint if government policy, 
through legislation, clearly commits to a thorium 
fuel-cycle, and the present policy and licensing 
problems are eliminated. 
• Federal government must demonstrate commitment to 
thorium by building and licensing the first thorium-
fueled reactor. 
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• Nuclear market perceived as promising in the future, 
but firms reluctant to invest in major research and 
development of new technology without stable govern-
ment nuclear policy. 
• Firms reject possibility of supporting more than 
one reactor technology. 
• A fuel-fabrication facility for thorium would 
take 3-4 years to build and 1 year to license. 
• Most R&D investments now are in applied engineering, 
not basic R&D. 
• An existing U-235 facility could be converted 
for fabrication of U-233; a new facility would take 
5 years to build. 
• No major plant and equipment investments will be 
made until utility commitments to purchase are 
available. 

Enrichment, Reprocessing, 
and Refabrication Industry 

• Government expected to continue to provide enrich-
ment services in a thorium fuel-cycle. 
• Financial risk of investing in enrichment, 
reprocessing, and refabrication viewed as too great 
for private firms. 
• Firms previously interested in reprocessing and 
refabrication have curtailed their interest because 
of instability of government policy. 
• Need for stablizing nuclear policy and stream-
lining regulatory process regarded as essential 
before thorium will be considered. 
• Even with policy stability and a more expeditious 
regulatory process, firms feel that demonstration of 
federal commitment by constructing and licensing 
a fuel-reprocessing and -refabrication facility would 
be necessary. 
• Private sector will invest in reprocessing and 
refabrication only after an assured market develops. 

(RRA) 
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• Because of failure to license AGNS, future private 
investment will depend on a strong government 
commitment. 
• Earliest date for significant U-Pu recycle esti-
mated to be 1985; thorium/U-233 recycle facility would 
take about 5-6 years to build, 1 year to license. 

BANKING 

To supplement the information provided by the utilities, 
regulatory agencies, and suppliers, we also surveyed 
representatives of the financial community familiar 
with the financing of the nuclear market. 

• Nuclear market is not yet economically viable 
because of outstanding problems with existing 
technology. 
• New fuel and/or reactor technology perceived as high 
risk in present federal policy and economic climate. 
• Because of policy uncertainty, corporate suppliers 
of hardware and fuel will not invest in market unless 
utilities guarantee the market. 
• Utilities relunctant to guarantee markets, and many 
bankers unwilling to support utility ventures in fuel 
or technology because of utilities' financial con-
dition and influence of uncertain federal and state 
policy on utility finances. 
• Investments in thorium regarded as lass risky than 
investments in the LWBR and LMFBR; use of thorium in 
LWRs viewed as most practical in the near term. 
• Likelihood of introduction of thorium regarded as 
small unless a crisis in uranium supply develops. 
• Thorium could be developed and introduced only by 
financially strong companies who could withstand a 
credit crunch as the technology is developed for the 
market. 
• Substantial government investment in fuel-cycle 
facilities (especially reprocessing) and in a 
commercial-scale reactor demonstration would be 
necessary to convince market of thorium's commercial 
viability. 

RPA/ 
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• After government demonstration of technology, 
favorable federal and state policy, supported by 
legislation, would be required to ensure a large flow 
of capital to utilities and their suppliers. 
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BARRIERS TO THE COMMERCIAL 
DEPLOYMENT OF THE THORIUM FUEL-CYCLE 

The critical barriers to the commercial deployment of 
the thorium fuel-cycle are not so much the technical 
problems, which are admittedly numerous, as the 
uncertainties of federal nuclear policy and regulation 
and the effect of these uncertainties on the industry's 
perceptions of the value and feasibility of introducing 
a new fuel and new nuclear technologies. These percep-
tions emerged in the course of a survey of utilities and 
nuclear supply industries. 

In summary, the principal barriers are as follows: 
• The introduction of a new fuel-cycle will, in the 
industry's view, exacerbate the difficulties already 
encountered in licensing the LWR on the low-enriched 
uranium once-through cycle. The industry would prefer 
that the present policy and regulatory problems be 
resolv3d before the introduction of a new fuel or the 
deployment of new types of reactors is considered. 
• The utilities believe Lhat uranium resources are 
adequate for their reactors, operating and planned, 
over their planning horizon of approximately 20-30 
years. 
• The utilities believe that a policy to reprocess 
and recycle uranium and plutonium should be implemented 
in the event of a shortage in the supply of uranium. 
• At present, the industry is unwilling to invest in 
the development and commercial deployment of the 
reprocessing, refabrication, and recycling of thorium 
and bred U-233 without a change in federal policy that 
would permit fuel recycling. The necessary technology, 
facilities, and business structure have been partially 
developed by industry for the recycling phase of the 
low-enriched uranium fuel-cycle, but a supportive 
governmental policy and regulatory procedure is 
lacking and the conditions under which any fissile 
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fuel could be recycled are not clear. Consequently, 
the industry prefers to commit its resources to the 
available fuel-cycle. * 
• Industry does not accept the idea of introducing 
thorium at present; consequently, the level of federal 
incentive or subsidy required to promote its commer-
cialization, if some version of the thorium fuel-cycle 
were .ieemed necessary (say, in the interests of 
nonp oliferation), is difficult to establish. 
• The present federal policy on the commercialization 
of thorium has not persuaded the industry that the 
benefits of thorium outweigh the cost. 
• The industry is uncertain how long the present 
federal policy prohibiting fuel reprocessing will 
remain in force, and, if the prohibition is lifted, 
what the governmental restrictions will be applied to 
reprocessing (e.g., reprocessing for spent-fuel 
storage only; reprocessing for subsequent fabrication 
and recycling). 
• For a number of reasons, federal policy and strategy 
on the commercialization of thorium is uncertain: the 
analysis of the economic competitiveness of thorium in 
new reactors (particularly across a range of capital 
costs) has so far been limited and has not yet been 
correlated with utility planning; no consensus has been 
reached within the government on the reactor/fuel-cycle 
combination that best meets the needs of the potential 
market; and uncertainty exists on whether or not spent-
fuel reprocessing is essential to the commercialization 
of thorium, or if partial-core loading to improve 
average core burn-up of low-enriched uranium fuel or 
whole-core loadings of thorium for such reasons as 
nuclear nonproliferation justify its deployment. 
• Federal policy on whether to consider commer-
cializing a thorium fuel-cycle in LWRs only or in 
conjunction with a new type of reactor is uncertain. 
• Federal policy on the deployment of a fast breeder 
reactor such as the LMFBR is uncertain. Consequently, 
the need for thorium as a fuel supplement is difficult 
to establish, and the payback period for an investment 
in thorium becomes extremely difficult to determine. 
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BARRIERS TO COMMERCIAL DEPLOYMENT 

This study has demonstrated the desirability and feasi-
bility of commercializing the thorium fuel-cycle from 
the federal government's perspective. However, this 
perspective is based on a long view of the national 
energy situation, approximately 50 years. The utilities' 
planning horizon is considerably shorter. 

RPA; 
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Appendix 3 

FURTHER INVESTIGATIONS OF THE COMMERCIAL 
VIABILITY OF THE THORIUM FUEL-CYCLE 

The desirability and feasibility of commercializing 
thorium has been established in this report from the 
perspective of the federal government. However, the 
federal perspective is long-range; it covers a period of 
approximately 50 years. The utilities' planning horizon, 
and consequently their perception of the thorium fuel-
cycle, is more limited; it is equivalent to the life of 
a nuclear plant. If thorium is to be deployed commer-
cially, the two perspectives must be reconciled, and 
further study of the commercial incentives that could 
encourage the acceptance of thorium appear to be 
justified. 

The following steps could provide the necessary informa-
tion for an evaluation of these incentives: 

1. Representatives of each segment of the nuclear 
industry and the regulatory agencies should be surveyed 
to determine if this assessment of the economics and 
commercialization potential of the thorium fuel-cycle 
and the barriers to the commercialization of thorium 
accurately reflects their view of the factors influenc-
ing the commercial introduction of the thorium 
fuel-cycle. 
2. Utilities, reactor manufacturers, fuel suppliers, 
and the regulatory agencies should review the intro-
duction dates, R&D requirements, and commercial 
demonstration requirements developed in the TAP for the 
thorium fuel-cycle in the various types of reactor. 
This review would include the schedules for commercial 
demonstration outlined in this report, converter 
reactor R&D requirements for utilization of thorium 
fuels, and R&D requirements for fuel recycle now being 
developed in the TAP. 
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FURTHER INVESTIGATIONS OF COMMERCIAL VIABILITY 

3. The four policy scenarios should be subjected to 
more-detailed analysis. Under the no-recycle policy, 
the market penetration of reactors optimized for the 
policy with uranium fuel and thorium fuel must be 
determined; for example, part-core thorium loadings 
in BWRs may be advantageous.! Under the full-recycle 
policy, fast breeder and thermal reactors with U-233/Th 
and Pu/Th fuels must be considered to determine 
whether the thorium fuel-cycle can achieve a signifi-
cant penetration of the market in competition with the 
conventional concept of unrestricted uranium and 
plutonium recycle in both types of reactor. 
4. The more-complete characterizations of alternative 
reactor/fuel-cycle combinations now under development 
in programs funded by DOE and EPRI should be introduced 
into the scenario analysis, in terms of revised 
estimates for capital cost and fuel performance. 
5. The nuclear market penetration achieved in the 
various scenarios should be compared with nuclear 
penetration predicted by the National Electric Reli-
ability Council. Discussions should be initiated with 
the council to determine if improvements to the 
market-penetration methodology used in TAP are needed. 
6. The implications of the 20-30-year utility planning 
horizons for the conclusions based on the 50-year HEDL 
scenario horizon should be investigated. 
7. The sensitivity of the results of the scenario 
analysis to variations in input data (particularly in 
capital costs) should be analyzed and compared with 
the perceived uncertainty in the results of the market 
penetration of the various reactor/fuel-cycle options 
under the four policy scenarios. 
8. The financial and other resources needed to deploy 
the thorium fuel-cycle commercially under federal 
recycle policies favorable to thorium should be 
determined. The cost and benfits of public funding 

1. General Electric Company, Assessment of Utilization 
of Thorium in BWRs (ORNL-SUB-43805, NEDG-24G73: January 
1978). 

(RPA) 
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FURTHER INVESTIGATIONS OF ^CIAL VIABILITY 

should be evaluated to c .ne whether or not 
government investment in .. necessary research, 
development, and demonstvscion programs is justified. 
The criteria used by the nuclear industry to determine 
what, if any, investment by them in thorium RD&D is 
warranted should then be reevaluated, and the views of 
the industry on the proper federal role in RD&D, 
regulatory processes, and funding should be elicited. 

(RRA; 
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Appendix 3 

SUMMARIES OF SELECTED 
THORIUM EVALUATIONS 

The following are summaries of a selection of major 
studies on the use of thorium, arranged in chronological 
order of publication. The summaries describe the purpose 
of the study, its focus, and the major conclusions 
reached by the authors of the documents. 

A more comprehensive listing of earlier thorium studies 
follows the summaries. 
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"Thorium as a Nuclear Fuel," U.M. Stabler, II Ciclo 
Combustible U-Th, VI Congresso nucleare di Roma, 
Rome, 19 61. 

This paper presents the overall status of thorium utili-
zation and those areas that require further research. 
The main objective cited for thorium utilization is 
economic, i.e., the production of power at the lowest 
possible cost. 

Although the author recognizes the disadvantages of tho-
rium, he also cites its advantages. For example, LKFBRs 
with Pu-Th cores and U-233-Th cores have lower void 
reactivity coefficients than LMFBRs with Pu-U cores 
and are, consequently, inherently safer. Furthermore, 
U-233 has a decided advantage over Pu-239 in the thermal 
and epithermal ranges of converter reactors with respect 
to breeding characteristics; therefore, it can utilize 
more efficiently an abundant fertile material (Th-232), 
which can be converted into a fissionable isotope. In 
addition, thorium metal is more resistant to radiation 
than uranium metal. 

One disadvantage cited is the less economical production 
of thorium reserves. Although thorium is 3-4 times more 
plentiful than uranium in the earth's crust, the process 
by which thorium deposits are formed and its geochemical 
properties indicate that potential annual production 
rates for uranium would be several times greater than 
those of thorium at current prices (1967). 

According to the author, most reactor engineering devel-
opment is applicable to cores of either uranium- or 
thorium-based fuels. The article describes existing 
experimental reactors. 

The author recommends that more research be undertaken on 
the value of eta above the 2 electron-volt energy range 
and that portions of the thorium production cycle be 
improved. The techniaues for melting and casting thorium 
were found to be inadequate and to result in fuel 
fabrication problems. 
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Processing irradiated fuel and refabricating new fuel 
was considered the most difficult segment of the 
thorium-uranium cycle, largely because of the radiation 
problem caused by daughter products of U-232. Four 
methods have so far been developed to process fuel: 

1. High decontamination and direct fabrication. 
Recovered thorium is stored for 10-15 years before 
recycling, and virgin thorium is used for immediate 
recycle. 
2. High decontamination and remote fabrication. The 
advantage of this technique is recycling without a long 
decay period. 
3. Intermediate contamination and remote fabrication. 
Irradiated thorium is recycled immediately, and all 
operations are done remotely. Allis-Chalmers, which 
has designed a plant based on this concept, is 
planning to construct this plant for the Italian 
National Committee for Nuclear Energy. 
4. Little or no decontamination and remote fabrication. 
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"Fuel Cycle Analysis of a Th-U235 Reactor," E.R. Mason 
and M.M. Neill, II Ciclo Combustible U-Th, VI Congresso 
nucleare di Rorr.a, Rome, 1961. 

The Nuclear Engineering Department at the Massachusetts 
Institute of Technology assessed nuclear fuel composition 
and reactivity charges for the Th-232/U-232 system. The 
objective of this study, which appears to have been 
undertaken for either Consolidated Edison of New York or 
Babcox and Wilcox, was to develop optimum methods of 
initial fuel loading and subsequent fuel management. 

All costs are based on a reactor similar to the Indian 
Point reactor owned by Consolidated Edison. The fuel 
cost calculation assumes that spent fuel is reprocessed; 
it does not assume recycle. The costs are based on AEC 
prices in effect until July 1961. 

The sequence of events is: 
• Thorium oxide is purchased 
• UFg is procured from AEC and converted to UC>2 
• Fuel elements are fabricated and stored 30 days 
• Fuel is irradiated in the reactor 
• Spent fuel is reprocessed, thorium discarded, and 
settlement made to AEC for the amount of uranium 
burn-up achieved. 

In addition, several other stipulations were made. 
Uranium use charges at 4 percent are paid annually, 
while all other payments are made at the end of the 
specific time period. All costs are discounted at 
6 percent. 

After fuel cycle costs are calculated, they are combined 
with estimated capital, operation, and maintenance costs 
for the Indian Point reactor to provide total energy 
production costs for the thorium system. Exhibit D.l 
provides an aggregate summary of these results. 

(RPFT) 
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Exhibit D.I 
Total Energy Production Costs 
(mills/kWh) 

Case A Case B Case C 
Capital costs D IUS UPPRATION 
and maintenance costs 

3 5 9.3 11 9 

Fuel-cycle costs 7.4 5.4 4.7 

Total cost 15.9 14.7 16.6 

S O U R C E E.R M .ISOI. m i j M M . N c i l l . " F u e l C y : ' - An . . l y s . s ut j Th U 
Reactor. 
N O T E C J ^ S r e f f r iw tupt-l> Hidx-.q m< q u r u x n v 

A - Cr,id';J lf:.id»M U 235 ,ir ,u:r,idf- of i<>-
B =• Uniform lu.lUinri ,jt Th. U-23"o 
C - IMVITSHV qrddftl i'lUil""!. 



126 

"Use of Thorium in Boiling Water Reactors," 
R.L. Crowther, II Ciclo Combustible U-Th, VI Congresso 
nucleare di Roma, Rc&ne, 1961. 

This paper analyzes the effect of several fuel cycles in 
boiling-water reactors, especially the use of U-233/Th-232 
fuel and U-233 recycle. Specifically, it examines the 
various fuel patterns, including the else of Th-232 as a 
fertile material and initial make-up cores of either 
Pu-239 or highly enriched uranium. 

The estimates of fuel costs were based on the following 
assumptions: 

• $12/c,ram credit for Pu 
• Control system costs required for Pu-239 and fabri-
cation costs are not included 
• Reactor output is 200 MW(e), 650 MW{t) 
• The use of batch peripheral refueling patterns 
• 0.8 capacity factor. 

It does not mention whether reprocessing or recycle 
costs are included in the calculation. 

From a nuclear standpoint, it was found that plutonium 
is capable of driving thorium fertile material and 
may provide economic gains in future nuclear reactor 
design. The use of Th-232/U-235 fuel in a boiling-water 
reactor is feasible and appears to provide a number of 
advantageous performance trends. It was found that a 
boiling-water reactor, which is designed for U-238, may 
be converted to Th-232 through changes in fuel rod 
size. However, the ultimate selection of fertile 
isotopes depends on economics, material constraints, 
fuel fabrication, and fuel-processing considerations. 
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"An Economic Comparison Between the Th-U233 and the 
U238-U235 Fuel Cycle for Various Peactor Types," 
R.T. Shanstrom, II Ciclo Combustible U-Th, VI Congresso 
nucleare di Roma, Rome 1961. 

The objective of this pap_-:: is a comparison of the rela-
tive values of thorium and U-238 as fertile materials in 
four different thermal power reactors. The basis of this 
evaluation is a comparison of the fuel-cycle costs for 
fresh fuel composed of U-235 and U-238 and those for 
U-235 and thorium. 

The four reactors examined were: 
1. 134 MW(e), pressurized light water reactor with 
stainless steel cladding, designed by Westinghouse 
2. 110 MW(e), pressurized heavy water reactor, based 
on a design by General Atomic 
3. 150 MW(e), graphite-moderated, graphite-clad, 
helium-cooled version of HTGR being developed by 
General Atomic 
4. 22 MW(e), BeO-moderated, helium-cooled reactor with 
zircaloy-2 cladding, based on a design by Dupont de 
Nemour Corporation. 

The cost comparisons were based on the following 
assumptions: 

• U-235 enrichments up to 95 percent are available 
• Fuel burn-up is only limited by reactivity 
considerations 
• Standard unit U.S. prices, mainly from AEC 
• Spent fuel is reprocessed and credit given for 
U-235, U-233, and Pu. 

Calculations were made for 14 different combinations 
of moderator type, fuel cycle, and fuel management 
method; however, for each reactor type, different cal-
culation methods are used. For each case, costs are 
given for purchase of BeO and thorium, sale of U-235, 
U-238, and Pu, and leasing and processing charges 
(including fabrication, working capital, reprocessinq, 
conversion, shippinq, and net fuel-cycle costs). 
Exhibit D.2 summarizes the net fuel-cycle costs. 

RPA; 
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Exhibit 0 . 2 

Comparison of Net Fuel-Cvcie Costs 
i r T i ; i! 'S/k'.V !1 I 

Moderator Type Case Cost 

Light -.vat-jr H-U-B J. 
H 'J G 2.5 
H i j - l 2 6 
M T - l 2 

Hivivy 7vdt-;r D-'._ -1 1 7 
D - T 1 T 2 

E'Tyll ,ii b-l •' • 1 2.3 
3-1 i 1 9 
B - u i 2 5 
B-T-l 2.5 

Gr j i ih it.; C-U-B 2.B 
C-T-B 2.0 
C L- G 2 0 
CT-G 1 4 

Key 

Moderator Type Fuel Cycle Fuel Management 

H 11'lll! vv.m 1 T ;h« i i'im H b.i:i n 
D 1 • ivv U urjMnjm f> irac"Jefl 
8 - tj»" vI -i 1 inrt-i'rv •<JM'-
C - nr jtihit*. 
S w U R C C R T S ' l i l ' l ' * ' ' ! " ! . " A l l EIMJIKIIIIH. C'llIILI.IRTSI 'It 
6. t in ' T i l U23b .:nii thi-. U230-u2 'J5 K . C y i ; l . tor 
V.irujLis RM.ILTDI T ,-u^s 
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For the lightr-water moderated reactors, the uranium rycle 
had a 0.6 mill/'<Wh advantage when stainless steel clad 
was used. However, when a ceramic clad was used with the 
BeO moderated reactor, the thorium cycle had a cost 
advantage of 0.4 mill/kWh. Fuel-cycle costs were approx-
imately equal for both reactors when they both u ed 
stainless steel clad. 

In the HTGR system, the thorium cycle has an 
"0.5 mi11/kWh advantage over the U-235/U-238 system. 
For 150 Mw(e) HTGR, a set of equations was derived for 
calculating its approximate fuel-cycle costs using either 
thorium fertile material or U-238 fertile material. 
Costs are calculated as a function of the atomic 
characteristics and specific power of the fuel core. 

For the heavy water moderated reactor, thorium again had 
a cost advantage of 0.5 mills/kwh, based on the assump-
tion that the processing cost was held to a "low value." 

J 
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"Economics of Thorium Fuel Cycles," P.R. Hasten, 
L.G. Alexander, R.S. Carlsmith, and R. VanWinkle, 
II Ciclo Combustible U-Th, VI Congresso nucleare 
di Roma, Rome, 1961. 

This paper concerns the fuel cycle and the conditions 
necessary for low fuel-cycle costs. It covers three 
major areas: 

1. Conditions, fuel cycles, and costs associated with 
no fuel reprocessing and refabrication 
2. Comparison of uranium and thorium systems, based on 
the assumption that processing and/or refabrication 
costs are economically feasible 
3. Comparison of advanced '-.echnolog ies, where fuel-
processing and fabrication costs are assumed low. 

Initially, the study examined the relative merits of the 
thorium-U/235 and natural uranium cycles for a heavy-
water moderated and cooled CANDU reactor, modeled after 
the Canadian 200 MW(e) plant. Countercurrent fueling on 
a semicontinuous basis (high fuel exposure) was assumed, 
and spent fuel was to be stored indefinitely. AEC cost 
bases were used in the calculation, and fuel costs in 
mills/kwh were calculated as a function of several tech-
nical considerations (including lattice spacing U-233 
concentration). This step permitted the calculation of 
technical specifications for minimum fuel costs. 

Based on AEC's formula for estimating costs, thorium-
fueled reactors had somewhat lower fuel costs 
("3.02 mills/kWh) at lowe1" power levels than natural 
uranium systems (3.09 mills/kWh). However, at higher 
power ratings, the natural uranium system was more 
economic. 

The second section of the oaper compared Th-U systems and 
the enriched uranium fuel -:ycle that was common to the 
power reactors in operatijr at the time (Dresden, Yankee, 
Carolina-Virginia, Hallam, and GCR-2). These comparisons 
were based on the use of AEC economic ground rules and 
processinq-cost schedules and the assumption that all 
fuel was in an oxide form. 

For the initial cycle, the thorium systems have lower 
fuel costs in LWRs, while uranium systems had lower fuel 
costs for reactors with better neutron economies, such as 
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the heavy-water and graphite-moderated reactors (e.g., 
Carolines, Hallam, and GC'A-2). During recycle, tr- cost 
of the thorium system re\ained constant, wniie the costs 
of the uranium systems increased. These results indi-
cated that thorium utilization was economically superior 
to uranium utilization in poor neutron-economy systems if 
fuel recycling was to be performed and that, for thermal 
systems, thorium systems appeared to permit better 
economic development of a recycle technoloqy than uranium 
systems. Exhibit D.3 summarises this cost comparison. 

Finally, thermal thorium breeder reactors were considere 
(aqueous homogeneous breeder reactor, moiten-salt 
breeder reactor, liquid-bismuth breeder reactor, 
graphite-moderated gas-cooled breeder reactor, and 
deuterium-moderated gas-cooled breeder reactor). The 
fuel-cycle cost, breeding ratic, inventory requiremcnt, 
and fuel processing rate of these reactors were con,pared, 
based on the assumption that thf technology hari advanced 
to the point where the- costs of fuel Handling, fabrica-
tion, refabrication, and processing are relatively low. 

Other assumptions included: 
• Each station had a net capacity of 1,000 MV(e) 
• All processing was done on-site 
• All reactors have reached equilibrium and are 
continuously fueled and processed. 

The results showed that all of tine reacto: 3 studied had 
low fuel-cycle costs (less than 1.5 mills/kWh), while the 
aqueous homogeneous and molten-salt reactors he'd the 
lowest fuel-cycle costs. 

Overall results demonstrated that thorium utilization 
was an economic method for advanced nuclear technology. 

RPA 
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Exhibit 0 .3 

Fuel Costs in Thorium and Uranium Systems1 

Thorium System Uranium System 
Reactor Type/Cycle In'tial 1st Recycle 2nd Recycle Initial 1st Recycle 2nd Recycle 

4 iO 4 37 4 43 4 54 5.03 7.50 

Y.l' • 3.98 4.02 4.13 4.27 8 01 >10 

Cci' n niii") i iroin a 4 77 5 16 5 95 4 70 :. 92 7 43 

H^llaui 4.53 4 50 4 54 4.19 •>.96 4 95 

GCR-2 3.06 3.32 3.27 2.78 - 4 > 4 

30lJp .CE K.n:mi, L G Alnyjudf r. R S C.irisirii'h , R ' / jnWinUi ! p,i[,i'r. "E(.om fnn;s ol Thornjiii FIJI-I C ,'CIH'J " 

'. Bisniiiin ti^ilfi uiijioiiiijiri v,iiii> .j' S l 2''|MiTi .mi! u 233 y.ilui,' ui Sl5/qr.'im 
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"Moiten-Salt Reactor Systems," R.B, Briggs, II Ciclo 
Combustible Th-U, VI Congresso nucleare di Roma, 
Rome, 1961. 

The basis of the research described in this article is an 
attempt to reduce all components of power cost through 
more efficient conversions of heat into electricity. 
Specifically, it deals with the molten-salt power 
reactor (MSR), which is especially attractive as a 
breeder or highly efficient converter on the 
thorium-U-233 fuel cycle because of its neutron economy. 

The article first describes several suitable designs for 
MSR, their advantages, and problems. It then describes 
the fuels and materials required, the current status of 
these areas, the molten-salt breeder reactor (MSBR), and 
the economic fuel cycle. 

Finally, the paper presents the positive and negative 
results of the Molten Salt Reactor Experiment performed 
at Oak Ridge National Laboratories. These results are 
summarized below. 

On the positive side, the fluid fuels used in the MSR are 
thermally stable at high temperatures and unaffected by 
high radiation levels. Even at 1,000°C, vapor pres-
sures are less than 1 atmosphere, an inherent safety 
feature. Preliminary studies showed that simple 
fluoride-based processes could be developed for recov-
ery and decontamination of the thorium, lithium, and 
beryllium salts. Metallurgical, ceramic, or mechanical 
fabrication steps for fuel elements are not necessary as 
the fuel is reconstituted (both fissile and fertile 
compounds) by dissolving compounds in the carrier salts. 

A new development in the materials field was the finding 
of a containment metal, called INOR-8. This nickel-
molybdenum alloy, which was developed to contain molten 
salts, has mechanical properties at high temperatures 
that are eaual to or better than those of alloys normally 
specified for high-temperature power plant or reactor 
construction. At this stage, experimental data showed 
that there were uranium and thorium fuels and a con-
tainer material (INOR-8O) that should be satisfactory 
for use in an MSR. 
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Three problem areas are identified with respect to the 
engineering of MSR. First, since the fuels are in the 
liquid state and rnelt at above 400°C, the reactor ves-
sel and piping must be preheated before fuel is added. 
Second, the fuels react with oxygen in air, water, and 
other compounds, thus precipitating fuel constituents 
as oxides. Care must be taken to keep the fuel from 
being contaminated with oxygen-containing materials. 
Third, high radiation levels are involved in a highly 
mobile form. Special provisions must be made for 
containment and maintenance. 

Fuel cycle costs were calculated based on a 1,000 MW(e) 
power station consisting of two reactors and a fluorine 
volatility-plant for on-site processing. The major 
assumptions include: 80-percent plant factor; optimiza-
tion of cycle time, and continuous on-site processing of 
fuel. Credits are given for breeding. 

The cost calculations were made for eight different cycle 
times, and a cost breakdown given for each case. 
Exhibit D.4 presents a representative calculation. 

The paper concluded that conversion ratios of 1 to 1.07 
could be achieved in molten salt thorium reactors and 
that fuel cycle costs could be low (i.e., in the range 
of 0.6 to 1.5 mills/kWh) with on-site processing in large 
power stations. 
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Exhibit 0.4 
Molten Salt Breeder Reactor 
Fuel Costs 

80% plant factor 
On-site processing 
55-day fuel-stream cycle time 

Fuel Cycle Step 
Cost 
linplls'i Wh) 

Uranium inventory 0.08 
Thor ium inventory 0 13 

Fuel carrier inventory 0.02 
Thor ium carrier inventory 0 1? 
Fuel-stream processing plant 0.26 
Fertile-stream processing plant 0.21 
Thor ium replacement 0.03 

Fuel carrier replacement 0.14 

Thorium carrier replacement 0.03 

Breeding credit 0.09 

Net fuel cycle cost 1.00 

SOURCE R.B B>>nqs. "Muiliin-Sall R«MI.I<.'Sysvms " 
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"Nuclear Fuel Cycles and the P.C.U.T. Program," 
A. Forcella and J.K. Davidson, II Ciclo Combustible U-Th, 
VI Congresso nucleare di Roma, Rome, 1961. 

This paper compares the economics of uranium-thorium 
and uranium-plutonium fuel cycles. The authors of this 
paper, which was prepared for the Italian National 
Committee for Nuclear Energy, argue that the main 
objective of the nuclear power industry is the reduction 
of fuel-cycle costs. 

The three major cost components of nuclear fuel cycles 
are identified as: fission material cost, inventory 
charges, and fuel fabrication and reprocessing. 

Several assumptions are made in the comparison of 
different fuel-cycle costs: 

• Low-enrichment fuel cycle conditions 
• Reprocessing and recycle of spent fuel 
• Equal handling costs in the recycle of plutonium 
and U-233. 

Four fuel cycles were chosen for comparison: 
1. Low enriched uranium is burned, plutonium is 
recycled, and depleted uranium returned to the 
supplier. 
2. Uranium is again fed to the reactor, but 
plutonium and uranium are recycled. Make-up uranium 
of full enrichment is added in the fabrication step. 
3. Make-up U-235 of full enrichment is mixed with 
thorium and fed to the reactor. Fertile thorium and 
U-233 are recycled. 
4. Uranium is fed to the reactor, plutonium and 
uranium are reprocessed, but neither is recycled. 

Of the first three fuel cycles, thorium was found to 
have the lowest cost due to its high conversion ratio 
(eta). However, the advantage of the thorium cycle 
decreased with lower specific power (a measure of burn-up 
rate), and it proved to have the highest inventory costs. 
The cost advantage of the thorium cycle was nearly 

(Rftt) 
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independent of fuel exposure rate when expressed in 
mills/kWh; that is, with high exposure, less fuel would 
have to be fabricated and reprocessed each year. 

The thorium cycle was then compared to an open uranium 
cycle, where spent uranium and plutonium were returned 
to the supplier but not recycled. In this case, the 
supplier charges for reprocessing on the basis of a 
"hypothetical" plant. As a result of the Phase I design 
work on the uraniurn-thor ium fuel-cycle (P.C.U.T.) repro-
cessing plant, a first estimate of a reprocessing cost 
of $200/kg was made based on a plant capacity of 
60 kg/day and 16-percent annual capital chai_ges. 

At a burn-up rate of 10,000 MW days/metric ton, the 
uranium cycle had a slight advantage, while the costs 
were about equal at 20,000 MW day/metric tons. 
Exhibit D.5 summarizes the results of these comparisons. 

The authors conclude that the thorium cycle promises to 
be the most economic of all recycled fuel systems for 
thermal reactors. Because of the ultimate economic 
requirement for fuel recycle and because dependence on 
the established buy-back prices used for spent fuel may 
result in a distorted reactor development program, the 
early development of fuel-cycling techniques is found to 
be essential to any nuclear power development program. 

On the basis of these findings, the Italian National 
Committee for Nuclear Energy and Allis-Chalmers have 
undertaken the P.C.U.T. program, which consists of a 
reactor evaluation study and the design, construction, 
and operation of a facility to reprocess and refabri-
cate thorium-uranium fuel assemblies. One of the prime 
objectives of this program is to determine the costs 
involved with the construction and operation of a 
reprocessing plant. 

CRPA; 
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Exhibit 0.5 
Fuel Costs of Thorium and Uranium Fuel Cycles 

Fuel Cost of Uranium-Plutonium and 
Thorium-Uranium Cycles (S/kg) 

Burn-up Rate: 10,000 MWd/MT Burn-up Rate: 20,000 MWd/MT 
Cycle Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 

U fPu recycle) 120 95 87 225 170 150 

U (U + Pu recycle) 120 95 87 238 182 164 

Th-U (Th + J recycle) 110 70 58 208 130 105 

Fuel Cost of Noncycled Uranium 
and Thorium Fuel with Recycle (S/kg) 

Burn-up Rate: 10,000 MWd/MT Burn-up Rate: 20,000 MWd/MT 
Cycle Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 

U (no cycle) 305 275 265 405 360 335 

Th-U (recycle) 315 275 265 405 330 310 

SOURCE A. Forcella one) J.K. Davidson. "Nuclear Fuel Cycles and thi: P.C.U.T Proqrain." 

NOTE Case 1 = specific power (kW/g) of 0.3 
Case 2 = specific power (kW/g) of 0.6 
Case 3 = specific power IkW/Q) of 0 9 

,RPA; 
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"The Elk River Reactor," J.J. Dickson and J.H. Blachly, 
II Ciclo Combustible U-Th, VI Conaresso nucleare di Roma, 
Rome, 1961. 

The Elk River Reactor is a boiling-water nuclear reactor 
producing 58.2 MW(t) and 22 MW(e) and supplemented by a 
14 MW(t) coal-fired superheater. The reactor utilizes 
uranium-thorium ceramic pellets. It was built as part 
of AEC's Power Demonstration Program to sstimate actual 
construction and operating costs and to demonstrate the 
feasibility and reliability of continuous operation of a 
boiling water reactor operated in conjunction with a 
coal-fired superheater. The impetus for this program 
was the attractiveness of this type of nuclear power 
facility, which can be operated in conjunction with 
existing conventional power stations. 

The article describes the Elk River Plant, its physical 
layout, plant design, and technical operating features. 
It also provides detailed breakdowns for capital and 
operating, pre- and post-irradiation, and fuel costs. 
Credits were given for U-233 production and charges 
made for reprocessing losses in these cost calculations. 
No recycle of U-233 is mentioned. 

Finally, it compares the costs of conventional and 
nuclear plants (see Exhibit D.6). 
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Exhibit 0 . 6 

Cost Comparison of Conventional 
arid Nuclear Plants 

Conventional Nuclear 

Plan: capacity 22 MWIel 22 MVVIe) 

Cost of last unit installed Sl65/kW S506/kW 

Average ulant load factor 62% 80% 

Average production cost, excluding Pu 2.32 mills/kWh 6.76 millsA'.Vh 

Average fuel cost 5.65 mills/kWh 5.32 toillsA Wh 

Average total production cost 8.47 • ills/kWh 12.08 'l i i l ls/kWh 

SOURCE J J Dickson DIIU J H. Bl.j<.M/. "Th.; Elk R i v t FUui.'ur." 
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"Advanced Epithermal Thorium Reactor (AETR) Critical 
Experiments, Reactor Design and Fuel Analysis," 
D.T. Eggen, II Ciclo Combustible U-Th, VI Cor.gresso 
nucleare di Roma, Rome, 1961. 

This study summarizes the results of the Advanced 
Epithermal Thorium Reactor (AETR) program being conducted 
by Atomics International for the southcentral United 
States. The objective of this program is the design 
of a nuclear power plant capable of producing electric 
energy on a competitive basis. A sodium-cooled reactor 
operating in the epithermal-to-fast range on the Th-U-233 
cycle was chosen for investigation based on its advan-
tages in neutron economy, thermal efficiency, plant 
construction costs, systems manufacturing and operating 
costs, and the apparently large thorium resource base. 
The study started in 1958 and was slated to extend until 
1963. 

The research described covers a myriad of topics. First, 
uncertainties in technical considerations are discussed 
along with the problems involved. Various physics and 
reactor physics research is documented with respect to 
fuel burn-up, fuel element design, and reactor design. 
Fuel-cycle calculations are made, and total energy costs 
for an AETR estimated. 

With respect to technical considerations, the author 
believes that three areas of uncertainty must be resolved 
before designing an AETR capable of achieving low power 
costs: 

1. Data in the epithermal-to-fast neutron energy 
range are insufficient 
2. The development of fuel element designs that 
withstand high temperature and high-speed sodium 
flows is needed 
3. Additional information is required on the effects 
of temperature, power level, and materials on pcwer 
level and stability. 

The article also describes the calculations of fuel-
cycle costs and total energy costs for an AETR. Fuel 
cost calculations were based on the following major 
individual charges: in-cote and out-core fuel inven-
tory; fuel burn-up (U-233 depletion); credit for fuel 

(RFA) 
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produced in fertile material; reprocessing, refabrica-
tion, and shipping of fuel; and fertile material 
inventory, fabrication, and processing. 

Costs used were those estimates set by AEC (e.g., leasing 
of fissionable material at 4 percent per year). In this 
case, the spent fuel is reprocessed but not recycled. 
Thorium (fertile) is valued at $50/kg. 

The reactor used for calculating overall energy and fuel-
cycle cost is 50 MW(e) AETR. Capital, operation, and 
maintenance costs are estimated from knowledge gained 
from design of the Advanced Sodium Graphite Reactor 
(ASGR). Load factor is assumed to be 80 percent, while 
an annual rate of 14 percent is used for capital costs. 
Exhibit D.7 summarizes these total energy costs and 
compares them to a fossil fuel plant. 

The author concludes that the AETR is economically com-
petitive with high efficiency fossil-fueled plants. They 
project that, over a 30-year life, tne total energy cost 
for nuclear stations might be considerably less than for 
fossil-fueled plants, if expected improvements in pro-
cessing and fabrication result in lower nuclear fuel 
costs. 
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Exhibit D 7 
Total Energy Costs for 500 MW(e) AETR 
in Comparison wi th a Fossil Fuel Plant 
(1961 dol lars) 

Fossil Fuel AETR 
Costs (m lls.l'A'h) (mills,'i.Whi 

C-ir-ai I'jVS. 2 40 iSl20/n^r k-W) 3 2-3.0 ($160-150'net kW) 

Fuei-cvcle costs 2.15 (24(C/106 Btu) 1.7-1.3 

Operation /maintenance 0.20 04 
I'nc.uOes insurance) 

Total 4.75 5.3-4.7 

SOURCE: D.T "An^ancM) ttntiiu'-r'i i T ' . U " j m R- , i . t ' • ' A [ T R i C' 'i'.<il mi- i ' ' 
R-JC!<jr D* and Fjct Analysis." 

R P A ; 
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"The Use of Thorium in Nuclear Power Reactors," U.S. 
Atomic Energy Commission WASH-1097, June 1969. 

In response to a request in 1966 by the Joint Committee 
on Atomic Energy, the Thorium Task Force, which included 
Babcox and Wilcox Company (B&W), Gulf General Atomic 
Company (GGA), Argonne National Laboratory (ANL), 
Brookhaven National Laboratory (BNL), Oak Ridge National 
Laboratory (ORNL), Pacific Northwest Laboratory (PNL), 
and the U.S. Atomic Energy Commission, assessed the 
civilian nuclear power program. The objective of 
this report was to review and compile information 
and indicate the present status and the factors involved 
in the use of thorium in power reactors. Since the 
report is based on information provided by the designers 
of the various thorium reactors, it should be recognized 
that this report may reflect their enthusiasm for a 
particular reactor type. 

In general, the report states that the primary incentive 
for the development of nuclear power is the reduction in 
the cost of power. The principal basis for the contin-
uing interest in the use of thorium is that the 
Th-232/U-233 cycle would improve conversion as well as 
permit breeding in thermal as well as fast reactors. 

In the report, several of the more important fuel cycles, 
their major characteristics, and their effect on reactor 
performance are reviewed. Uranium and thorium resources 
are also assessed. 

The article makes the following general conclusions on 
the use of thorium in nuclear power reactors: 

• Nuclear Characteristics. U-233 has a higher number 
of neutrons produced/neutrons absorbed in the thermal 
spectrum than U-235 or Pu-239. Higher conversion 
ratios are possible with U-233 than with Pu-239 in the 
thermal range. In high energy fast reactors, Pu-239 
is superior to U-233 with respect to breeding ratio. 
However, use of U-233 in a sodium-cooled fast reactor 
yields improved safety features in the form of more 
negative sodium void and Doppler coefficients. In 
addition, the mixing of Th-232 vith Pu-239 in a fast 
reactor improves the reactivity coefficient, which is 
an added safety feature. 
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• Reactor performance. Fissile fuel consumption in a 
thermal-spectrum thorium-fueled reactor can be lower by 
a factor of two than in an LWR fueled with U-235 
(assuming recycle). The HTGR and PSER give lowest 
specific fuel inventory, which is the amount of fissile 
fuel required/output. 
• Utilization of nuclear fuel resources. Th^ esti-
mates concerning the cost and amount of thorium 
available are similar to those of uranium. The 
requirement for uranium in advanced thorium reactors 
is less than that of LWRs on the uranium cycle, since 
uranium is conserved. However, because so much fertile 
U-238 already exists, no incentive exists to develop 
the use of thorium to extend fertile material supply. 
• Economics. Lower uranium fuel fabrication co.- :s 
and higher inventory charges have made the uranium 
cycle more economic in heterogeneous-cored reactors 
(e.g., LWR, BWR). Because of their high conversion 
ratio, homogeneous-cored reactors (HTGR, MSBR) are more 
economic on the the thorium cycle. In the future, the 
MSBR will be the most economic of all reactors studied. 
Lastly, because of its better metallic properties, 
thorium could lead to better (and longer) fuel 
exposure performance. 

The report then describes the status of reactors fueled 
with thorium. Experience on the HTGR is cited from the 
start of operation of Peach Bottom on March 3, 1966, and 
the design of the 330 MW(e) Fort St. Vrain plant. 
Ultimate potential may include plant efficiencies of 
45 percent and fuel-cycle costs less than 1 mill/kwh. 

The experience to date on the MSBR includes the Aircraft 
Reactor Experiment (1954) and the Molten Salt Reactor 
(MSBR, 1S65). This concept has not received significant 
industrial or utility support, and major R&D is required. 

The uranium cycle is clearly favored economically over 
thorium in the LWR. The Indian Point reactor (PWR) was 
operated successfully with thorium- based fuel but was 
changed over to uranium because of economics. Therefore, 
no economic incentive apparently exists to pursue the 
thorium cycle unless economic factors change. 
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Inventory and make-up costs are so low with natural ura-
nium that even a significant escalation in the price of 
uranium would not make thorium economically feasible in 
the HWR. 

All development work to date in fast breeder reactors has 
been with uranium. No thorium-fueled fast reactor exper-
iments have been built. 

The report recommends further R&D on the thorium cycle 
in the following areas: 

• Physics. More precise values of eta in the thermal 
and epithermal region are needed along with research 
on the nuclear properties of U-233, Pa-233, and Th-232. 
• Fuel Materials. Continued experimentation on present 
thorium fuels and studies of chorium-plutonium and 
thorium-uranium alloys for use in fast-spectrum reac-
tors (also cross-progeny fuels) are needed. 
• Processing. Development of a U-233 recycle technol-
ogy for specific reactor types is necessary. More 
experience is needed in the areas of recovery of 
thorium from irradiated fuels, separation and decontam-
ination of U-233, and head-end processes for solvent 
extraction of specific fuel types. 

Exhibit D.8 summarizes the fuel-cycle costs for the 
different reactor concepts. 
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Exhibit D.8 
Fuel-Cycle Costs f o r 
V a r y i n g Uran ium Ore Costs1 

(mi l l s /kWh) 

Reactor Type 

Thorium cycle 
HWOCR2 (metal fuel) 
HTGR3 

MSBR4 

Ore Cost, S/lb U 3O a 

8 16 30 

1 64 2.01 2.66 
1.02 1.24 1.63 
0.44 0.47 0.51 

Uranium cycle 
LWR5 1.47 192 2.73 
HWOCR2 (carbide fuel) 1.12 1.42 196 

SOUPCE U.S. A tom ic Eni>'Jy Ctimrri sr.i',n , , Tn . . l J , . ' urn 
Muci^.ir Pnw-y 

1 1980 uruc>",'..na j ' - r j ' j b ' «: i t n . " i.-jsts >»•<_'t.it>-<!. 
2 W A S H - : 9 6 3 '«»» v M ' • .'"M.df 0 - , . ; ' f -y . - i - . >v 
3 WASH ;080 
4 Oil-si te iC'*«sin'j tor the V S B ^ 's udt-d .1. '. '"'n- j ' " ' 
5 WASH 1082. 



"Views on Uranium and Thorium Resources," M.F. Searl and 
J. Piatt, Annals of Nuclear Energy, Volume 2, Pergamon 
Press, Oxford, 1975. (Wingspread Conference) 

This study presents the contemporary range of viewpoints 
on the extent of uranium and thorium resources and 
describes the basis for the differing views. It covers 
sources of uranium data, approaches to estimating 
uranium resources, uranium estimates, and identified 
thorium resources. 

The data for uranium 
grades were found to 

and thorium resources at differing 
be inadequate. 
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"An Evaluation of Alternate Nuclear Strategies," 
W.M. Pardue, Annals of Nuclear Energy, Volume 2, 
Pergamon Press, Oxford, 1975. (Wingspread Conference) 

In this paper, Battelle-Columbus Laboratories evaluates 
the current technological status of several nuclear reac-
tors that use the nation's fissile resources more 
efficiently than existing LWRs. The objective of this 
study was to determine whether the development of various 
nuclear options may be more beneficial to the nation 
than dependence on any one system such as the LMFBR. 
The reactor types studied include the HTGR, GCFR, MSBR, 
and LWBR. 

Initially, the report describes the technological lack of 
a demonstrated commercial capability to close the fuel 
cycle, the status of the various reactors and the 
associated fuel cycle, and the advantages and disadvan-
tages of these reactors (see Exhibit D.9). 

The study then describes the environmental impact of 
these reactors and ranks each reactor according to dif-
ferent environmental impacts. Finally, it presents a 
computerized model that can be used to simulate various 
nuclear strategies. 

The study concludes that: 
• The strategies associated with alternate reactors/ 
fuel cycles will not produce dramatic increases in 
short-term fissile demand 
• All the advanced systems are considered capable of 
meeting the applicable environmental requirements 
• No apparent technical reason exists for eliminating 
any of the current development efforts on these 
reactors, providing commercial interest exists. 
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Exhibit 0.9 
The Advantages and Disadvantages 
of Several Reactor Types 

Reactor Advantages Disadvantages* 

GCFR Provides tower generating cost DBA uncertainty 

Provides great benefits for added 
development costs 

Has a high breeding ratio 

High-pressure coolant is unproven 

Safeguards problems of Pu 

Can be on-line as soon as an LMFBR 

Utilizes a thorium blanket 

MSBR Utilizes thorium Tr i t ium control problem 

Breeds and has a sufficiently short 
doubling time 
Can utilize plutonium 

Maintenance di f f icul ty 

Uncertain materials status 

Has a small initial resource demand 

HTGR Utilizes thorium 

Can be efficiently used with dry 
cooling 

Has a better conversion ratio than LWRs 

Has a low generating cost 

Can be used for process heat 

Possible safeguards problem with 
enriched uranium 

HWR Needs no enrichment Not commercial in U.S. 
Is available commercially in Canada Licensing uncertainties 

Has high availability 

Has low generating costs 

LWBR Utilizes current technology Available data incomplete 

Provides breakeven breeding Costly fuel fabrication 

Has low generating costs 

LMFBR Has low generating costs 

Conserves U 3 0 8 

Has a sufficiently short doubling time 
Is an insurance policy against 
inadequate U 3 0 s resources 

Safeguards of Pu 

SOURCE W.W. Pardue. "An Evaluation of Alternate Nuc'ear Strategies." 

-Common disadvantage is trie lack of a demonstrited commercial caoability to close tne fuel cycle. 
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"Performance of Canadian Commercial Nuclear Units and 
Heavy Water Plants," L.W. Wooa'nead and L.J. Ingolfsrud, 
Annals of Nuclear Energy, Volume 2, Pergamon Press, 
Oxford, 1975. (Wingspread Conference) 

The objective cf this paper was to present an overview of 
the lifetime performance of Canada's commercial pressur-
ized heavy water reactors (CANDU-PHR) and heavy water 
production plants. The paper was given by a spokesman 
from Ontario Hydro and Atomic Energy of Canada 
Limited (AECL) at the First International Meeting of the 
European Nuclear Energy Society in Paris in April 1975. 

Initially, it presents a detailed history of the existing 
power plants with a total capacity of 2,056 MW(e) and 
the two heavy-water production facilities in service. 
The paper covers radioactive emissions, on-power refuel-
ing, production reliability (i.e., lifetime net capacity 
factor of 77.8 percent), and costs of total energy 
generation. 

The operating history of Pickering surfaces some inter-
esting points about PHR design. Because of leaks in the 
pressure tubes, Unit 3 of Pickering suffered a 
6 1/2-month shutdown in late 1974 and early 1975. These 
leaks resulted from tiny axial cracks in regions of high 
residual stress, which were caused by an inadequate 
rolling procedure. The cracks were produced during 
prolonged periods of cold shutdown. 

On-power refueling is accomplished with the aid of 
complex fueling machines and computerized control 
measures. This refueling method has caused 10.2 percent 
of the lost production in this plant and an increase in 
radiation dosage. To combat this problem, Canada is 
conducting a vigorous development and improvement effort. 

Experts have also cited the PHR and all heavy-water reac-
tors as releasing high quantities of radioactive tritium 
from the refueling device. 

Exhibit D.10 summarizes the total causes of lost produc-
tion. It can be seen from this exhibit that a sizable 
portion was related to the nuclear steam supply 
system (NSSS). 
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Exhibit D.10 
Total Costs of Lost Production 

% of 
Total Lost 
Production 

Net Reduction 
in Capacity 
Factor NCF) 

Unit 3 pressure tubes 24.4 5.4 

Fuel-handling problems 10.2 2.3 

Other NSSS problem 13.8 3.1 

Total 48.4 10.8 

SOURCE L.W Wuodl'iMtJ j , id l .J. Inyolfsoid. "Perl ormanct ot 
Canadian Commercial Nuclear Units and Heavy Water Plants." 
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Exhibit D.11 summarizes the total unit energy costs for 
Pickering as compared to two similar-sized coal-fired 
plants in Canada. The assumptions used include 
80-percent net capacity factor, low-sulfur coal, 30-year 
life, 8-percent capital interest rate, and 1975 dollars. 
No credit was taken for potential recovery of plutonium. 
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Exhibit D.11 

Total Unit Energy Costs for Pickering Plant 
in Comparison with Two Coal-fired Plants 
(mills/kWh) 

Pickering Lambton (1) Lambton (2) 

CaDital 4.60 1.70 1.70 

Operation and maintenance 1.10 0.96 0.96 

Fueling 0.98 10.60 13.52 

Heavy water upkeep 0.35 - -

Total energy costs 7.03 13.26 16.18 

SOURCE L.W. Woodhead and L.J. Ingolfsrud. "Performance of Canadian Commercial Nuclear Units 
and Heavy Water Plants." 



155 

"The Status of the Canadian Nuclear Power Program and 
Possible Future Strategies," J.S. Foster and E. Critoph, 
Annals of Nuclear Energy, Volume 2, Pergamon Press, 
Oxford, 1975. (Wingspread Conference) 

This paper summarizes the research being undertaken at 
Chalk River Nuclear Labs and the Manitoba Research 
Laboratory on more efficient fuel-cycle designs. This 
research was performed for the Canadian Government (A5CL) 
to provide information concerning future strategies for 
nuclear power generation. 

The paper describes the current status of the Canadian 
commercial program, including costs for their Pickering 
Station and plans for Canada's immediate power program. 
Short-term and long-term strategies are studied with 
respect to heavy-water reactors and fuel systems of 
U-235, U-233, and Pu-239. Possible future strategies 
are explored, including different members of the CANDU 
family of reactors and the associated fuel cycles. The 
analyses include energy derived per unit of natural 
uranium mixed, uranium requirements for each system, 
present value ( ($/kW(e)) of each system, cumulative 
uranium requirements, and total power costs. 

The CANDU-boiling light water (BLW) , CANDU-pressurized 
light water (PLW), CANDU-organically cooled (OCR), and 
CANDU-gas-cooled reactor (GCR) were compared to the 
CANDU-pressurized heavy water (PHW) moderated reactor. 
The fuel cycles compared included a once-through uranium 
cycle (uranium cycle with plutonium recycle), once-
through (Th + U-235) cycle, Th cycle with U recycle and 
net U-235 fuel, and Th cycle with U recycle and net 
PL fuel. 

With respect to thorium utilization, reactor design con-
cepts are almost identical to those of uranium, and 
technical feasibility problems do not occur. Fuel 
development is needed, especially in the area of thorium 
carbides, while thorium oxides appear to be acceptable 
for all CANDU reactor types. The only problem expected 
in the CANDU design is the potential reactivity pertur-
bations and spatial flux distortions that may be caused 
by Pa-233; however, this problem is not considered 
major. 
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Using the CANDU concept with thorium, it is possible to 
limit the total cumulative requirements for a nuclear 
power capacity to less than 1.2 tonnes natural 
uranium/MW(e), if U-235 (0.3-percent tails) is used for 
the fissile requirement. 

Several results pertaining to thorium arose in the fuel-
cycle analysis. First, the once-through Th + U-235 cycle 
was considered unattractive under any foreseeable circum-
stance because of the storage of spent fuel, while the 
Th cycle with U recycle became the most attractive if 
yellow cake prices increased for a long period of time. 

Finally, total energy costs were calculated as a function 
of reactor type, fuel cycle, and fissile material. 
Exhibit D.12 presents this comparison. 

All economic results are based on reference values for 
economic parameters. These include 1978 dollar values 
for reprocessing costs, fabrication penalties, yellow 
cake prices, and separative work. Other cost data is 
based on Canada's completed nuclear projects. Tailings 
from enrichment plants were assumed to be 0.3-percent 
U-235, the interest rate was set at 9 percent/year, and 
the capital charge rate was 9.73 percent/year.* 

* Note that these interest figures are representative of 
the Canadian market and are lower than their U.S. 
counterparts. 
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Exhibit D.12 

Comparison of CANDU Options 
(1978 dollars) 

Specific 
Fissile Capital Total Unit 
Material Cost Energy Cost 

Type Fuel Cycle Added (S/V.'V(e)l (nmlls/kWh) 

CANDU--PHW Natural U, once through — 538 1 i.O 
Th w i th U recycle Pu 565 104 
Th wi th U recycle U-235 566 11 4 

CANDU —PLW Th w i th U recycle Pu 498 9 7 

CANDU - B L W U w i th Pu recycle (Pu burner) Pu 434 9.2 
Th w i th U recycle Pu 484 9 2 
Th wi tn U recycle U-235 484 10.4 

CANDU -OCR Th wi th U recycle Pu 431 8.3 
Th wi th U recycle U-235 431 9.1 

SOURCE J.S. Foster and E. CruuoH. "TLIN Sfatus of tr H CANADIAN NIUU^AR POUVIT PIUIJ'JIN .md piss.bl>-
F j t u r e Suatfiqies." 

,RPA 
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"How Do Converters Affect the Strategies?", Mr. Revensen, 
Annals of Nuclear Energy, Volume 2, Pergamon Press, 
Oxford, 1975. (Wingspread Conference) 

The objective of this paper is the identification of 
several i~sues and their effect on the introduction of 
converters in the U.S. power generation community. 
These issues are: 

1. Uranium conservation 
2 Time limits 
3 Timing and cost of technology development 
4 Converters vs LWRs vs LMFBRs 
5. Uncertainties or risks in converter technology 
6. Foreign technology considerations 
7. Diversity vs learning curve 
8. Sponsorship (financial) 
9. Licensing and the environment. 

Although much of the paper was based on subjective 
judgments, several technical and financial points are 
brought up that are pertinent to thorium reactors and 
associated fuel cycles. 

In general, converter technology lags behind that of the 
LWR by at least 10 years. The author believes that the 
large costs related to this lag (in excess, probably, 
of $1 billion) will prevent commercialization, unless 
the government subsidizes the development or large 
benefits can be identified. Furthermore, the time-scale 
involved in bringing the required large-scale technology 
to the marketplace is on the order of 20 years. 

Licensing and safety requirements for converters will 
introduce technical compromises and economic considera-
tions. This is especially true for imported technology, 
since the U.S. nuclear regulatory position is different 
enough to require substantial design change. 
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With respect to environmental issues, the author notes 
that heavy-water reactors produce significantly more 
tritium than an LWR and produce 32 percent more waste 
heat per kW than LWRs. CANDU waste heat is also sub-
stantially more than that of the HTGR or LMFBR. 



"Attainable Ratings of CANDU-OC-Thorium Set by the 
Properties of the Organic Liquid Coolant," W.B. Lewis, 
Annals of Nuclear Energy, Volume 2, Pergamon Press, 
Oxford, 1975. (Wingspread Conference) 

The objective of this paper is to demonstrate that the 
unit cost of harnessed nuclear energy is less than that 
of oil, coal, or hydroelectric power in Canada. The 
author envisions the prospect of worldwide application 
of the CANDU-OC-thorium reactor and uses data from the 
Pickering CANDU-PHR to calculate energy costs. 

The paper documents several characteristics of organi-
cally cooled reactors. Organic coolants have greater 
heat transfer characteristics than water systems, and 
thus, they can increase plant thermal efficiency. The 
coolant itself is derived from HB-40, a 40-percent 
hydrogenecated terphenyl in which high boiler polymeric 
content is allowed to build up to 30 percent. The 
chemical and nuclear properties of this coolant are such 
that very low radioactivity levels are associated with 
the primary loop; thus, maintenance work is much easier, 
especially when compared to the radioactivity problems 
associated with the tritium in heavy-water reactors. 
Major leaks can be cleaned up quickly and more safely. 

One problem associated with organic coolants has been 
possible fire hazards. Ignition of the volatile compo-
nents of the coolant when they hit a suitable volume of 
air can produce a fast-moving flame and an overpressure, 
but not a detonation. 



1 6 1 

"Molten Salt Converter Reactors," A.M. Perry, Annals of 
Nuclear Energy, Pergamon Press, Oxford, 1975. 
(Wingspread Conference) 

The objective of this paper was a review of molten-salt 
convertor reactors (MSCR), their technology and economics. 

The paper describes the MSCR and its operations, dis-
cusses fuel salts, the core moderator and its problems, 
and fuel reprocessing. 

The reactor and the complex fuel process have so far 
been developed separately. The fuel is mainly batch-
processed rather than processed on-stream. The 
processing necessary to recover uranium from the fuel 
has only been partially demonstrated. 

In the fuel areas, the long-term behavior of fission-
product metals is not fully established. The procedure 
for applying coating to the graphite moderator is not 
yet fully established. 

Major difficulties exist in the structural metals. The 
alloy used for the reactor vessel, Hastelloy-N, has had 
problems with intergranular cracking, and some uncer-
tainty exists concerning this alloy's compatibility with 
steam. 

Substantial work is required on safety operating measures. 
Tritium, a radioactive isotope of water, is produced to 
a substantial degree in the MSCR. Tritium rapidly 
escapes from the salt and up to 1/3 of it can reach the 
steam system, where it would be difficult to co-trol. 

Substantial further development is also required on 
scale-up of plant components, development, and testing 
of a steam generator (one has never been tested with an 
MSCR) and tools and techniques for maintenance and 
replacement of activated components. 

The author noted that the majority of convertor reactor 
studies have been based on the use of Pu-239, not 
thorium. 
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In the study, fuel-cycle costs were calculated for 
the MSCR based on the following assumptions: $11.90/g 
U-235, $13.80/g U-233, $9.90/g fissile plutonium, 
$19/g thorium, and an inventory charge rate of 13.2 
percent per year. Fuel-cycle costs did not include 
cost of the fluoride volatility process for recovering 
uranium or the cost of treating and storing the radio-
active waste. The author expects that fuel reprocessing 
will be a minor cost component. Fuel-cycle costs based 
on these assumptions were found to be in the range 
of 0.9-1.2 mills/kWh. 
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"Assessment of Thorium Fuel Cycles in Pressurized Water 
Reactors," prepared by Combustion Engineering, Inc., 
EPRI NP-359, Final Report, February 1977. 

This study examined the economic and technical feasibil-
ity of various thorium-based fuel cycles in a standard 
large-capacity PWR from 1985 to 2015. Its objective is 
to provide a baseline for comparison with the conven-
tional uranium cycle and for the evaluation of more 
advanced concepts. The analysis covers uranium ore and 
SWU requirements, fuel-cycle economics for alternate 
fuel cycles, the impact of thorium fueling on plant 
design and safety, and an assessment of the benefits 
that might be realized using modified PWR designs and 
concepts. 

Thirty-year levelized fuel-cycle costs were compared 
for the economic evaluation of PWR fuel cycles. Since 
the reactors used in all these cases were assumed 
identical, other segments of the cost of total power 
generation were assumed equal for each fuel cycle under 
study. Exhibits D.13 and D.14 summarize the economic 
assumptions and the fuel-cycle costs. 

The authors found that widespread usage of thorium would 
be required to realize any benefits. Specifically, the 
use of thorium fuel cycles in present LWRs can increase 
energy output per mined ton of uranium by approximately 
85 percent beyond the once-through uranium cycle and by 
22 to 33 percent beyond the plutonium recycle modes. 
When compared to cycles with poor fuel conservation 
features, the thorium fuel cycle may not be economically 
attractive because early in the fuel cycle highly 
enriched fuel demand is high, with savings occurring 
later in plant operation. 

The study recommends that the spectral-shift control 
reactor (SSCR) be analyzed in depth. This reactor 
reduces both annual requirements and initial loadings; 
implementation of this reactor would probably only 
require modifications to ancillary components and 
subsystems. EPRI is planning to fund an analysis of the 
SSCR, which should be completed in 1978. 



Exhibit D. 13 

Fuel-Cycle Cost Assumptions 
(1976 dollars) 

Core power 3800 MWIt l 

Thermal eff iciency 34.2% 

Full core loading 
—Uranium core 103 TeM 
—Thorium core 94 TeM 

Uranium ore S35. $50/ lb U 3 0 8 and escalating at 
6%/year starting wi th S35/ ib m 7993 

U^Og io UFg conversion $4/kg U 

Thor ium ore $10. $20/kg 

Separative work $85. $42.5/kg SWU 

Fuel fabrication 
—Fresh $101/'kg HM 
—Recycle 5225/kg HM 

Fuel reprocessing 
- u o 2 $213/kg HM 
- A l l others $277/kg HM 

Nominal d i f fusion plant assays 
- F e e d 0.711% 
—Tails 0.200% 

Carrying charge rate 9% 
Present wor th discount rate 4% 

Losses 
-F ron t end 1.5% 
—Back enu 1.0% 

Capacity factor (annual refueling) 75% 

SOURCE EPRl. Assessment of Thorium Fuel Cycles in Pressurized Water Reactors. 

( S S ) 
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Exhibi t 0 . 1 4 

30-Year Levelized Fuel-Cycle Costs 
(mills/kWh) 

Fuel Cycle 
U3Ob Ore: 
S35/lb1 

U 3 0 8 Ore: 
S50/lb 

U 3 0 8 Ore: 
Escalating 

SWU: 
S42.50/kg 

UC>2 (no fuel recovery)2 5.798 [5.088] 6.929 [6.219] 6.836 [6.126] 4 888 [4.178] 

UO2 (U & Pu recycle) 4.956 5.778 5.551 4.225 

Th02 (93% U-235) (U recycle) 5.515 6.267 6.002 4.503 

U02 /Th02 (U & Pu recycle) 4.930 5.745 5.503 4 187 

Crossed-Progeny 4.944 5.762 5.534 4.201 

SOURCE EPRI, Assessment of Thorium Fuel Cycles in Pressurized Water Reactors. 

1 Base cnse costs. 
2 Bracketed values assume no cost to discus* of discturqed ' j f l U"bMCkV"il values 

assume reprocessing costs for disposal of discharged t»ei 
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"Assessment of the Thorium Fuel Cycle in Power Reactors," 
Oak Ridge National Laboratories, ORNL/TM-5565, January 
1977. 

The Oak Ridge National Laboratory (ORNL) conducted an 
investigation of the role of thorium fuel cycles in 
power reactors. Three thermal reactor systems were 
considered: LWRs, HTGRs, and HWRs of the CANDU type. 
The performance of several fuel cycles (thorium, 
uranium, mixed oxides) in LMFBRs and GCFRs was also 
evaluated. Based on specific assumptions concerning 
economic factors, U3O8 resources, and nuclear power 
growth scenarios, fuel-utilization characteristics and 
power costs were estimated for these reactor types. 

With regard to LWRs, most information was obtained from 
open literature; calculations in the report were 
consistent with Combustion Engineering results. 

The HWR analyses were based on several Canadian studies. 
Calculated reactor performance is influenced to a high 
degree by the reactor physics analysis of the core. The 
authors believe these data are too optimistic. 

HTGR data are believed to be representative of what can 
be expected experimentally, and FBR data are based on 
published literature. 

Two nuclear electric growth scenarios representative of 
those used in the study are: 

1. 15 GW(e) nuclear capacity added each year until 
450 GW(e)is reached in 2COO, which corresponds to a 
10.2 percent per year growth rate. 

2. 30 GW(e) nuclear capacity added until 900 GW(e) is 
reached in 2000, which corresponds to a 13.3 
percent per year growth rate. 

No restrictions were assumed on either fuel use or fuel 
recycle, which implies that reprocessing facilities are 
available. Development costs for commercialization o: 
the HTGR (estimated at $2 billion, undiscounted) and the 



167 

HWR ($0.5 billion, undiscounted) were not taken into 
consideration, and fuel shipping, storage, and waste 
treatment costs were not included. The assumptions 
included: tails of the diffusion plant to be operating 
at 0.2-percent U-235; a 7.5-percent discount rate; and 
2.5- to 3.5-million tons of U3O8 were available at 
several price levels. Generally, the PWR was assumed to 
be the only reactor in use until approximately 2000, 
when the other advanced converters become commercially 
available. Exhibit D.I 5 assumed fuel-cycle cost factors, 
and Exhibit D.I 6 calculates the assumed power cost 
factors. 

The authors did not find that the thorium cycle competed 
economically in present PWRs, even at uranium prices 
over $ 100/lb. Thorium-fueled HTGRs and HWRs had the best 
fuel utilization performance, and HTGRs offer the best 
economic use of the thorium cycle. HWRs (thorium) are a 
match for HTGRs with respect to fuel utilization but 
have a higher power cost. 

Generally, it appeared more desirable economically to 
recycle plutonium with thorium than with uranium in 
thermal reactors. 

In FBRs, thorium or thorium/uranium cycles provide a 
more negative void coefficient of reactivity than does 
the plutonium-uranium cycle. The use of thorium in FBRs 
can provide desirable fuel for both thermal and fast 
reactors while increasing the ratio of thermal-to-fast 
reactors that can be maintained in an FBR economy. 

Of all the thermal reactors investigated, only the HTGR 
is more economic with thorium than with the uranium 
cycle. 

For U3O8 prices less than $40/lb, lowest power costs 
for all thermal reactors are achieved when no fuel 
recycle takes place. However, the practical application 
of the thorium fuel cycle requires the development of 
fuel-cycle capability, without which LWR (thorium) and 
HWR (thorium) would suffer severe economic setbacks. 

Exhibit D.17 summarizes these total power costs. 
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E x h i b i t D . 1 5 

Assumed Fuel-Cycle Cost Factors 

Ore and Separative Work Factors 

U 3 0 8 (9 i t S'/.'U, S • i i T h 0 2 

25,75 S30 k-y 
40/TOO 
100/150 
300/200 

•:nj recv r le 
fijrt'lR 

•nor-uni 
considered! 

Fuel-Cycle Cost Parameters 'S'l-gi 

Reactors 
Fuel 
Fabrication 

Fuel 
Reprocessing 

Fuel 
Refabrication 

LWR 
U-235/U-233 114 221 
Pn/U 221 500 
U-235/Th 152 250 
U-233,Th 250 570 
P: i Th 260 510 

HWR 
Natural U 50 150 
fcnri'JiHd U SO 160 
P'j/U 160 310 
U-235'Th 100 210 
U-233,Th 210 390 
Pu-'Th 220 320 

HTGR 
U-235 400 750 
11 233/Th 750 1030 

235 ;U-238 360 730 
Pu/Th 750 1030 

Effective Fuel Storage Costs (S/f-gl 

Reactor Fuel Storage Costs 

HWR (natural U> 25 
HWR (enrnhed) 100 
LWR 100 
HTGR 400 

Cost to Recover Fissile Pu (S/i> 

LWR 20 
HWR -4-50 

SOURCE Oak 3-,c)ge National LjDoraiories. 
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Exhibit O . I S 

Assumed Power Cost Factors 

Capital Charge Rate: 16%/year (15°'o/vear for fuel cycle) 
D 2 0 Cost: S110/kg 
D 2 0 Inventory: - 0 . 8 kg/kW(e) 
D 2 0 Losses: 2%/year 

Reactor Type 
Capital Cost 
$/kW(el m.lls/kWMei 

Load 
Factor 
(%) 

O&M 
(mills/ 
kWh(e)) 

D 2 0 Cost 
(mills/ 
kWh(e)) 

LWR 800 19.5 75 2.0 

HWR(U) 853 19.5 80 2.0 2.26 
HWR(Th) 843 19.3 80 2.0 2.00 

HTGR—SC 800 19.5 75 2.0 

HTGR—CC 720 17.6 75 2.0 

SOURCE Oak Ridqe National Laboratories 

NOTE SC = Steam cycle. 
CC = Combined cycle, gas turbine topping, iinmonia turbine bottoming 
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Exhibit D .17 

Total Power Costs 
(mills/kWh) 

U 3 0 8 Cost (S/lb)/SW Cost (S/kg SWU) 

Case 25/75 40/100 100/150 

LWR. U cycle, store 26.2 27.8 34.0 

LWR. U/PU recycle 26.7 28.0 32.0 

LWR. Th/U-235 recycle, CR - 0 . 7 27.6 28.6 32.2 

HWR. natural U, store 26.9 27.6 30.9 

HWR. U-235<Th recycle. CR = 0.82 27.5 28.5 31.5 

SC-HTGR. CR = 0 .66 . store 25.4 26.5 30.0 

SC-HTGR, CR = 0 .82 , recycle 26.2 27.0 29.4 

CC-HTGR. CR = 0 .82 . recycle 23.4 24.0 26 0 

SOURCE Oak Ridqe National Laboratories. 

N O T E SC = Steam cycle. 
CC - Combined cycle, gas turbin» toppinq cycle, and ammonia turbm" bottoming 

cycle. 
CR = Conversion ratio. 
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HWRs should be evaluated with respect to costs, sche-
dules, and licensing factors for commercialization in 
the United States. Since fuel recycle may not be allowed 
for safeguards reasons, thorium-uranium fuel cycles in 
FBRs should be studied in detail. 

Considerable effort is still needed to provide a practi-
cal demonstration of recycle technology. Specifically, 
demonstration of recycle fuel irradiation performance is 
needed. 

Th^ authors found that considerable effort is still 
necessary to provide a practical demonstration of 
recycle technology. They noted that, although metallic 
thorium fuel has a better operating performance than its 
oxide form, safety features may preclude its use. 

The study made various recommendations: 
1. LWRs should be analyzed in depth since they are the 

most direct route to thorium utilization. 
2. Strong support should be given to the thorium-cycle 

HTGR in case significant delays occur in the LMFBR 
program. 

3. Costs, schedules, and licensing factors should be 
evaluated for HWRs. 

4. Thorium-uranium fuel cycles in FBRs should be 
investigated, since fuel recycle may not be permit-
ted for safeguards reasons. 

RPA, 
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