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1. INTRODUCTION

This NASAP assessment considers the economics of alternative nuclear reactor 
and fuel-cycle systems in the light of possible patterns of uranium supply and 
energy demand, as well as the economic implications of improving the prolifer
ation resistance of the various systems. The assessment focuses on the costs 
of alternative nuclear technologies and the possible timing of their imple
mentation, based on their economic attractiveness.

The objectives of this assessment are to identify when economic incentives to
deploy advanced nuclear power systems might exist, to estimate the costs of
using technologies that would reduce the risk of proliferation, to assess the 
impact of major economic uncertainties on the transition to new technologies, 
and to compare the investments required for alternative systems. This infor
mation can then be used to assess the potential economic benefits of alterna
tive research, development, and demonstration programs and the timing of those 
programs. The commercial potential of new technologies, of which economics is
one aspect, is discussed in Volume IV.

To facilitate the analysis it was necessary to make a number of important 
assumptions; the most basic of these involved the growth of nuclear power. 
The following three growth projections published in 1978 by the Energy Infor
mation Administration of the Department of Energy (Reference 1) were used to 
cover the possible ranges of nuclear power growth, in gigawatts (GW) of 
installed electrical generating capacity, for the years 2000 through 2025.

Nuclear Year
Growth Projection_______ 2000_________________2025

Low Growth . 255 320

Median Growth 325 615

High Growth 395 910

However, during the final preparatio'n of the NASAP Report in the summer of 
1979, the Energy Information Administration published its 1978 Annual Report 
(Reference 2) which included revised projections of nuclear generating cap
acity. The new projections indicated a lower rate of nuclear growth through
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the year 2000. They are reflective of utility plans for new nuclear gener
ating plants and account for uncertainties such as those resulting from 
unresolved issues such as spent-fuel management.

For the year 2000 these projections range from 235 GW to 300 GW. The newer 
high growth projection (300 GW) indicates a trend slightly lower than the 
previous median growth projection, and the new low (235 GW) and median growth 
(260 GW) projections indicate trends within 10 percent of the previous low 
growth projection. Thus, the results presented in this analysis using the 
1978 low growth projections are representative of the 1979 low and median 
growth projections and the results for the 1978 median growth projection are 
representative of the 1979 high growth projection.

Most of this analysis deals with the long term, since any need for advanced 
technologies, as well as their availability and impact, would be limited to 
the post-2000 period. In the latest long-term projection by the Department of 
Energy (Reference 2), which is very preliminary, the annual deployment rate 
for nuclear capacity in the median growth case was assumed to nearly double 
from 2000 to 2010. This newest projection suggests there will be 675 GW of 
nuclear power in 2020, which is representative of a high-growth trend after 
the year 2000. Thus, some of the results presented in this analysis are 
representative of an assumption that over the long term there will be an 
increased emphasis on nuclear power that is not indicated by current trends.

Because the preparation of this report was begun in 1978, using assumptions 
developed at that time, the economic analysis was performed using constant, 
January 1, 1978 dollars. Only the cost of uranium is assumed to increase,
reflecting the trend toward consuming uranium from lower grades of uranium 
reserves as time progresses. Updating the analysis to more current dollars 
would change numerical results somewhat, but would not change the overall 
conclusions. However, it should be noted that some key factors have not been 
escalating at the same rate over the past several years. Since 1978, the 
general rate of inflation has totalled about 20 percent, and from January 1978 
to July 1979 the cost of power plant construction factors has increased by 
about 15 percent (Reference 3). In contrast, the real or uninflated price of 
uranium has fallen slightly over the past several years. This decline in real 
uranium prices reflects a current overcapacity in uranium production capabil
ity and a smaller demand for uranium than projected earlier, but this is seen 
as a short-term effect. Since this analysis is primarily concerned with 
long-term trends, short-term effects are given limited weight.

2
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It is not the intent of this analysis to identify a lowest-cost strategy, but 
rather to identify when alternative systems might become economically competi
tive. Since these economic analyses are dependent on projections of long-term 
costs of many commodities, the results should not be taken in absolute terms,' 
but rather as indicative of possible trends. These assumptions and analyses 
are based on current knowlege and what this knowledge portends for the future. 
Projecting future costs is difficult for coal-fired and nuclear plants whose 
current costs are known, but estimating the cost of unproven technologies 20 
to 30 years ahead is far more uncertain.

In this, analysis the estimated power costs of alternative systems are calcu
lated to determine when they might be competitive for the various growth 
projections and for several assumptions of uranium price versus supply. The 
principal issues considered are how the resource efficiency of the light-water 
reactor on the once-through fuel cycle might be improved and under what 
conditions a transition to advanced nuclear systems might be desirable. The 
nuclear systems examined are treated in the following sequence:

o Light-water reactors (LWR's) operating on a once-through 
fuel cycle, with permanent disposal of spent fuel.

o High-temperature gas-cooled reactors (HTGR's) and 
heavy-water reactors (HWR's) operating both on once- 
through and recycle fuel cycles.

o Self-generated recycle of uranium and plutonium in 
light-water reactors.

o Water-cooled breeder reactors (WCBR's).

o Liquid-metal fast-breeder reactors (LMFBR1s).

To place the power costs presented in this analysis into perspective, it is 
useful to discuss the current cost of power to consumers. Today, the average 
cost of delivered electric power to residential customers in the United States 
is about 40 milIs/kWh ($0.04/kWh). The current cost of generating electricity 
discussed in this analysis is less than 20 mills/kWh. This does not include 
the costs of transmitting and distributing power, maintenance of the distribu
tion system, and management of the utility which add approximately 20 mills/ 
kWh to consumers' electric bills. These values are all averages, however, and 
there is significant variation in consumer costs from region to region.

3
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This economic analysis was made from the viewpoint of utilities making deci
sions about individual plants, because this is a key step in commercializing 
any new technology by the, private sector. It should be noted that other 
approaches are often used in economic analysis of nuclear systems. The 
differences and uncertainties between different reactors and fuel cycles in 
this analysis were found in many cases to be on the order of no more than 
several milIs/kWh which is less than 10-20 percent of total power generating 
costs. While these differences appear small, they can amount to large sums of 
money. For example, a 10 percent increase in the cost of-,power at 20 mills/ 
kWh would result in about $370 million dollars in additional costs over 30 
years of 1 GW power plant operation. If these savings are considered for the 
entire U.S. generating system of hundreds of reactors, savings of tens or 
hundreds of billidns of dollars are possible over the long term. Hence, if 
economic decisions are viewed from a national perspective, as is often done in 
making decisions for government research, development, and demonstration pro
grams, the economic differences between systems can appear quite substantial. 
However, these differences are largely within the range of uncertainty of the 
estimates, so that care is required in drawing conclusions.

The key findings of this analysis are listed below:

o The relative economics of alternative nuclear systems 
in the future is uncertain due to the lack of specific 
knowledge of costs and uranium supply-energy demand 
relationships.

o The light-water reactor on the once-through cycle will 
dominate the nuclear power industry for at least the 
next 20 to 30 years, and because of significant uncer
tainties, economics alone will not provide a clear 
incentive for development of any advanced system unless 
uranium prices increase to three to five times what 
they are today,

o Compared to current light-water reactor systems,
improvements in light-water reactor fuel utiliation on 
the once-through cycle are likely to reduce the cost of 
producing power as the price of uranium increases.

o The economic incentives for the high-temperature 
gas-cooled reactor and the heavy-water reactor will 
remain limited due to cost uncertainties until U„0„ 
prices approach $200 per lb. Both reactors could Be

4
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competitive after the year 2000 if their capital costs 
are comparable to light-water reactor capital costs.

o Although the self-generated recycle of uranium and 
plutonium in light-water reactors could improve their 
uranium utilization without developing new technolog
ies, the economic incentives for recycle will remain 
within the range of uncertainty until U 0_ prices 
exceed $100 to $200 per lb.

o The light-water breeder reactor (LWBR) used as a high- 
gain converter could become economic at U„0_ prices 
between $100 to $200 per lb.

o The liquid-metal fast breeder reactor could become 
economically competitive at D O .  prices between 
$120 to $200 per lb.

o Through the year 2025 there would be little difference 
in cumulative investment for the major reactor strate
gies considered.

o The costs of proliferation-resistance measures vary 
but, in general, are a small percentage of power- 
generation costs.

5
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2, METHODOLOGY AND ASSUMPTIONS

The basic principles of power-cost estimation and the key assumptions used in 
the methodology for estimating the economic transition to alternative technol
ogies are discussed in this section. Also discussed are the elements of total 
power cost and the uncertainties in the data base used for this analysis.

As stated above, all of the costs in this analysis are based on constant 1978 
U.S. dollars, with the effects of inflation removed from all costs, including 
the cost of money and the discount rate. The only factor assumed to escalate 
faster than the rate of inflation is the price of uranium, reflecting the 
long-term need to develop higher-cost, lower-grade uranium reserves.

2.1 TOTAL POWER COST

Total power cost is the sum of all costs of producing power in an electricity 
generating plant. These costs include capital costs, costs of plant operation 
and maintenance (O&M), and fuel costs. Total power cost is expressed in mills 
per kilowatt-hour (mills/kWh). In comparing the total power costs of differ
ent systems it is also necessary to consider anticipated variations in costs 
that will be incurred over the useful life of the generating plant, which ma^ 
be 30 years or more. The common method for doing this is cost levelization,
i.e., adjusting the actual costs incurred at various times during electrical 
power production to an equivalent cost that remains constant over a period of 
time. The value of this approach is that it permits a consistent comparison 
of energy alternatives even though the cost elements are expected to vary over 
long periods of time. This analysis follows typical electric utility practice 
of projecting fuel costs over only the first 15 years of plant operation, and 
as will be discussed in Section 2.5, an equivalent levelized uranium price is 
calculated based on the first 15 years of operation. To avoid any misunder
standing that might arise due to the terminology used in this analysis, the 
three components of total power costs are defined below.

Levelized total unit energy cost is equal to the present worth of the stream 
of expenses divided by the present worth of the electrical energy production.

7
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o Capital Costs. The capital-cost component of the total 
power cost contains all expenses associated with the 
initial plant investment, plant replacement parts, and 
plant decommissioning including the return on the 
investment, the return of the investment, income taxes, 
property taxes, and property insurance.

o Operation and Maintenance Costs. The operation and 
maintenance costs include all nonfuel costs associated 
with the operation and maintenance of the plant.

o Fuel Costs. The fuel costs for nuclear plants include 
all expenses associated with the steps of the fuel 
cycle. These expenses include enriched uranium or 
other special nuclear-material costs (including mining, 
milling, conversion, and enrichment costs), fuel 
fabrication costs, shipping costs, spent-fuel storage 
costs, reprocessing costs (if any), waste-disposal 
costs, income taxes arising from capitalizing a portion 
of the reactor fuel, and interest charges on the 
investment in the fuel. The fuel is normally capi- 
talized2and depreciated using the unit-of-production 
method.

2.2 THE PRINCIPAL ELEMENTS THAT AFFECT NUCLEAR POWER COST

Some of the cost components explained above have greater effects on the total 
power cost than others. For example, a 9-percent increase in the capital cost 
component of a light-water ^reactor (about $60/kW) would cause total power 
costs to rise by 1 mill/kWh, and would require the plant owner to recover an

The unit-of-production method is widely used for depreciating the investment 
in nuclear fuel. Depreciation is assumed to occur at the rate that the energy 
content of the fuel is consumed. The purpose is to allow a rate of return on 
the fuel as well as the generating station.
A 1-mil 1/kWh change is equivalent to $6.0 million per year for a 1000-MW 
plant operating at a 70-percent capacity factor. These estimates are based 
on a fixed charge rate of 10.1 percent, which is representative of an unin
flated cost of money. If an inflated cost of money is used a $60/kW increase 
would be equivalent to a more than 1.5-mil1/kWh increase.

8
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additional $6.0 million each year to meet expenses. Since heavy-water and 
fast-breeder reactors have higher capital costs than light-water reactors, a 6 
percent increase in their capital costs would result in the same increase of 1 
mill/kWh.

A decrease in the operating capacity factor of the same reactors from 70 per
cent to 65 percent would also increase the total power cost by about 1 mill/ 
kWh, since the fixed charges would have to be spread over fewer kilowatt hours 
at the lower capacity factor. The increase in total power cost would be 
slightly less for light-water reactors than for heavy-water and fast-breeder 
reactors, because the latter would have higher capital costs.

The cost of uranium and other elements of the fuel-cycle cost component are of 
less importance at current prices, but they will increase in importance as 
prices of these commodities and services rise. The U^Og price sensitivity 
varies with reactor type. For example, a $14 per lb price increase would 
raise power cost by 1 mill/kWh for the current light-water reactor on a once- 
through cycle. However, because heavy-water and high-temperature gas-cooled 
reactors use U^Og more efficiently, the increase in IKOg price necessary 
to cause the same 1 mill/kWh increase would be $20 to $24 per lb U^Og. Be
cause the liquid-metal fast-breeder reactor does not require new uranium for 
fuel, its fuel-cycle costs would not increase as the price of U„0 rose.

■J O

2.3 UNCERTAINTIES IN THE COST COMPARISONS

The following are the major uncertainties in the assumptions used to calculate 
power costs:

o Capital Costs. In general, the more advanced reactor 
technologies are estimated to have not only higher 
capital costs but also more uncertainty in their 
capital costs. The uncertainties in the capital costs 
of the principal reactor technologies are shown as 
shaded areas in Figure 1. These uncertainties would 
be reduced as the result of research and development 
programs and from experience gained from commercializ
ing a reactor system. That there are no uncertainties 
shown for the light-water reactor does not mean that 
there are none, but rather that because the system has 
been commercialized, its cost uncertainties are less 
than for the advanced systems.

9
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These figures represent estimates of mature systems in 
1978 dollars with the effect of inflation removed. Any 
plants built during the precompetitive period (before 
the first mature industry commercial plant) would 
probably have significantly higher capital costs.
This analysis assumes that nuclear plants are rated at 
1,300 MW, which is consistent with plants now on order, 
and with Nuclear Regulatory Commission limits on size.

o Operation and Maintenance. These costs are typically 
about 10 percent of the cost of generating electricity 
from nuclear energy. Furthermore, variation of these 
costs among the alternative concepts is small. Thus, 
these charges will not be the deciding factor in 
comparative economic analysis.

o Fuel. The system's marginal fuel-cycle costs, as well 
as the uncertainties in these costs, can vary widely, 
as illustrated in Figure 2. (System marginal costs are 
the net costs of adding a single reactor to a generat
ing system and are discussed further in Section 2.6.) 
This figure shows the two principal uncertainties in 
fuel-cycle cost. The first is the price of U^Og. The 
figure shows the effect of increasing the U 0g price 
from $40 to $100 per lb. Of the concepts shown, the 
light-water reactor has the greatest sensitivity to 
U Ug price, because the other concepts use U^Og more 
efficiently, as is reflected in the lower fuel-cycle 
costs for the h^gh-temperature gas-cooled and heavy- 
water reactors. As will be discussed later, the 
system with a liquid-metal fast-breeder reactor would 
have lower marginal fuel-cycle costs at higher uranium 
prices because the value of the uranium recovered from 
light-water reactor spent fuel increases as the price 
of UgOg increases. The second uncertainty is associated 
with fuel-cycle processes that have not been proven 
through commercial operation, such as the reprocessing 
and refabrication of fuel for systems with spent-fuel 
recycle and spent-fuel disposal for once-through 
cycles. Such uncertainties are shown as shaded areas 
in Figure 2. Uncertainties are discussed further in 
the following section.

^Efficiency of U 0Q utilization is defined as ener8y.output ̂ 
3 8 lb U3°8
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2.4 THE DATA BASE

Estimates of each of the cost factors have been made for the various reactors 
and fuel cycles considered in this analysis and are listed in the Appendix 
along with discussions of how the estimates were developed. Volume IX con
tains a more detailed data base that includes information on some systems that 
are not treated explicitly in this volume.

The nominal estimates of costs in the data base are intended to be represent
ative of costs of a mature industry. Implicit in mature industry costs is an 
assumption that a particular technology is well enough established that it is 
no longer viewed as being a high-risk activity by investors. Obviously this 
is not always typical of the real world and several factors have been included 
as a means of considering costs other than those of a mature industry. As 
will be discussed in Section 2.8, precompetitive costs have been included in 
the analysis to reflect the higher capital costs of the inital plants of a new 
technology. Uncertainties in fuel-cycle cost factors have been estimated to 
determine the effects on' the economic attractiveness of new fuel-cycle tech
nologies .

The data base is primarily the result of the work of engineers and scientists 
in the nuclear industry and at the national laboratories. Since most of the 
systems considered do not yet exist or have not developed beyond the demon
stration or research phase, the estimation of costs required professional 
judgments. Although the data base was assembled from a variety of sources, an 
attempt was made to make estimates as consistent as. possible. The estimates 
are for a given point in time and may not be borne out over the long term if 
these systems are actually built. However, since they have been developed 
using a consistent approach, the relative values are suitable for making 
comparisons between systems.

For the capital and fuel-cycle cost components of reactor and fuel-cycle 
systems other than the light-water reactor on the once-through cycle, the data 
base shows ranges of uncertainty. If any of these other systems were to be 
developed commercially, most would not be available for at least several
decades. Thus, the design of future commercial systems is not well defined,
the regulatory criteria are sketchy or unknown for new technologies, and the 
need for these systems is not known. The uncertainties in the data base
reflect this lack of specific knowledge about the future. Because there is

13
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also a lack of engineering detail for the long-term alternatives in this 
analysis, the data base cannot represent all factors that would comprise the 
total costs of each component. There may be some concern that certain cost 
components for particular systems may be incomplete. Due to the uncertainties 
this is unavoidable, and in general each component could be criticized to some 
degree in this manner. But since a consistent approach was used in developing 
the data base, and since the concern of this analysis is to make comparisons 
rather than to identify absolutes, this data base is believed to be adequate.

2.5 TREATMENT OF INCREASING U.0Q PRICES
3 o

The total power cost of a reactor that requires the continued mining of 
uranium increases as the price of increases during the life of the
plant. A utility considering the purchase of a light-water reactor must 
estimate the future U^Og price as part of its decision making process. 
This time-varying price becomes an input to the calculation of the fuel-cycle 
cost component of total power costs 1 This report presents results as if a 
time invariant or "equivalent" U^Og price (a single value) were used to 
calculate fuel cycle costs.

In order to relate the power cost at a fixed U^Og price to power costs 
for a time-varying price of U^Og, the concept of equivalent U^Og price is 
used. It is that value which will produce the same total levelized power 
costs as the time varying U^Og price. In a rising uranium price market (as is 
assumed in the NASAP analysis), this equivalent UgQg price is greater than 
actual UgOg prices in the early years of reactor operation, but less than the 
prices in later years. Thus, the point in time when a system first appears to 
be economically competitive corresponds to a time when the actual market price 
projected for UgOg is below the equivalent UgOg price. An example of such an 
estimate of U_UR price versus time is illustrated in Figure 3.

Although the assumed operating life of a react or is 30 years, utilities 
usually calculate the equivalent Ug,0g price on the basis of 15 years or less 
because of the high uncertainty in projecting long-term uranium prices. 
Because the licensing and construction of a nuclear plant takes about 10 
years, uranium prices must be estimated for the period from 10 to 25 years 
after the decision to build a plant.

14
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2.6 MARGINAL POWER COSTS

This economic analysis compares alternative reactors on the basis of marginal 
power cost. Marginal cost is the total power cost associated with adding a 
new reactor to an existing generating system. It consists of the actual cost 
of the reactor and any additional costs incurred by the system as a result of 
the construction and operation of the reactor. Any savings or credits that 
are available to the system as a result of adding the new reactor are deducted 
from the actual cost when the marginal cost is determined.

The concept of marginal power cost is used throughout this analysis because it 
is typical of the process utilities use when making a decision to build a new 
plant and in comparing and selecting among various types of plants. In this 
analysis, alternative reactors and fuel cycles are compared with an improved 
light-water reactor on a once-through fuel cycle. When the marginal costs of 
the light-water reactor and the alternative system are equal, it is defined as 
the indifference or transition point. At the indifference point, the alterna
tive system first becomes economically competitive because it can be added to 
the system at the same marginal cost as the addition of an improved light- 
water reactor. Under the assumption of fixed costs, which are based on no 
inflation, the indifference or transition point can be specified either in 
terms of the equivalent U^Og price or the date when a system could first 
appear to be economically competitive based on that equivalent U^Og price. 
Because uranium price is assumed to increase with time, the economic incentive 
to build the alternative system increases once the transition point has been 
passed.

The marginal-cost concept is important for reactors that would involve recycle 
because reprocessing would create costs and/or credits that involve more than 
one reactor. When the economics of the fas t-breeder and the light-water 
reactor once-through cycle are being compared, the major cost variables of the 
light-water reactor option are the cost of enriched uranium fuel and the cost 
of permanent spent-fuel disposal. The marginal cost of the fast-breeder 
system would include higher plant capital cost and the additional costs of 
reprocessing spent fuel from a light-water reactor to obtain plutonium for the 
first few cores of a breeder's fuel, reprocessing spent breeder fuel for 
recycle breeder fuel, disposing of wastes from reprocessing and refabrication, 
and fabricating plutonium-bearing fuel elements. But the fast-breeder would 
not incur costs for the purchase of enriched uranium because it would be 
fueled with plutonium recovered from the spent fuel of light-water reactors. 
Moreover, because spent fuel must be reprocessed to operate the breeder,
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several savings would be available to the total system. These would include 
the value of the plutonium, uranium and separative work recovered by repro
cessing and the reduced spent-fuel disposal requirements that would result 
from reprocessing the light-water reactor spent fuel. The recovered uranium 
could be returned to an enrichment plant for further enrichment and reused to 
displace mined uranium for light-water reactors, and the fast-breeder system 
would be credited with the value of the mined uranium that the recovered 
uranium would displace. Similarly, reprocessing would reduce the system's 
spent-fuel disposal charges for light-water reactors.

For a recycle system, the marginal-cost concept applied to a single utility 
would mean that all bred fissile material would be produced and used inter
nal ly by that utility system. Because it would all be used internally, 
fissile plutonium and U-233 use would not represent a cash flow, except for 
the added cost of fabricating, reprocessing, and handling the material. If 
these materials were recycled, they would have a value, but this would not be 
of concern to the utility unless the materials were purchased or sold outside 
the system. In the marginal-cost analysis, the value of these materials would 
be accounted for by the unincurred costs for enriched uranium which these 
fissile materials would replace, less the cost of recovering and fabricating 
these materials.

2.7 BASIC METHODOLOGY OF TRANSITION ANALYSIS

As stated previously, the major purpose of this analysis is to determine when 
there might exist an economic incentive to deploy advanced technologies. Four 
major pieces of information are needed to make a transition analysis:

1. The demand for nuclear generating capacity as a function of time.

2. The consumption of uranium as a function of time.

3. • The price of uranium as a function of cumulative U^Og consumption.
Estimates of this relationship are shown in Figure 14, and the
derivation of this relationship is presented in Section 3.9.

4. The total power cost for a system as a\ function of equivalent uranium 
price.
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The estimates of nuclear power demand and U^Og consumption for a given system 
are combined with the U^Og price/supply relationship to estimate the price of 
uranium as a function of time. The power-cost methodology is used to deter
mine the price of UgOg at which two alternative systems would have the same 
marginal costs. This UgOg indifference price is then used in conjunction with 
the uranium price/time relationship to determine when a system could first 
become economically attractive.

2.8 PRECOMPETITIVE COSTS

The marginal costs of reactors that are not yet commercially deployed are 
assumed to include the effect of precompetitive costs. Precompetitive costs 
are the incremental power costs of a new technology over and above the costs 
of an available (and more economic) existing technology. The major effects of 
precompetitive costs are reflected in the capital costs, and for this analy
sis, fuel costs and operation and maintenance costs are ignored. The capital 
costs that were discussed in Section 2.3 are mature industry costs, where the 
reactor supply industry is operating at full efficiency and sufficient learn
ing has occurred in building a standardized plant design so that each addi
tional plant can be built at the same or lower cost as the previous one. In 
this analysis, precompetitive costs are additional capital costs of the first 
few plants of a new technology such as advanced converters or fast-breeder 
reactors.

Precompetitive costs are considered in this analysis because they are a cost 
of introducing a new reactor technology to the market. Because they raise 
the cost of a system, they effectively delay the date at which a new reactor 
system would be economically competitive. Inclusion of precompetitive costs 
assumes that industry is adverse to the financial risk of a new technology and 
will attempt to recover the costs of introduction. If the introduction of a 
new technology were to be accelerated, the precompetitive costs (and associ
ated risk of a potentially noneconomic plant) would have to be borne by 
government, industry, electricity consumers, or shared by all three. The 
concept of precompetitive cost, including elements other than capital cost, is 
developed in detail in Volume IV.

In this analysis the precompeti.tive costs are represented by a learning curve 
in which costs are assumed to decrease with each successive generation of 
plants built, until the mature: plant costs are reached. Each generation is

18



D R a 'f T

assumed to have twice as many plants as the previous generation. This is 
illustrated in Figure 4 for the liquid-metal fast-breeder reactor. The figure 
shows the normalized capital cost ratio of the first plants as a function of 
the number of plants built. The normalized capital cost ratio is the ratio of 
the capital cost of a precompetitive plant to the mature industry capital 
cost.

The effects of precompetitive costs were evaluated by considering the eco
nomic transition based on two different learning curves as well as by the 
consideration of a system in which there are no precompetitive costs. The 
base case as developed in Volume IV is rapid learning. For the breeder shown 
in Figure 4, it is assumed that the first plants (three plant generations) 
have higher costs than the mature industry cost until the eighth plant is 
built. One of these eight plants is the lead plant, the cost of which is 
included in the research and development costs. The lead plant has a capital 
cost 1.7 times the mature plant cost, and the first commercial plant has a 
capital cost 1.4 times the mature plant cost. In the case of the rapid 
learning curve, the capital cost decreases by a factor of 0.84 every time the 
number of plants built doubles.

To obtain the increased precompetitive cost for the transition analysis, the 
cost of the inital plants is levelized over the first 10 plants, as shown in 
the figure. The assumption of 10 plants is somewhat arbitrary, but does 
reflect views of industry personnel and implies that precompetitive costs are 
recovered over a period approximating industry planning horizons for new 
products. For the fast-breeder, this levelized cost is 13 percent higher than 
the mature industry cost. The breeder's capital cost is therefore increased 
by 13 percent when calculating the total power costs for the transition 
analysis. This approach assumes that the precompetitive costs are borne by 
the utility and hence electricity consumers. Other approaches could be used 
to spread the costs. For example, costs could be passed on to all taxpayers 
through government funding of precompetitive costs.

The rapid learning curve is based on assumptions of standardized plants, pre
licensed sites, and a single utility/single architect-engineer combination 
for construction. Implicit in achieving this rapid learning in the private 
sector would be a highly efficient technology transfer mechanism among the 
industry participants. Positive learning could be expected in future systems 
if the regulatory process were streamlined and made more predictable, if plant 
standarization were implemented, and-if research, development, and demonstra
tion were effective in ensuring a high confidence in the reliability of 
components.
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The effects of a slower learning curve on the breeder's transition were con
sidered. An industry learning curve representing multiple utilities, vendors, 
and architect-engineers was obtained from several studies of previous exper
ience. This curve represents a 90-percent learning (cost reduction) per 
doubling, which means that five doublings (32 plants) would be required to 
achieve mature plant costs. It was assumed that precompetitive costs would be 
spread over the first 40 plants. With this learning curve, capital costs 
would be 1.17 times the mature industry costs.

A similar analysis was performed for the heavy-water and high-temperature gas- 
cooled reactors. For them it was assumed the first four plants, including 
the lead plant, would have a higher cost than the mature-industry cost. The 
first plants were found to have captial costs that were 1.2 times the mature 
industry cost, and the levelized increase in capital cost was 3 percent. 
Because of these small increases, the sensitivities due to a slower learning 
curve that were evaluated for the breeder were not considered for these 
reactors.
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3. COMPARATIVE ECONOMICS OF REACTOR SYSTEMS IN THE UNITED STATES

In this section the marginal power costs of reactor systems are compared 
to identify the equivalent uranium price at which the addition of alterna
tive types of reactors or fuel cycles to an existing system would have 
the same cost. These breakeven costs are used in conjunction with estimates 
of cumulative U^Og consumption and U^Og price versus supply to estimate when 
alternative systems could first become competitive. Throughout this analysis, 
where a comparison or transition between systems is being made, the term 
uranium price refers to the equivalent uranium price as defined in Section 
2.5. The effects of key uncertainties on costs and timing are also assessed. 
The analysis is based on the costs of mature systems to which have been added 
the effects of precompetitive costs,

As a means of introduction it is useful to review the shortcomings of this 
kind of analysis as well as any other long-term economic analysis of energy 
alternatives. As stated earlier, it is not the intent of this analysis to 
identify a lowest-cost strategy or reactor system; but rather, to identify 
when alternative systems might become economically attractive and what the 
long-term relative costs of the systems appear to be today. Most of the 
systems considered by this analysis could not become available for commercial 
operation before the year 2000. Moreover, no one can predict with much 
confidence the design or costs of new systems over the long term; hence these 
results should not be taken in absolute terms, but only as indicative of 
possible trends. These analyses and the supporting assumptions are based on 
current knowledge and what this knowledge portends for the future. These 
factors are by necessity a reflection of the judgment of the individuals who 
prepared the analysis, and hence, analyses prepared by others may reach 
differing conclusions. Projecting costs only a few years into the future is 
quite difficult; accurately predicting costs for several decades is nearly 
impossible.

This volume is based on detailed analyses that are described in Reference
4. The results of the analyses are presented in a manner which is intended 
not to be overly quantitative. Although the analyses themselves involved a 
rigorous approach for estimating total costs of producing power, there was a 
high degree of uncertainty in developing the input assumptions for systems 
that do not exist. It may appear that this presentation tends to obscure the 
analytic results; this is due to the obscurity of specific data for the 
long-term future. A long-term economic analysis can be used to separate 
the big "losers" from the big "winners," but cannot, by itself provide an
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effective basis for choosing between systems, all of which could be marginally 
competitive with one another, considering the uncertainties. The conclusions 
in this report do not reflect the economic analyses alone, because the differ
ences in projected costs do not for the most part warrant large differentia
tion between systems. Rather, they also reflect conclusions made in other 
NASAP analyses about the resource benefits, commercial potential, and prolif
eration resistance of these systems.

Today, the light-water reactor on the once-through fuel cycle is used by 
the U.S. nuclear power industry. This analysis first compares the power 
costs of this system with the cost of power produced by coal-fired systems; 
next, fuel-utilization improvements to the present system are assessed. 
Various advanced reactor technologies are then compared with an improved 
light-water reactor system incorporating near-term improvement s in fuel 
utilization that would reduce uranium requirements by 15 percent. The compar
isons are made with the improved system because those improvements are expec
ted to be available for all light=water reactors within the next 10 years or 
so. Since advanced reactor cystems will not become commercially available 
before 1990, the improved light-water reactor represents the minimum-perform- 
ance system against which advanced systems would be competing. The reference 
once-through system is assumed to dispose of spent fuel permanently, because 
over the long term permanent disposal is the likely approach to spent-fuel 
management if recycle systems are not deployed.

3.1 COAL-FIRED SYSTEMS VERSUS CURRENT LIGHT-WATER REACTORS

Although it io not the purpose of this analysis to assess the role of nuclear 
power in relation to other energy sources, comparing the power costs of 
coal-fired plants and light-water reactors put s the costs of the nuclear 
systems presented in this analysis into perspective. The comparison is made 
with coal rather than the other fossil-fuel alternatives because oil and gas 
are being used less for power generation due to their scarcity, and because 
the National Energy Plan has concluded that coal and nuclear energy are the 
prime options for new baseload, centra1-stat ion, electric-power generating 
capacity (Reference 5).

The average price of coal burned by utilities in 1978 was about $1.10 per 
million Btu, although it ranged from about $0.50 in the Mountain States to 
$1.50 in the New England States. Based on the average price of coal today, 
present-technology light-water reactors can produce power at a lower cost than 
coal as long as equivalent U^Og price is less than $70. per lb, as shown 
in Figure 5. In regions where the price of coal is highest, the economic 
breakeven price of U^Og could be as high as $110 per lb. In regions where
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coal prices are lowest, coal has a clear economic advantage.x In general, 
improvements in the fuel utilization of light-water reactors will make nuclear 
power more competitive. These observations are based on average costs. 
Actual costs for new plants are subject to many uncertainties due to other 
siting and regional cost differences and to licensing requirements.

3.2 LIGHT-WATER REACTORS ON THE ONCE-THROUGH FUEL CYCLE

At. present. the light-water reactor is the only reactor commercially available 
in the United States, and it is unlikely that any alternative reactor system  
could penetrate the domestic nuclear industry within the next two to three 
decades. Because the current light-water reactors operate on a once-through 
fuel-cycle, their costs are sensitive to U^Og price; therefore, reducing UgO„ 
requirements would be an effective means or controlling costs as the price or 
uranium rises,

Improvements in the fuel utilization of light-water reactors have been evolu
tionary. Some of the earliest reactors achieved average fuel burnup of less 
than 10 megawatt days per kilogram (MWd/kg) of heavy metal. Current reactors 
are achieving burnup in excess of 30 MWd/kg. Further development of fuel 
technology is expected to lead to fuel burnups of about 45 to 50 MWd/kg by the 
early 1990's. This higher burnup combined with different fue1-management 
practices is expected to reduce U^Og requirements by about 15 percent and will 
be retrofittable in all light-water reactors. Additional improvements, some 
of which might not be retrofittable, may be available over the longer term 
(2000 and beyond). These additional improvements are represented in the 
analysis by reactors that require 30 percent less U^Og than the current 
system. The major economic incentive for these improvements to light-water 
reactors would be the reduction of U^Og requirements and fuel-cycle costs. In 
addition, enrichment requirements for the 15 percent-improved light-water 
reactor would be reduced by about 5 percent. Fuel utilization improvements 
are expected to increase the unit costs of fuel fabrication, but the quantity

"Unit cost" refers to the cost of processing or handling a given mass of 
heavy metal; in this case the unit fabrication cost for light-water reactors 
is $140 per kilogram of low-enriched uranium that is fabricated into fuel 
assemblies.
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of fuel loaded into the reactor would be reduced by 40 percent because of the 
higher burnup and changes in fuel management. Thus, the net effect on
fuel-cycle costs would be small. The reduced fuel loadings would also mean 
that the volume of spent fuel to be disposed of would be reduced by about 40 
percent. The near-term improvements' are not expected to affect capital cost, 
although this may not be the case for the longer-term improvements. Overall, 
the lowering of uranium requirements will be the dominant factor.

For the proposed improvements, the initial reductions in power costs would be 
small, but the savings would increase with increasing uranium prices, as shown 
in Figure 6. In this case, there would be no transition between technolo
gies; but rather, the technology would be assumed to improve in an evolution
ary process. That is, as improvements became available, they Would be incor
porated into the system, and power costs would be reduced. Once fully imple
mented, a 15-percent reduction in U^Og utilization is expected to reduce power 
costs by about 5 percent. The economics of the additional 15-percent improve
ment in fuel utilization are uncertain because the mix of longer-term improve
ments is not as well defined; some would require modifications to plant 
designs. Therefore, the economic savings associated with the longer-term 
improvements are more speculative, but as a limit, they could reduce power 
costs by an additional 5 percent. These cost reductions appear relatively 
small, but their implementation would reduce uranium consumption sufficiently 
to delay the increase in power costs that would occur without the improve
ments .

This analysis deals with alternative reactor systems. However, alternative 
technologies for enriching uranium could also affect the economics of many 
reactor systems. In particular, light-water reactors, which have the highest 
UgOg requirements, would be more attractive economically if lower cost enrich
ment were available. All enrichment in the United States is now done in 
gaseous diffusion plants operated by the Department of Energy, and the next 
generation of plants built will use gas centrifuge technology. However, it is 
assumed that separative work from these plants would be provided at the same 
price as separative work from the gaseous diffusion plants. After the turn of 
the century new commercial enrichment plants may utilize an advanced isotope 
separation technology, several concepts of which are discussed in Volume IX. 
Some of these systems would be well suited for stripping enrichment plant 
tails to a lower U-235 assay (0.05 percent compared to the 0.20 percent 
produced today). If tails stripping were employed, the enrichment tails 
stockpile would provide an additional source of enriched uranium. The costs 
of advanced isotope separation are not yet established because the technology 
is still under development; however, it is expected that the process could
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supply uranium from the tails stockpile to the gaseous diffusion or centrifuge 
plants at an equivalent price , of $43 per lb of U^0_. Hence, at this price 
advanced isotope separation would be economic at today's uranium prices. If 
it can be deployed commercially, its net economic effect would be to increase 
the availability of uranium and to make systems that use enriched uranium more 
attractive.

3.3 HEAVY-WATERrREACTORS AND HIGH-TEMPERATURE GAS-COOLED REACTORS

Major alternatives to the light-water reactor using the once-through fuel 
cycle are the heavy-water and the high-temperature gas-cooled reactors. The 
earliest date for commercial introduction of either system would be after the 
year 2000. Hence, both systems would be competing with improved light-water 
reactors if they attempted to penetrate the market.

Estimating when alternative reactors could first become economically competi
tive with the _improved light-water reactor is a major goal of this analysis. 
By definition, this occurs when the marginal costs of the alternative reactor 
are equal to the marginal costs of the improved light-water reactor. However, 
economics alone is nor a .sufficient factor for estimating the optimal timing 
of a new technology, because other factors will also influence its commercial 
availability. The commercialization assessment, Volume IV, addresses these 
points.

Comparisons of power costs are depicted in Figure 7, which shows the heavy- 
water reactor and the improved light-water reactor, both on once-through 
cycles. The power costs for the heavy-water reactor are shown as a band of 
uncertainty based on the capital and fuel cycle cost uncertainties indicated 
in the data base. The solid line represents the nominal, or best estimate, of 
heavy-water reactor power costs. The intersection of the curves of both 
systems represents the nominal transition or indifference point, i.e., the 
equivalent U^Og price at which a utility would be economically indifferent in 
choosing between the two systems. The intersection of the light-water reactor 
curve with the dashed lines for the heavy-water reactor depicts the limits of 
uranium price over which the heavy-water reactor may first become economi
cally competitive, taking into account its assumed capital and fuel cycle 
cost uncertainties. This range is defined as the uncertainty window. Eco
nomic transition for the high-temperature gas-cooled reactor is shown in 
Figure 8.
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Both heavy-water and high-temperature gas-cooled reactors have significant
capital cost uncertainties. It was assumed that a heavy-water reactor design
for the United States would use fuel enriched to 1.2 percent U-235. Relative
to the same reactor using natural uranium fuel, the use of low-enriched fuel
is more economic and requires 40 percent less UgOg over its operating life.
Based on fuel-cycle cost differences, the low-enriched uranium fuel design
would have 11 percent lower power costs at $40 per lb UgOg an<* ^  Percent
lower power costs at $100 per lb U 0 .J O

At a rapacity factor of 70 percent, the heavy-water reactor has a nominal 
indifference point at about $125 per lb UgOg and a very wide uncerc al'nty 
window. A cliaiacLei istic of hcavy-wator reactors is that they are refueled on 
a continuing or on-line basis during reactor operation, which gives them the 
potential to achieve a higher capacity factor than reactors that must be shut 
down for refueling. It is estimated that the increase in capacity factor due 
to on-line refueling would be less than 5 percentage points (Reference 6). 
For a heavy-water reactor operating at 75-percent capacity factor the nominal 
transition point would be about $65 per lb U^Og, but the light-water reactor 
costs do not exceed the heavy-water reactor cost uncertainties until the 
equivalent UgOg price exceeeds $160 per lb. Thus, the potential for the 
heavy-water reactor becoming economically competitive in the United States is 
dependent upon achieving capital costs which are comparable to light-water 
reactor capital costs.

The heavy-water and high-temperature gas-cooled reactors have been estimated 
to have about the same capital cost uncertainties. Although the heavy-water 
reactor has been commercially introduced in Canada and several other nations, 
there exists uncertainty over the design that would be acceptable for licens
ing in the United States, and there have been no serious attempts to commer
cialize it in this country. In contrast, elements of high-temperature gas- 
cooled reactor technology have been under development and demonstration for 
more than 20 years in the United States. At one point, several reactors were 
sold, but subsequently the vendor withdrew from the reactor market and no 
commercial plants were built, although the licensing process had begun. Its 
nominal transition point is less than $70 per lb U^Og. For the period of this 
study, both the heavy-water and high-temperature gas-cooled reactors have cost 
uncertainties that appear greater than the potential savings they could 
provide.. However, if the capital cost of the high-temperature gas-cooled 
reactor was comparable to light-water reactor capital costs, it could also 
become competitive within the timeframe when it could first be commercially 
introduced, soon after the year 2000.
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The above analysis was based on the high-temperature gas-cooled reactor steam 
cycle. Another concept, discussed in Volumes IV and IX, . would operate on a 
direct cycle, in which the high-temperature helium coolant would produce power 
directly in a gas turbine instead of passing through a heat exchanger to 
produce steam for a steam turbine. The direct-cycle system has characteris
tics that could make it more commercially promising than the steam cycle. 
Comparison of the direct cycle with other reactor types, including the high- 
temperature gas-cooled reactor steam cycle, is complicated because a direct- 
cycle system would be attractive for some unique applications. The direct- 
cycle system would have a high thermal efficiency and would be capable of 
operation with dry cooling towers; therefore, it could operate efficiently in 
areas where there is inadequate water for conventional wet-cooling systems. 
In addition, the reactor could be used as a high-temperature heat source for 
industrial purposes. There is less basis for estimating the costs of direct- 
cycle systems, but it does have potential to produce energy competitively with 
the high-temperature gas-cooled reactor steam-cycle and the light-water 
reactor.

Originally, the high-temperature gas-cooled reactor was conceived as a system 
that would employ the recycle of U-233 and U-235. In terms of economics and 
resource utilization, a fuel cycle that used highly enriched uranium (in this 
case uranium containing more than 90 percent U-235) would be the most attrac
tive. However, the use of this fuel presents a proliferation risk because the 
highly enriched uranium is a nuclear weapons-usable material. The high- 
temperature gas-cooled reactor could be operated in a recycle mode using 
low-enriched uranium (less than 20 percent U-235) fuel. For the nominal 
capital and fuel-cycle cost assumptions, the once-through and recycle systems 
using low-enriched uranium would have comparable power costs at U^Og prices 
of less than $100 per lb U Og but at $200 per lb U^Og the recycle system could 
produce power for about 4 percent less. Because the recycle system would 
require reprocessing and refabrication of U-233 fuels, additional cost uncer
tainties would be introduced. Considering the total capital and fuel cycle 
cost uncertainties, there would be limited economic incentive for recycle of 
low-enriched fuels in high-temperature gas-cooled reactors until the very long 
t erm.

If the proliferation risk of using highly enriched fuel could be reduced to an 
acceptable level, recycle in high-temperature gas-cooled reactors could be 
more economically attractive. For the nominal price assumptions, this cycle 
could be economically attractive at today's uranium prices, and at $200 per lb 
UgOg, power costs would be about 4 percent less than with low-enriched 
uranium recycle. Thus, the cycle using highly enriched uranium would appear 
to be more economically attractive than the low-enriched cycle for the nominal
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price assumptions, but if all the uncertainties were included, both cycles 
offer limited economic incentive. If it is to be.commercially successful, the 
high-temperature gas-cooled reactor must demonstrate that its capital costs 
are not much higher than those of light-water reactors. For a recycle system, 
fuel-cycle costs are an additional uncertainty, but these uncertainties are 
estimated to be less fhan the capital cost uncertainties.

3.4. URANIUM AND PLUTONIUM RECYCLE IN LIGHT-WATER REACTORS

The spent fuel of light-water reactors contains fissile uranium and plutonium. 
Therefore, it has potential economic value because the fissile material, if 
recovered, could reduce the amount of U^Og and uranium enrichment required for 
new fuel. The economic question is whether the added costs of recovering and 
recycling the plutonium and uranium would be less than the savings that would 
result from the reduced requirements for uranium, enrichment, and spent-fuel 
storage. In this analysis it was assumed that uranium and plutonium would be 
recycled in a reactor in an amount equivalent to the amount recovered from 
that reactor's spent fuel. All other fuel makeup requirements would be 
provided by enriched uranium from fresh U^Og. This is normally referred 
to as self-generated recycle.

Recycle of light-water reactor spent fuel from both the present-techno logy and 
the high-burnup fuel designs was considered in this analysis. The recycle of 
spent fuel from current light-water reactors would reduce lifetime uranium 
requirements by about 40 percent and enrichment requirements by about 30 
percent. Relative to the same system, recycle of the high-burnup fuel would 
reduce uranium requirements by about 33 percent and enrichment requirements by 
about 7 percent. Although recycle of current design fuel is more resource 
efficient than recycle of the high-burnup fuel, the high-burnup fuel would be 
more economic at uranium prices of up to $200 per lb U^Og or more because its 
total fuel-cycle costs would be lower.

A major uncertainty in the cost of recycle is associated with the price of 
reprocessing. Also important are the cost of fabricating plutonium-uranium 
mixed-oxide fuel, the cost of high-level waste management, the cost of finan
cing facilities, and plant reliability. Nominal reprocessing costs of $250/kg 
and $370/kg of heavy metal were considered.
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The lower cost is based on a plant design similar to the Allied General 
Nuclear Services (AGNS) reprocessing facility at Barnwell, South Carolina, 
which would use semiremote maintenance. The higher cost is based on a plant 
design with completely remote maintenance. This more expensive plant is 
designed to reduce the frequency of maintenance, but because it is fully 
remote, maintenance would be more difficult when required. Both plants would 
have a nominal capacity of 1,500 t/yr when operating for 300 days annually. 
Thus, the plant capacity reflects the need to shut the plant down for periodic 
maintenance. These reprocessing costs also include the processing of high- 
level wastes into a packaged form suitable for permanent disposal offsite. 
Because there is no commercial reprocessing in the United States, these are 
best - estimates of likely costts. The price (as opposed to cost) presently 
being charged for reprocessing by the French company, COGEMA, is reported to 
be about $700/kg of heavy metal (Reference 7). The magnitude of the COGEMA 
price is believed due, in part, to a lack of competition, although this has 
not been confirmed. Other possible reasons for this higher price is that this 
plant is about half the size of the U.S. design and it may not be typical of a 
mature industry operation.

Based on presently achievable fuel burnups, both the once-through and recycle 
systems have similar power costs over a wide range of U^Og costs, as shown 
in Figure 9. This is also true when comparing the once-through and recycle 
systems using the high-burnup fuels, as shown in Figure 10. The range of 
transition is from about $25 per lb to $100 per lb U^Og, depending on the 
level of light-water reactor fuel technology and the range of nominal repro
cessing costs. Over this range, the maximum difference in power cost is about 
1 mill per kWh.

A number of factors could result in higher reprocessing cost, especially 
during the initial deployment of the technology. The nominal costs are based 
on "typical industry" financing. This assumes a fixed charge rate of about 23 
percent, which is typical of the financial structure of large chemical or 
petroleum companies. Also considered was a "high-risk industry" fixed-charge 
rate of about 32 percent, which is representative of private commercial 
vendors' approach to new and risky ventures. This raises the two reprocessing 
costs by about 35 percent to $330 and $510/kg of heavy metal. For the lower 
cost reprocessing, the transition points for recycle would be $39 and $86 per 
lb UgOg for present and high-burnup fuels, respectively. For the higher-cost 
reprocessing, transition could occur at $72 and $146 per lb U^Og.
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A high rate of return is not necessarily required to provide the financial 
incentive for a high-risk venture. As discussed in Volume IV, a venture may 
require "up-front" contracts with the utilities to virtually guarantee the 
market for a period of time. Such an arrangement could require downpayments 
during the construction phase, even if the facility is not on schedule. Once 
operation had begun, payment might be required even if the plant did not 
operate as planned or if the utility was unable to use the facility's ser
vices. Such contractual arrangements would reduce the owner's financial risk, 
so that a lower fixed charge rate would be used, resulting in lower prices.

Another uncertainty is whether or not nominal design capacity would be 
achieved. Initial operation of a new technology is often characterized by 
less than anticipated performance. Also, some safeguards schemes may require 
that operations be shut down periodically to conduct an inventory of the 
fissile material in the plant. If operation were to drop from 300 to 250 days 
a year,, reprocessing costs would be increased by nearly 20 percent. For the 
higher cost reprocessing, economic transition would occur at $5V and $123 per 
lb, respectively, for the present and high-burnup fuels.

A variety of unknown factors could also affect costs. For example, detailed 
design and construction of the Allied General Nuclear Services plant, which is 
the basis for the lower reprocessing cost estimates, have not been completed. 
Key elements of the plant have not yet been built, including facilities for 
the conversion of plutonium to an oxide form and the solidification and 
packaging of high-level wastes for permanent disposal. These process steps 
are included in the estimate, but there exists disagreement over which designs 
will be appropriate, and it is unknown at this time which form will be accept
able for disposal of high-level wastes. In addition, the plant has not been 
licensed, and the safety and safeguards criteria for plant operation could 
differ from those now envisioned. Assuming that there is a 50 percent uncer
tainty in reprocessing as well as in fabrication, transportation, and waste- 
disposal costs, the economic transition would increase to $110 and $222 per lb 
U^Og for the present and high-burnup fuel cycles and the higher-cost reproces
sing. For the lower-cost reprocessing, the values are $78 and $163 per lb

As the above analysis shows, there is no clear answer as to when recycle could 
become economically competitive.' Depending upon the assumptions and uncer
tainties, recycle could appear to be economic over a range of U^Og prices 
ranging from less than $100 to more than $200 per lb, and even after passing
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the indifference point the once-through and recycle costs would be similar 
enough that much higher uranium prices might be required to justify the 
economic risks. Combining the above uncertainties would result in higher 
costs and transition prices for uranium, although combining all the highest 
costs may not be warranted. This analysis only considered uncertainties in 
the recycle system. A major uncertainty in the once-through cycle is the cost 
of spent-fuel disposal. No decision has been made on the mode of temporary 
away-from-reac'tiOr spent-fuel storage or permanent spent-fuel disposal. 
Furthermore, the? timing of government action on this matter is uncertain, 
hence there is; also uncertainty in once-through system costs. As noted 
earlier, once-through and recycle systems have similar power costs over a wide 
range of uranium prices. For the range of transition uranium prices for the 
nominal cost assumptions, the difference between the once-through and recycle 
systems is 1 mill or less. Thus, the economic benefits, if they exist at all, 
are not significant, and the uncertainties and non-economic factors dominate 
the decision.

3.5 WATER-COOLED BREEDER REACTORS

Of the various .types of water-cooled breeder reactors currently being studied, 
the light-water breeder reactor was selected for this analysis because it 
would make extensive use of light-water reactor system technology adopted for 
t'tio r ium-b a s ed fuels, and over the long term would have significantly lower * 
resource requirements than existing light-water systems. It was assumed that 
light-water breeder reactors would have capital costs not more than 10 percent 
greater than those of the light-water reactor. Light-water breeders with 
breeding ratios sufficiently greater than 1.0 to account for reprocessing and 
fabrication losses would be self-sufficient in terms of fissile material 
requirements.

A; utility intending to build this type of system would proceed through two 
phases of deployment. First, prebreeders would be operated to produce U-233; 
and second, light-water breeders would be fueled with the U-233. A variety of 
prebreeder/breeder systems have been considered. In some systems, current- 
technology light-water reactors would be backfitted as prebreeders; and in 
others, a new reactor design would serve as both a prebreeder and a breeder. 
In.all cases, the light-water breeder would be a new design having a higher 
capital cost than the light-water reactor. Of the variety of concepts submit
ted by the Department of Energy's Division of Naval Reactors for consideration 
by NASAP, some would use high-enriched and others low-enriched U-235/thorium 
fuel to produce U-233 in prebreeders for use in the light-water breeder.
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These prebreeders initially require significantly higher, quantities of U_Og 
and enrichment than light-water reactors; therefore, there is no incentive for 
utilities to operate prebreeders without breeders. For the range of systems 
considered, the amount of prebreeder operation required to produce enough 
U-233 to begin operation of one 1,000 MW light-water breeder ranges from about 
10 to more than 30 gigawatt-years of operation. Since the U-233 is assumed 
to be produced and used internally by a single utility, there is no direct 
cash flow associated with this material other than for the necessary fuel- 
processing steps.

In order to deploy this type of system the utility would have to absorb the 
higher prebreeder fuel-cycle costs until there is sufficient U-233 to operate 
the light-water breeder reactor. Because of these higher deployment costs, 
the lifetime levelized marginal costs of prebreeder/breeder systems would be 
economically competitive with the light-water reactor only if U^Og prices 
were high. However, once the prebreeder phase of operation had been com
pleted, the breeder by itself could be competitive at U^Og Pr*-ces 
from $100 to $200 per lb. The base case for systems fueled with U-233/thorium 
fuel was a commercial-scale concept based on the seed-blanket design now being 
tested at the Shippingport Atomic Power Station in Pennsylvania.

Economically, light-water breeder systems have generally been viewed in terms 
of long-term benefits (60 years or longer); however, since utility decisions 
are usually based on the lifetime costs of single plants (30 years), their 
benefits may be perceived as being too distant to provide sufficient economic 
incentive until uranium prices become much higher. In order to successfully 
deploy this system for reasons such as improving resource utilization, other 
incentives might be required.

The above discussion is based on the use of U-235 to fuel prebreeders. In 
addition to the concepts provided by the Division of Naval Reactors, the 
following was also considered. If plutonium were used instead of U-235 to 
transmute thorium to U-233 in prebreeders, a light-water breeder system could 
become economic at much lower uranium prices. Since the system would require 
the extensive recycling of plutonium, it would be acceptable only under a set 
of political and institutional conditions different from those that exist 
today. Initially, the system would recover plutonium from light-water reactor 
spent fuel for use in plutonium/thorium-fueled light-water reactor pre
breeders, and therefore the prebreeders would not require any new U^Og or 
enrichment. In addition, the utility system would benefit from the uranium 
recovered from the spent fuel. The plutonium/thorium light-water reactors
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would produce U-233 for light-water cooled high-gain converters that would 
have a conversion ratio of about 0.9 when both the bred U-233 and plutonium 
are included. Using today's economic assumptions, the high-gain converter 
would probably be more economic than a breeder (conversion ratio greater than 
1) because of lower fuel-cycle costs. After several cycles the high-gain 
converter would be producing nearly enough U-233 and plutonium for conversion 
to U-233 to make it self-sufficient in terms of producing its fissile material 
requirements. This system could become economic at uranium prices expected to 
occur after the turn of the century, at the time when the light-water breeder 
could first be commercially introduced. Its economic attractiveness would 
improve as uranium prices increase. However, this system requires the devel
opment of two separate fuel-recycle technologies for the prebreeder's pluto
nium/ thorium fuel and the high-gain converter's U-233/thorium fuel. The costs 
of these fuel-cycle technologies are not well defined, but the uncertainties 
in these costs probably would not be exceeded until U 0o had exceeded $100 per- . J O

3.6 FAST-BREEDER REACTORS

The liquid-metal fast-breeder reactor is the design chosen for this analysis' 
because it is the basis of most fast-breeder reactor development programs. 
Similar results would have been obtained for the gas-cooled fast-breeder 
reactor, which would have fuel and a fuel cycle very similar to that of the 
liquid-metal fast-breeder reactor and the capital costs might be similar. 
Whereas the gas-cooled fast breeder is a design concept that has never been 
tested, the liquid-metal fast breeder has been under development for about 
30 years and has reached the demonstration phase in several nations.

The liquid-metal fast-breeder reactor is a long-term option that would not 
require the additional mining of uranium and could eventually produce surplus 
fissile material that could be used in other breeder or converter reactors. 
The major economic uncertainty regarding this reactor is its capital cost, 
which is expected to be higher than that of the light-water reactor. Although 
the fast breeder requires no enriched uranium, this saving must be weighed 
against its higher capital costs and the costs of reprocessing and recycling 
plutonium. The following two breeder strategies were considered for this 
analysis:
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o Plutonium^fueled liquid-metal fast breeder with uranium 
blankets. Spent fuel from light-water reactors is re
processed, and the recovered uranium is reenriched for 
recycling in light-water reactors. The recovered plu
tonium is used to fuel liquid-metal fast-breeder reac
tors. The breeder contains depleted uranium blankets, 
and all plutonium is assumed to be recycled in liquid- 
metal fast-breeder reactors. Light-water reactor spent 
fuel is reprocessed only to the extent that it is re
quired to start up liquid-metal fast breeders. Once 
there is sufficient plutonium available from reprocess
ing breeder fuel, the breeders will be self-sufficient, 
and no additional light-water reactor spent fuel will 
be reprocessed.

o Plutonium-fueled liquid-metal fast breeder with thorium 
blankets. Spent fuel from light-water reactors is re
processed, and the recovered uranium is reenriched for 
recycling in light-water or advanced converter reac
tors. The recovered plutonium is used to fuel liquid- 
metal fast breeders. The breeder has thorium blankets 
and breeds U-233 that would be recycled as denatured 
uranium fuel in light-water reactors or advanced con
verters. Since there is no U-238 in the blankets, 
there is no breeding of plutonium in the blankets, the 
breeder would be a net consumer of plutonium, requiring 
plutonium makeup from reprocessed light-water reactor 
fuel. This is sometimes referred to as a symbiotic 
system because the breeder and the converter reactors 
are dependent upon one another for a portion of their 
fissile fuel requirements.

The economic trade-offs for fast breeders would be as follows. They would 
have higher capital costs and incur reprocessing and refabrication costs not 
incurred by light-water reactors on the once-through cycle. At the margin, 
these costs would be offset by not incurring U^Og or -enrichment costs and 
by credits for fissile material provided to other reactors in the system. For 
the system with uranium breeder blankets, the economic credits would come from 
the uranium that would be recovered through reprocessing light-water reactor 
fuel, its value being equal to the value of the U^Og that it would replace

A blanket is fertile material in a breeder react or that absorbs excess 
neutrons to produce or breed fissile material.

42



D R A F T

in the light-water reactor. In other words, the system with a fast breeder 
would be given the credit for recovering uranium from the light-water reactor 
spent-fuel stockpile. Once a breeder produced a surplus of plutonium, it 
would also receive a credit for the plutonium it would provide to start other 
breeders. The U-233 produced by the breeder with thorium blankets would also 
be beneficial to the system, since it would substitute for enriched uranium, 
and a credit would be obtained equal to the enriched-uranium cost that would 
not be incurred.

As the price of uranium rises, the marginal cost of the system with the fast 
breeder would drop because the credit it would receive for the uranium re
covered from light-water reactor spent fuel would rise. In general, the fast 
breeder would have a uranium price indifference point that would be higher 
than those of the heavy-water and high-temperature gas-cooled reactors, but 
because of its declining marginal costs, the range of uranium prices at which 
the fast breeder would first become economic would be narrower despite the 
high level of capital cost uncertainty. The range of U^Og costs at which 
the breeder and the light-water reactor would be indifferent is from about 
$120 to $200 per lb U„0R , as shown in Figure 11.

The maximum benefits of fast-breeder development would result when the breeder 
reactors in a system were providing excess fissile material which could be 
used in converter reactors. Economic benefits would be obtained because the 
bred fissile material could replace enriched uranium in the converter reactors, 
and because the converter reactors would have lower capital costs than the 
fast-breeder reactors. Since advanced converter reactors, such as the high- 
temperature gas-cooled or heavy-water reactors, are well suited for recycle on 
a U-233/thorium cycle, they could be deployed in a symbiotic system with fast 
breeders. In this system thorium blanketed breeders would produce U-233 for 
the advanced converters. The breeder reactors would use plutonium obtained 
from reprocessing the spent fuel stockpile and from uranium blankets in 
fast-breeder reactors. The economic objective in deploying advanced converter 
and fast-breeder reactors together would be to minimize the total power costs 
of the symbiotic system. In particular, the system would seek to minimize the 
number of fast breeders if the difference in breeder and advanced converter 
capital costs was large. The marginal costs would be similar for the breeder 
with uranium blankets or with thorium blankets, although over the long term, 
as uranium prices become very high, the thorium-blanket option would have the 
lower cost.

The potential economic benefits from such a symbiotic system would be depend
ent upon several factors. First, two new reactor types, advanced converters

43



Sy
st

em
 

M
ar

gi
na

l 
To

ta
l 

Po
w

er
 

Co
st

 
(m

ill
s/

kw
h

)

40

Uncertainty 
in LMFBR  
Capital and 
Fuel Cycle 
Costs

Uncertainty
Window

LMFBR

Nominal
Transition

Point

0 40 80 120 160 200 240 280 320

Equivalent UgOg Price ($ /lb )

Figure 11: Total Power Cost Comparison for the 15% Improved LWR Once-Through and
the LMFBR with a Plutonium Core and Uranium Blankets



D R A F T

and fast breeders, would have to be developed and commercialized along with 
two new fuel cycles, plutonium/uranium and uranium/thorium. The cost of these 
programs would have to be weighed against the potential benefits. Next the 
national nuclear power generation system would have to be large and growing 
rapidly enough so that the number of reactors acting symbiotically would 
be large enough to have a significant economic impact. Utilities would have 
to be large or a high level of interutility cooperation would be required to 
ensure that the overall system mix was optimal. Because of the above factors 
and because a symbiotic system could not significantly affect the total 
generating system until several decades into the next century, economics alone 
is not an adequate incentive to pursue development of a symbiotic system at 
this time.

One question that has been raised regarding a transition to fast-breeder 
reactors is whether their introduction should be preceded by self-generated 
recycle in light-water reactors. As discussed earlier, recycle in light- 
water reactors does not appear to offer a clear economic advantage until 
the equivalent price of U^Og exceeds $100 per lb, and not until the price 
reaches $200 per lb do the savings exceed the assumed range of uncertainties. 
Thus, light-water reactor recycle might not provide a clear economic incentive 
until uranium prices first reach the levels required for the fast breeder to 
become economically competitive ($120 to $200/lb U^Og). But the savings 
from the breeder would increase much faster as uranium costs rise. This would 
occur because its marginal costs would decrease with rising uranium prices. 
Overall the breeder would produce savings at a later date than light-water 
reactor self-generated recycle, but once introduced its marginal-cost savings 
would increase at a much faster rate.

As noted above, capital cost is the major economic uncertainty for a breeder 
system. The liquid-metal fast-breeder was estimated to have a capital cost 
ranging from 1.25 to 1.5 times that of a light-water reactor. (For the 
gas-cooled fast reactor this range is estimated to be 1.15 to 1.5. However, 
this range is substantially less certain than the range provided above for the 
liquid-metal fast-breeder reactor because of the earlier stages of develop
ment of the gas-cooled fast reactor, and the difference shown here is not 
considered economically significant in choosing between these concepts.) 
Since precompetitive costs raise capital costs by 13 percent, the effective 
capital cost ratio ranges from about 1.4 to 1.7. There is xconsiderable 
disagreement as to how much a breeder will cost to build; however, these 
ranges are fairly representative of current thought, although there have been 
higher and lower estimates. Increases in nuclear power demand or increases in 
uranium price will tend to make the breeder competitive at an earlier date and 
to reduce the affect higher capital costs will have on system power costs.
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This is shown in Figure 12, where the shaded area represents the range of 
assumed capital cost uncertainty, and the curves represent the nominal in
difference points based on several assumptions of nuclear power demand and 
uranium price. The figure shows that if current nuclear growth trends con
tinue over the long term there will be limited economic incentive for fast- 
breeder reactors before 2025. Figure 12 demonstrates the importance of low 
"capital costs to the economic viability of the fast breeder. If the breed
er's capital costs are in the high end of the uncertainty band or higher, as 
has been predicted by some, there will- be no or very limited economic incen
tive for the breeder until after 2025. Thus demonstrating that breeder 
capital costs are reasonable compared to light-water reactor costs will be a 
key factor in achieving commercial feasibility of the system.

Figure 12 shows only the effect of capital cost uncertainties on transition. 
Fuel-cycle cost uncertainties could also have a significant impact on the 
time when the fast-breeder could become economically attractive. The effects 
of the cost uncertainties shown in the data base were considered, the most 
significant of which is the 25-percent increase in reprocessing costs. 
For both the high and median nuclear growth, the fuel-cycle uncertainties 
could delay fast-breeder introduction by about 7 to 13 years, with the shorter 
delay associated with the low end of the fast-breeder capital costs range 
and the longer delay with the high end. This sensitivity derives in part from 
the need to reprocess large amounts of light-water reactor fuel to recover 
enough plutonium to start operation of a fast-breeder. About 50 to 70 annual 
light-water reactor fuel discharges would be needed to provide plutonium for 
the first core and two reloads of a fast-breeder, with a reprocessing cost of 
over $500 million! However, at the transition point, these reprocessing costs 
and the fuel-fabrication and waste-disposal costs would be offset by the 
enriched uranium credits and reduced spent-fuel disposal costs derived from 
recycling spent fuel.

As discussed in Section 2.8, the treatment of precompetitive costs will have 
an impact on when the fast-breeder would appear to be economically attractive 
to utilities. If the slower learning curve discussed there is used, commer
cial introduction is delayed about 5 to 10 years for median nuclear growth and 
high uranium prices.

The above analysis assumed that precompetitive costs would be included in the 
capital costs of the breeder. Hence, the initial plants have higher power 
costs, which in turn delay the date at which they would become competitive. 
If it became necessary to deploy the breeder more rapidly, the precompetitive
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costs could be borne by a government subsidy, the net effect being that the 
first commercial breeder would have a mature plant cost. In the case of
median growth the effect of subsidizing precompetitive costs would be to 
accelerate commercial breeder introduction by about 10 years.

3.7 TIMING OF ECONOMIC TRANSITION

This discussion of marginal-cost economics of nuclear systems is concluded 
with a comparison of the timing of transition for the major systems that have 
been considered. Uranium requirements and prices are generally coupled with 
the growth projections; high U-jOq prices accompany high nuclear growth, mid 
U^Og prices accompany median growth, and low U^Og prices accompany low 
growth. However, because of constraints on uranium producibility discussed in 
Volume III, the high uranium price schedule could also accompany median 
growth.

This assessment has indicated several important trends for the transition to 
advanced technologies. In general, the heavy-water and high-temperature 
gas-cooled reactors on the once-through cycle have very long periods of 
uncertainty over which they could first become competitive. If their capital 
costs could be reduced to the low end of the uncertainty range such that they 
are comparable to light-water reactor capital costs, they could become com
petitive by the time they could be commercially introduced, soon after the 
year 2000. However, the upper limits of the uncertainty ranges suggest that 
they may not offer a clear economic advantage until 2025 or later.

The use of recycle in light-water reactors is characterized also by a transi
tion period during which it could be economic in the near term or midterm, 
but there are uncertainties in the costs of recycle. Until uranium prices 
become very high, the costs of once-through and recycle systems are so similar 
that the economic benefits of recycle may not justify the economic risks. The 
light-water breeder systems that have prebreeders fueled with enriched uranium 
would require large quantities of U„0g and enrichment to deploy and may not 
become economic until 2025. The light-water breeder that is preceded by 
plutonium/thorium fueled light-water reactor prebreeders could become econom
ic after the year 2000, by the time the necessary reactor and fuel cycle 
technology could be made commercially available.
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As noted previously, the fast breeders would have initial economic indiffer
ence dates that would be later than the converter reactors, but their uncer
tainty windows would be shorter.

In the case of low growth, there appears to be very little economic incen
tive for any advanced reactor system. Neither the heavy-water nor the high- 
temperature gas-cooled reactors reach their nominal transition point before 
2025, and the fast breeder would not become competitive during this period. 
However, there still will exist under all growth situations the economic 
incentive to reduce uranium requirements and costs for light-water reactors 
on the once-through cycle.

As noted in the introduction, the high nuclear growth assumptions are not 
representative of current trends, but rather imply that a renewed emphasis 
would be placed on nuclear power in the future. The high nuclear growth 
projection with high uranium prices is characterized by rapid depletion of 
low-cost uranium resources, and all of the options shown could reach nominal 
transition by 2005. The heavy-water and high-temperature gas-cooled reactors 
still exhibit broad ranges of uncertainty, but have nominal indifference 
points around the year 2000. Likewise the light-water reactor recycle strate
gies could become attractive by that time. In the case of high growth the 
fast breeder might become economic by the year 2010. Also the fast breeder 
appears to have a fairly narrow uncertainty window, especially if the capital 
cost uncertainties are reduced.

3.8 INVESTMENT COSTS FOR ALTERNATIVE SYSTEMS '

Producing power from nuclear energy is a capital-intensive process requiring 
large investments in generating plants and fuel production and fuel cycle 
facilities. Thus, one measure of the relative costs of different systems is 
the total investment required. In such a comparison, both the level of the 
investment and the distribution of the investment are important.
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In this assessment, the investment costs for alternative systems were compared 
to the continued use of current light-water reactor technology. The systems 
are:

o Transition to the 15-percent-improved light-water re
actor on the once-through cycle.

o The 15-percent and 30-percent-improved once-through 
light-water reactors are sequentially deployed along 
with improvements in enrichment technology leading to 
the stripping of enrichment tails to 0.05 percent U-235.

o A transition to self-generated recycle in light-water 
reactors.

o Deployment of the high gain light-water breeder pre- 
ceeded by light-water reactors fueled with plutonium/ 
thorium producing U-233.

o Deployment of the fast breeder with uranium blankets.

The assessment was made for the median growth projection. The level of 
investment for other growth projections would be different, but the distribu
tion of investment would be similar for the other growth projections. Total 
investment was estimated for reactor plants, uranium mining and milling, 
enrichment plants, fuel-fabrication plants, spent-fuel storage and disposal 
facilities, high-level-waste disposal facilities and reprocessing plants. 
Investment costs are the total capitalized investment, which includes the 
direct investment, interest during construction, and owners' costs.

For the systems considered, the cumulative capitalized investment in U.S. 
reactors and fuel-cycle facilities would be about $700 billion by the year 
2025. In all cases, investment is dominated by reactor capital costs, which 
represent 70 to 75 percent of the total investment. Uranium mining and 
milling is the next largest cost, ranging from about 20 percent with the 
continued use of current light-water reactor technology to about 10 percent if 
30-percent-improved light-water reactors and enrichment tails stripping were 
deployed. Enrichment is less than 10 percent of total investments, except for 
the case with tails stripping (about 15 percent).
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The remainder of fuel-cycle investments is a small part of the total. For the 
once-through systems, fabrication plants and permanent spent-fuel disposal 
facilities are less than 2 percent of the total. For the recycle systems, 
which include in addition reprocessing plants and high-level-waste disposal 
facilities, the rest of the investment ranges from about 3 percent for self
generated recycle in light-water reactors to about 7 percent for the fast- 
breeder system.

Through the year 2010, the cumulative investment is about the same for 
all of the systems, but by 2025 there would be some variation. The use of 
15-percent-improved light-water reactors would reduce the cumulative long-term 
investment by about 4 percent, relative to the continued use of current 
technology. The other converter-reactnr systems could reduce investment by 
another 1 to 3 percent. However, considering the overall uncertainties in 
costs, these differences are not significant. Because total investment is 
dominated by reactor capital costs, a system with fast breeders would have 
slightly higher investment costs than one with only current light-water 
reactors.

3.9 THE COSTS OF PROLIFERATION COUNTERMEASURES

Technical measures, or fixes, have been proposed as a potential, but partial, 
means of reducing the proliferation risk associated with the nuclear fuel 
cycle, particularly those fuel cycles containing plutonium. Technical mea
sures that have been considered to be generally feasible for light-water 
reactors and fast-breeder reactors have been assessed with respect to their 
impact on total power costs. The initiatives considered are:

o Coprocessing and coprecipitation of uranium and pluto
nium within the reprocessing plant. This is a modifica
tion of the reference PUREX reprocessing technology in 
which plutonium is never separated in pure form but is 
always diluted with a portion of the recovered uranium.

o Coprocessing and coprecipitation with partial decontami
nation of uranium and plutonium. This is a modification 
of coprocessing in which some of the fission products 
remain with the recovered uranium and plutonium, thus 
providing a high-radiation barrier throughout the fuel 
cycle. This approach is most effective for spent fuel 
stored for less than 5 years.
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o Cobalt-60 spiking of fresh uranium-plutonium coprocessed 
fuel. Cobalt-60, which is a strong gamma-ray emitter, 
is added to fresh fuel to provide a radiation level 
that is presumed to be high enough to require the con
struction of a separate reprocessing facility to parti
tion uranium and plutonium.

o Pre-irradiation of fabricated uranium-plutonium fuel. 
This appraoch relies on a radiation barrier induced in 
mixed-oxide fuels by irradiating fresh fuel in a.special 
reactor.

o Heat spiking with Pu-238. This approach relies on the 
high heat-generation rate of Pu-238 to render the pluto
nium so thermally hot that it would be undesirable as a 
weapons material. This is accomplished by the recovery 
and recycle with uranium of the Pu-238 precursers U-236 
and Np-237. Although it would require substantial time 
and commitment to light-water reactor reprocessing to 
implement this concept, once accomplished the stocks on 
hand would retain this characteristic regardless of 
social or political change.

o Active countermeasures (use denial) within facilities. 
These proposed concepts could be employed by interna
tional inspection agencies to interfere with the na
tional seizure of a multinational nuclear fuel center.
If an attempt were made to gain improper access to ma
terials, the active countermeasure system would include 
interference by the inspectorate, disruption of the fa
cility's operation, or damage to the equipment. No 
control system currently exists that exhibits the de
gree of flexibility required to implement this concept.

o Passive countermeasures (resistance engineering) within 
the facilities, t These measures are. engineering con
cepts, facility design features and operational proce
dures intended to make material diversion or facility 
modifications more detectable, more difficult, and more 
time consuming.

All of the above initiatives are intended to reduce the attractiveness of fuel 
material for use in weapons, to make fuel more difficult to divert, and to 
impede the conversion of diverted material into weapons-usable form. The 
extent to which they accomplish these aims is a measure of their proliferation
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resistance. In these initiatives, the proliferat ion-res is tance aims are 
accomplished through varying combinations of added radiation, isotopic dilu
tion, and facility modifications.

The economic factors considered in this analysis of proliferation counter
measures are primarily those that would affect the light-water reactor system 
employing plutonium recycle or the closed fast-breeder reactor fuel cycle. 
The primary cost effects would occur in reprocessing, fabrication, and fuel 
transportation due to changes in the design, operation and maintenance 
of facilities, and in environmental and safety requirements. Smaller, but 
significant costs would occur in other portions of the fuel cycle, and in 
incremental capital and operation and maintenance costs at the reactor.

The coprocessing with coprecipitation approach is estimated to have a very 
small (less than 0.15 mil Is/kWh) affect on nuclear power costs. This cost 
increment would occur primarily within the reprocessing plant during copre
cipitation. The rest of reprocessing, refabrication, transportation, and 
waste-handling costs are estimated to be about the same as they would be for 
standard PUREX reprocessing. Some changes in reprocessing plant design may be 
required to minimize uranium and plutonium losses.

Coprocessing and coprecipitation with partial decontamination would have 
higher economic and technical impacts than with coprecipitation alone. Cost 
estimates for this approach are not highly detailed but it is estimated that 
it would add 0.4 to 0.6 mill/kWh to the cost of power from light-water reac
tors employing recycle and 1.3 to 2.0 mills/kWh to fast-breeder power costs. 
These costs will primarily occur in the mixed-oxide fuel fabrication step 
because the partially decontaminated material will require fabrication in 
remote' operation and maintenance plants. Additional costs will also be 
incurred in fuel transportation, waste handling, and fuel handling at the 
reactor. The fission products will reduce fuel performance, particularly in 
the light-water reactor, and hence enrichment and U^0„ requirements for 
makeup fuel are increased slightly as compared to fully decontaminated fuel.

Cobalt-60 spiking of fresh mixed-oxide uranium/plutonium fuels is estimated to 
have about the same cost impacts as coprocessing with partial decontamination,
i.e., 0.4 to 0.6 mill/kWh for the light-water reactor and 1.3 to 2.0 mills/kWh 
for the fast breeder. Higher costs would be inccurred in reprocessing, 
fabrication, transportation, Cobalt-60 production, and fuel-handling at the
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reactor. Some of the effects of waste treatment, environmental controls, and 
safeguards on costs have not been fully estimated.

Effective implementation of the pre-irradiation of fresh mixed-oxide fuel 
approach would require the design and construction of not only a special- 
purpose, rapid, on-line refueling reactor, but probably would'require coloca
tion of this reactor with the reprocessing and fabrication plants. This 
approach would not require remote operation and maintenance of the fabrication 
plant, but these savings would be more than offset by the operating costs of 
the special-purpose reactor. The estimated costs for this approach are 1.0 to
1.5 mills/kWh for the light-water reactor and about 2.3 mills/kWh for the fast 
breeder.

Implementation of the Pu-238 spiking concept would require substantial time 
and an early commitment to light-water reactor fuel reprocessing. Specific 
incremental costs have not been quantified for any of the fuel-cycle steps. 
It is1 anticipated that the use of substantial quantities of Pu-238 (in the 
range of 5 to 10 percent) in the plutonium will require a remotely operated 
and maintained fabrication plant. Cost impacts should be quite small in the 
reprocessing plant, although some costs will be incurred for Np-237 recovery 
and for cooling plutonium storage vessels. The impact of Np-237 on UO^ fuel 
fabrication has not been evaluated. Overall, it is believed that the incre
mental costs for this approach would be about the same as for the gamma- 
spiking concepts, i.e., about 0.4 to 0.6 mill/kWh for the light-water reactor. 
Since effective implementation of this concept in the fast breeder can only be 
accomplished (if at all) through a symbiotic light-water fast-breeder reactor 
system, the fast breeder cost increment was not attempted.

Preliminary cost estimates of the implementation of one version of active 
countermeasures to a multinational fuel service center are in the range of 0.3 
to 0.5 mill/kWh. It is believed that these are minimum estimates, since no 
attempt was made to estimate the economic impact of the greater potential for 
increased plant outages through accidental implementation of the use-denial 
measures. The cost increase caused by increased safety and maintenance 
requirements within the plant is expected to be significant.

Implementation of passive countermeasures could only be accomplished in new 
plants designed around these concepts. Specific designs and plant adaptations 
are vague for this approach; therefore, no specific economic assessments are 
available.
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A summary of the costs for the above concepts is presented in Table 1. The 
table shows the incremental costs in mills/kWh and the incremental costs as a 
percentage of total power cost assuming a uranium price of $40 per lb of 
Also included in the table is an estimate of the cost of implementing a 
nationwide system of advanced safeguards that encompasses all fuel-cycle 
facilities and the transportation links. These safeguards would provide 
improved physical protection of nuclear, materials, a quick response in the 
event of an attempted diversion, and improved material accountability. This 
system was designed around military protection guidelines, especially in the 
transportation links, which include armored escort vehicles and an accompany
ing guard force of 9 to 12 personnel. This cost is estimated to be about 0.15 
mill/kWh for the light-water reactor and 0.35 mill/kWh for the fast-breeder 
reactor.
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TABLE 1

COST INCREMENTS INCURRED IN IMPLEMENTING 
TECHNICAL PROLIFERATION COUNTERMEASURES5

Countermeasure

Light-Water Reactor

Power cost 
milIs/kWh

Percent of total 
power cost

Fast-Breeder Reactor

Power cost 
mills/kWh

Percent of total 
power cost

Advanced safeguards

Coprocessing

Co-60 gamma-ray 
cpiking

Pu-238 heat spiking

Partial decontamin
ation and coprocess
ing

Pre-irradiation

Active resistance 
engineering

Passive resistance 
engineering

0.1-0.15 

0-0.14 

0.4-0.6

0.3-0.6 

0.4-0.6

0.9-1.5 

0.3-0.5

0.5-0.7 

0-0.7

1.9-2.8

1.4-2.8

1.9-2.8

4.3-7.1

1.4-2.4

0.35 

0-0.18 

1.3-2.0

1.3-2.0

2.3 

0.3-0.5

1.3 

0-0.7 

4.8-7.5

4.8-7.5

8.6 
1.4-2.4

a This is based on a 1000 MW reactor operating at 0.7 capacity factor,

56



D R A F T

3.10 URANIUM COST AND PRICE/SUPPLY RELATIONSHIPS USED IN THE NASAP 
ASSESSMENTS

The cost of uranium is a key variable that affects the costs and timing 
of the reactor systems. Since much of the analysis deals with comparison 
of costs over the long term, it is necessary to relate current knowledge 
of uranium resources to long-term projections of supply and price. This 
section describes the manner in which cumulative consumption, supply, and 
price of uranium were related for this assessment.

The uranium prices used in this analysis are average annual delivery prices 
to be paid by utilities in 1978 dollars. Three uranium price/supply cases 
were analyzed; the median supply case is considered most likely. The uranium 
price projections are based on the use of current technology light-water 
reactors and the high nuclear-growth assumption that 395 gigawatts of generat
ing capacity are installed by the year 2000 and increased to 910 gigawatts in 
2025. Annual U^Og demand reaches 180,000 short tons and cumulative U^Og 
demand 4.3 million short tons in 2025.

Nuclear-power demand was matched against three supply cases, as shown in 
Table 2, to take into account the fact that future uranium availability, 
as well as demand, is uncertain. The median (or reference) supply case 
is based on the Department of Energy's January 1, 1978, best estimate of
recoverable uranium resources existing and potentially producible at a forward 
cost less than or equal to $50 per- lb U„0g . The difference between the 
January 1978 estimates and the January 1979 estimates shown in Table 3 are 
relatively small and therefore the supply assumptions in Table 2 were not 
updated. The High supply case assumes the existence of 10 million short tons 
of resources at $50 per lb U^Og, and the low case assumes 2.2 million 
short tons.

For purposes of this report, forward costs are the yet-to-be-incur red 
costs of producing U^Og from a given resource, and include the direct, 
costs of developing and operating a mine and building and operating a 
uranium mill. . They are used to indicate the economic availability of a 
uranium resource. A forward cost category includes all resources at or 
below the stated forward cost. Forward costs are not to be confused with 
price, which includes past costs, exploration costs, cost of money, market
ing costs, rate of return, profit,some taxes, etc. For this study, a rough 
rule of thumb is that price is up to two times forward cost.
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TABLE 2

U-0o QUANTITIES FOR SUPPLY ASSUMPTIONS— j— y------------------------------------

(Millions of Short Tons U.O )3 o

C a t e g o r y ____

< $30 gross

$30 recoverable 

_< $50 gross.

$50 recoverable

< $50 available

2. $50, _< shale

> $50, < shale
recoverable & available

Total Nonshale Recover
able & Available

Low Mid High
Supply Supply Supply

1.6 3.3 7.2

1.4 3 6.5

2.2 4.5 10

2 4.05 9

1.75 3.5 >6

1 1 1

0.5 0.5 0.5

2.25 4 >6
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TABLE 3

RECOVERABLE U.S. URANIUM RESOURCES
January 1, 1979

Short Tons U^Og

Potential Resources
$/lb UgOg 

Cost Category

<$15

$15-30
increment

£$30

$30-50
increment

<$50

Reserves

290.000

400.000

690.000

230.000

920.000

Probable

415.000

590.000

1.005.000

500.000

1.505.000

Possible Speculative

210.000 75,000

465.000 225,000

675.000

495.000

1,170,000

300.000

250.000

550.000

Uranium that could be produced as a byproduct of phosphate and copper
production by the year 2000 is estimated at 120,000 short tons U_0Q.J o
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tons (the sum of reserves and probable resources estimated as of January 
1978). The probability that the actual resources are less than the low case 
is considered to be approximately the same as that of exceeding the high case,
about 5 percent. In each supply case, resources of 500,000 short tons were
assumed to be available at more than $50 per lb, but at less than the cost of 
recovery from Chattanooga shales ($160 per lb for the first 1 million
short tons). About 400,000 short tons associated with reserves are estimated
to be producible at forward costs greater than $50 per lb.

High-Grade Resources (<$50/lb — The resource estimates in Table 3 are
for U^Og from ore that is considered recoverable in the mining process. For 
each supply case in Table 2 estimates were made of the recoverable U Og, 
available U.0_, and effective U„0R supply. Each of these concepts is dis
cussed below:

Recoverable UgOg— The quantity of recoverable U 0^ based on mined ore was 
reduced because of milling losses. Assuming a l(P percent milling loss, in 
each case, the recovei-flhlp II n is 2 million (low), 4.05 million (mid), and 9

Available Uranium— A resource estimate implies nothing about the time required 
to find and develop a resource. For some demand cases, insufficient <$50 per 
lb resources could be fpund and developed in time, and higher-cost conven
tional and/or shale resources must be utilized. Estimates were made of the 
amount of <$50 per lb resources that could be exploited before higher-cost 
resources would have to be used.

For the mid-supply case, it is assumed that resources equal to those in the 
speculative category (0.565 million short tons in January 1978) could not be 
discovered and developed before higher-cost resources would be needed to fill 
demand, thus leaving about 3.5 million short tons recoverable and available 
before higher-cost resources would be needed. Available resources for the low 
case would be 1.75 million short tons of UgOg- In the high-supply case,
more than 6 million short tons would be available.

million (high) short
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Effective Uranium Supply— To meet demand in any one year, sufficient uranium 
resources must be discovered and delineated, mines and mills constructed, and 
production capacity achieved. Because of lead times required for the develop
ment and production of uranium, some higher-cost reserves will be produced 
before lower-cost resources are exhausted. Uranium from higher-cost reserves 
will be produced before some uranium in lower-cost potential resources because 
production decisions can be made now for the higher-cost uranium that has been 
developed, while some lower-cost resources are not yet developed. Thus, 
effective uranium supply is the uranium that can be produced to meet demand at 
any point in time.

To account for this producibility constraint, maximum production capacities 
for the $30 per lb and $50 per lb forward-cost categories haye been derived 
for the mid-supply case. The maximum production level of $30 per lb uranium 
based on detailed deposit analysis is about 60,000 short tons per year; a 
level of 90,000 short tons at <$50 per lb was assumed. Therefore, annual 
demand exceeding 60,000 short tons would require use of $30 to $50 per lb 
resources even though <$30 per lb resources would continue to be exploited. A 
production level over 80,000 short tons per year would be sustainable for 
about 10 years from the <$50 per lb resources; thereafter the >$50 per lb 
resources must be used. Attainable production levels are assumed to be
50.000 short tons per year from <$30 per lb resources to 80,000 short tons 
from <$50 per lb resources for the low-supply case and 70,000 (£$30 per lb) to
130.000 (<$50 per lb) short tons for the high-supply case.

Low-Grade Conventional Resources (>$50 per lb U^Qg)— There are about 1.4 mil
lion short tons U 0_ in high-grade sandstone deposits that are potentially 
available at forward costs greater than $50 per lb; 400,000 short tons of 
this resource are associated with reserves. It is assumed for all three 
supply cases that 500,000 short tons of this higher-cost material would be 
"recoverable" and "available" before uranium would be produced from shales. 
It was. also assumed that production capacity can increase at a rate of 3,500 
short tons per year..

Shale Resources— The Chattanooga shales are estimated to contain 5 million 
tons of U^Og at an average concentration of 60 parts per million uranium. 
There are variations in the grade, average thickness, minability, suitability, 
and other products recovered that will result in varying production costs. 
Estimates of the uranium recovered from Chattanooga shale have been developed 
by Mountain States Research and Development Company (Reference 8) for some of 
these variations. It is assumed for all three supply cases that 1 million
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tons of U^Og would be available from shale at a price of $160 per lb U„0., 2 
million tons at $200, and 2 million tons at $260. If oil were recovered from 
the shale, as is likely if the shales are mined, then the uranium price could 
be somewhat lower. However, because of the uncertainties associated with the 
shale oil production timing and the large plant investment needed per unit of 
UgOg produced, the higher prices associated with production of uranium with no 
credit for other products were used for this analysis.

Methodology

The basic methodology used in the price projection is presented diagraro
matically in Figure 13. The demand for a particular scenario will be filled 
with lowest cost available resources subject to the supply constraints of a 
maximum annual supply from the resource cost category and the maximum cumula
tive supply from that category. The cost of production necessary to satisfy 
demand sets the market price.

As an example, demand in the year 2003 would be 80,000 tons (annual) and 
1,000,000 tons (cumulative) for the standard light-water reactor and the 
high-nuclear growth. Using the mid-supply case assumptions, the <$30 per lb 
resources are examined to determine if there is sufficient supply to meet 
cumulative demand; it is evident that there are more than enough available 
resources, almost 3 million short tons at this cost level to meet the cumu
lative demand. However, since the maximum annual production capacity for 
<$30 per lb resources is assumed to be 60,000 short tons, about 25 percent of 
production must come from higher cost, $30 to $50 per lb resources, to meet 
demand. The highest forward-cost category that must be produced for this 
example is about $40 per lb. This forward cost is then used to establish the 
price for all the U„0_ production during the year.

In most scenarios involving nonshale resources and high demand, the production 
capability constraint is more important than the total available resource in 
terms of setting price. There may be adequate total resources available at 
a certain level, but the rate at which they can be brought into production is 
usually less than the rate of increase of demand.
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Prices

Price is determined by defining the forward cost of the marginal producer 
to meet demand, then adding a factor for sunk costs, taxes, interest on 
debt financing, return on investment, and some other terms. A return on 
investment of 20 percent after taxes was assumed for determining prices, 
which is considered appropriate for a high-risk, raw-material industry. 
Addition of these factors results in a price about double the forward cost. 
Thus, for the example cited above, a price of $80 per lb is estimated for the 
mid-supply case after consumption of 1 million tons of uranium resources. The 
estimates for shale resource economics include these other factors, and no 
adjustment is necessary. The resulting price projections are presented in 
Table 4 and are graphed in Figure 14.
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TABLE 4

U-0o PRICE PROJECTION 
Vin 1978 dollars)

U^Og Prices

High Mid Low
Cumulative Demand Price Price Price

0 (1978) 20 20 20
0.5 65 55 50
1 90 . 80 70
1.5 120 95 75
2 160 100 80
2.5 170 110 85
3 180 125 85
3.5 190 140 90
4 200 160 90
4.5 215 170 95
5 230 180 100
5 .’5 260 190 105
6 260 200 110

Note: Intermediate prices can be calculated using linear interpolation
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SUMMARY OF THE NASAP ECONOMIC DATA BASE 
FOR U.S. ELECTRIC UTILITY INDUSTRY CONDITIONS

This appendix contains a listing of the economic assumptions that were used 
in the analysis of domestic nuclear-power economics. It also contains brief
discussions of how the assumptions were developed. The data base presents the
nominal values used for costs, and where appropriate the nominal values are 
followed by a range of values in parentheses which represent cost uncer
tainties. This appendix summarizes the NASAP economic data base in Volume IX. 
The data base in Volume IX‘ contains additional information on the derivation 
of the assumptions and lists cost assumptions for systems considered by NASAP
but not treated in this volume.

Following is a list of brief descriptions of the reactor and fuel-cycle 
systems used in the Data Base, and explanations of the abbreviations used for 
the different fuel types.

Light-Water Reactor Fuels

LEU Current, OT— A current-technology once-through light-water reactor of 
the pressurized water type that uses low-enriched uranium (about 3.0 percent 
U-235) fuel.

LEU 15% Improved, OT— A once-through light-water reactor that uses low-
enriched uranium (about 4 percent) U-235 fuel. This reactor incorporates a
high-burnup fuel design of about 50 megawatt days per kilogram of heavy
metal and fuel management changes that result in 15 percent less U^Og 
requirements than current light-water reactors.

LEU 30% Improved, OT— A once-through light-water reactor that uses low-
enriched uranium (about 4 percent or less) U-235 fuel. This reactor incor
porates a high-burnup fuel design and fuel management and reactor design 
changes that result in 30 percent less U^Og requirements than current 
light-water reactors.

MEU3 (Th), Recycle— A light-water reactor which is fueled with U-233 from an 
external source such as a fast-breeder reactor. The U-233 is denatured in 
U-238, and the uranium is mixed with fertile thorium to produce additional 
U-233 during irradiation which is recovered by reprocessing.
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Pu/U— Light-water reactor recycle fuel containing plutonium mixed with 
U-238. If operated on self-generated recycle, this reactor would also 
require initial core and make-up uranium fuel such as "LEU 15% Improved, OT" 
described above.

Heavy-Water Reactor Fuel

LEU, OT— A once-through heavy-water reactor that uses low-enriched (about
1.2 percent) U-235 fuel.

High-Temperature Gas-Cooled Reactor Fuels

MEU5 (Th), OT-opt— An optimized once-through high-temperature gas-cooled 
reactor that uses denatured (low-enriched, about 20 percent) U-235 fuel in 
thorium.

MEU5 (Th), Recyle and MEU3 (Th), Recyle— These are fuels for a high-tempera
ture gas-cooled reactor which employs recycle of denatured (low-enriched) 
uranium fuela. The uranium is blended with thorium to produce U-233. The 
MEU5 (Th) fuel would be used in initial reactor cores and as makeup fuel 
enriched to less than 20 percent. The MEU3 (Th) fuel would be recycle fuel 
containing U-233 and U-235 denatured in U-238 such that it would not be a 
weapons-usable material.

HEU5 (Th), Recyle and HEU3 (Th), Recyle— These are fuels for a high-tempera
ture gas-cooled reactor which employs recycle of high-enriched uranium 
fuels. The uranium is blended with thorium to produce U-233. The HEU5 
(Th) fuel would be used in initial reactor cores and as makeup fuel enriched 
to about 93 percent U-235. The HEU3 (Th) fuel would be recycle fuel con
taining U-233 and U-235 in high concentrations.

Liquid-Metal Fast-Breeder Reactor Fuels

Pu(U)/U— These are core + axial blanket fuel assemblies which contain 
plutonium mixed with depleted uranium in the core region and depleted 
uranium in the blanket region.

UP,, Radial Blanket— Radial blankets containing depleted uranium oxide and 
used in the same reactor with Pu(U)/U fuel.

Pu(U)/Th— These are core + axial blanket fuel assemblies which contain 
plutonium mixed with denatured uranium in the core region and thorium in 
the blanket region.

ThÔ , Radial Blanket— Radial blankets containing thorium oxide and used in 
the same reactor with Pu(U)/Th fuel.
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Light-Water Prebreeder and Breeder Reactor Fuels

HEU (Th)-NRl— A light-water prebreeder reactor that uses high-enriched U-235 
fuel in thorium. This prebreeder design is based on a DOE Division of 
Naval Reactors design and would be retrofittable into current light-water 
reactors.

HEU (Th), Recycle— Light-water breeder reactors that use highly-enriched 
U-233 recycle fuel mixed in thorium.

Thfl Blanket— Blankets that contain thorium oxide for the seed-blanket
t-water breeder reactor concept developed by the DOE Division of Naval

Pu(Th), Recycle— A light-water prebreeder reactor that uses plutonium fuel 
in thorium to produce U-233 from the thorium to fuel light-water breeder 
reactors.

Table A-l. Projected Installed U.S. Nuclear Capacity

The projections of domestic nuclear generating capacity are based on two 
forecasting methods and cover two time periods. Energy-growth projections 
through 2000 were developed by the Department of Energy-Energy Information 
Administration (Reference 1). Projections for the years 2005 through 2025 
were extrapolated by the Department of Energy-Office of Policy and Evalua
tion. Two growth trends were considered. For the high trend, the growth rate 
ofa the demand for electricity was assumed to be 3.7 percent until the year 
200;0, then decreasing to 1.5 percent by 2025. Nuclear power generation was 
assumed to be 42 percent of total generating capacity in 2000 increasing to 50 
percent by 2025. For the low trend, the growth rate of electrical power was 
assumed to be 2 percent in 2000, decreasing to zero by 2025. Thirty-four 
percent of electricity was assumed to be generated by nuclear throughout. The 
median case is the average of the low and high cases.

Subsequent to the preparation of these analyses, new projections were made 
available by the Energy Information Administration (Reference 2). Through the 
year 2000 these new projections are more representative of current trends than 
the previous projections. The new high growth trend is an extension of the 
mid-growth trend in which the average rate of deployment from 1995 to 2000 
(10.4 GW/year) is increased to 19 GW/year from 2000 to 2010, and to 22.5 
GW/year between 2010 and 2020. These long-term estimates are preliminary

Reactors.
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TABLE A-l
PROJECTED INSTALLED U.S. NUCLEAR CAPACITY

(GW)

Growth Trend

Year Low Median High1

1985 100 (102) 111 (114) 122 (118)
1990 157 (142) 175 (152) 192 (171)
1995 200 (186) 238 (208) 275 (225)
2000 255 (235) 325 (260) 395 (300)
2005 275 378 480
2010 295 443 590 (450)
2015 305 498 690
2020 315 558 800 (675)
2025 320 615 910

projections made using a new model, and the Energy Information Administration 
intends to update and broaden these projections in 1980. These are shown in 
parentheses in Table A-l.

Tables A-2 and A-3. Capital Investment Costs -

The capital investment costs include an owner's cost of approximately 7 per
cent of direct and indirect costs for nuclear plants and 8-1/2 percent for 
coal plants, but do not include heavy-water inventory costs applicable to the 
heavy-water reactor. The interest during construction included in Table A-3 
is based on a deflated average cost of money of 4.5 percent and cash flow for 
ten-years' design, licensing, and construction lead time for nuclear plants 
and eight years for coal plants equivalent to 20 percent of the sum of direct, 
indirect, and owner's costs for nuclear plants and 13 percent for coal plants. 
Plant costs were scaled using approximate scaling factors. To determine 
capital investment cost in $/kW for other unit sizes, the following relation
ship is used.
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' TABLE A-2

CAPITAL INVESTMENT COSTS 
(1/1/78 $/kW, not including interest during construction)

Power Plant Type Nominal Capital Cost3

1000 MW 1300 MW

Light-water reactor 665 575

High-tempp.rature gas-cooled 
reactor

700 605

Heavy-water reactor , 
(fuel enriched to 1.2% U-235)

715 620

Liquid-metal fast-breeder 
reactor

900 775

Light'-water breeder reactor 
(seed-blanket reactor)

700 605

Light-water breeder reactor 
(high-gain converter)

685 . 590

alncludes 7 percent owner's cost during construction for nuclear plants.

Cost of heavy-water excluded.

A-5



D R A F T

TABLE A-3

CAPITAL INVESTMENT COSTS 
(1/1/78 $/kW, including interest during construction)

Power Plant Type
Nominal 

Capital Cost a Range 
(Percent of 
light-water 
reactor)1000 MW 1300 MW

Light-water reactor 8UU 690

High-temperature 
gas-cooled reactor

840 (800-960) 730 (690-830) 100-120

Heavy-water reactor 
(fuel enriched to 
1.2% U-235)

860 (800-960) 740 (690-830) 100-120

Liquid-metal 
fast-breeder reactor

1080 (1000-1200) 930 (860-1040) 125-150

Light-water breeder 
reactor (seed-blanket 
reactor)

840 (840-920) 730 (720-790) 105-115

Light-water breeder 
reactor (high-gain 
converter)

820 (820-880) 710 (710-760) 103-110

800 MW 1000 MW

Coal
With scrubber 
(high-Btu coal)

570 (510-630) 530 (480-580) +10 percent

alncludes 7 percent owner's cost during construction for nuclear plants 
and 8.5 percent for coal plants.

Cost of heavy-water excluded.
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/ Size, MW '
Cost-, $/kW = (Reference cost, $/kW) I ___________________

1 Reference size, MW

where n = -0.55 for nuclear plants, and 
n = -0.35 for coal plants.

All capital investment cost estimates have been normalized to an estimate 
of $800/kW for a 1000-MW light-water reactor, including owner's costs and 
interest during construction ($665/kW not including interest during construc
tion). Estimates for 1000 MW plants are provided because 1000 MW is often 
used in other cost analyses, although most reactors scheduled for future 
operation are several hundred megawatts larger. The nominal capital costs 
used in this analysis are for 1300 MW plants, which is consistent with current 
utility-plans and Nuclear Regulatory Commission limits on size. The nominal 
costs were scaled from the 1000 MW costs using the above formula.

The bases for the various capital investment cost estimates are as follows. 
The 1000-MW normalized cost estimates are in general based on the recommenda
tions of United Engineers & Constructors Inc. (UE&C) for Department of 
Energy energy alternative studies and generally conform to investment cost 
estimates developed by contractors for NASAP. However, there are a few 
exceptions which are also discussed.

The estimate of $800/kW for the 1000 MW light-water reactor is the most recent 
update by UE&C reflecting increased home office engineering costs. The 800 MW 
coal plant estimates are also based on the most recent update by UE&C. The 
nominal capital investment cost estimate for high-temperature gas-cooled 
reactor plants based on UE&C data is 5 percent higher than the light-water 
reactor cost estimate.

The nominal capital investment cost estimates for pressurized heavy-water 
reactor plants using enriched uranium fuel (1.2 percent U-235) reported by 
UE&C and by Combustion Engineering, Inc. are both approximately 8 percent 
higher than comparable light;-water reactor plant cost estimates.
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Capital investment cost estimates for liquid-metal fast-breeder reactor plants 
are based on UE&C recommendations, which are reasonably well confirmed by a 
number of other sources.

Capital investment cost estimates for light-water breeder reactor plants are 
based on studies by Burns and,Roe, Inc.

*
Table A-4. Operation and Maintenance Costs

Operation and maintenance cost estimates for light-water reactor, high- 
temperature gas-cooled reactor, heavy-water reactor, and liquid-metal fast- 
breeder reactor plants are based on cost estimating guidelines developed at 
Oak Ridge National Laboratory (ORNL) for use by United Engineers & Construc
tors Inc. and the Department of Energy-Officc of Nuclear Energy Programs 
Program Planning and Analysis. The estimates for light-water breeder reactor 
plants are assumed to be the same as for light-water reactor plants.

TABLE A-4 
OPERATION AND MAINTENANCE COSTS3

(1/1/78 $/kW-year)

Power Plant Type Fixed Variable^

Light-water reactor 13 1

High-temperature gas-cooled reactor 12 1

Heavy-water reactor 16 1

Liquid-metal fast-breeder reactor 17 1

Light-water breeder reactor 13 1

Coal with scrubber 10 12

3 Based on 1000-MW reac-tor and 800-MW coal plant sizes, 
k Must be multiplied by the capacity factor for given year.
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Table A-5. Fuel Fabrication Costs

The fuel fabrication unit costs are based on recent estimates. All costs 
shown are for a developed industrial operation. First-of-a-kind costs are not 
included. The costs are estimated market prices in 1978 dollars. Two assump
tions on capitalization were made. The first set of costs are based on a
so-called "typical industry" capitalization. The financial structure used is 
typical of a large chemical or petroleum company. A 14-percent return on 
equity and is 8.3 percent interest on borrowed money are assumed along with a 
capitalization ratio (equity/debt) of 65/35. An effective fixed charge rate 
on capital investment of 22.6 percent was estimated and used in the calcula
tion of the unit costs. The second set of costs is based on a so-called
"high-risk industry" capitalization. The financial structure used is typical 
of private commercial vendor's approach to new and risky ventures. The entire 
capitalization is assumed to be equity financing with a 15-percent return on 
equity. An effective fixed-charge rate on capital investment of 31.6 percent 
was estimated and used in the calculation of the units costs. The plant sizes 
associated with the unit costs are included in the table. Costs for nonspiked 
plutonium fuels are based on a remotely operated but contact-maintained 
facility. U-233 fuels were assumed to be fabricated in a remotely operated 
and maintained facility.

Tn order to obtain costs at plant sizes other than the 2 t/day reference size 
plant, scale factors were established for conversion of these reference costs 
to other capacities. The equation used for estimating costs as a function of 
capacity is:

Cu Co

where

= cost of unknown plant in given category 

Cq = cost of reference plant in given category 

Xu = capacity of unknown plant 

Xq = capacity of reference plant 

Y = scaling factor for cost category
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TABLE A-5
FABRICATION COSTS 

(l/i/78 $7kg heavy metal)

Unit Cost a,b,c

Reactor/Fuel Type

Typical
Industry
Financing
($/kg)

Plant Capacity. 
(Metric tons 
of heavy metal 
per day)

High Risk 
Industry 
Financing 
($/kg)

Light-water reactor 
(pressurized)

LEU Current., OT 110 (100-120) 6 130 (120-140)
LEU 15% imp., OT 140 (130-150) 2 160 (140-180)
LEU 30% imp. , OT 160 (140-180) 2 190 (170-210)
MEU3 (Th), Recycle 660 (140-180) 2 870 (650-1090)
Pu/U, Recycle 4.30 (320-540) 2 540 (410-680)

Heavy-water reactor
LEU, OT

High-temperature 
gas-cooled reactor

MEU5 (Th), OT 
MEU5 (Th), Recycle 
MEU3 (Th), Recycle 
HEU5 (Th), Recycle 
HEU3 (Th), Recycle

Liquid-metal fagt- 
breeder reactor

Pu(U)/U
Pu(U)/Th
U0„ radial blanket 
ThO^ radial blanket

Light-water prebreeder 
and breeder reactor

HEU5 (Th)-NRl 
HEU3 (Th), Recycle 
Pu (Th)
Th02 blanket

75 (70-80)

640 (580-700) 
610 (580-670) 
1130 (850-1410) 
410 (310-510) 
960 (720-1200)

650 (49U-81U) 
660 (500-830) 
140 (130-150) 
150 (140-170)

140 (130-150) 
660 (500-830) 
440 (330-550) 
140 (130-150)

2
2
2
2

2
2
2
2

110 (100-120)

750 (680-830) 
710 (640-780) 
1430 (1070-1790) 
490 (370-610) 
1230 (920-1540)

810 (610-1010) 
830 (620-1040) 
160 (140-180) 
170 (150-190)

170 (150-190) 
820 (620-1030) 
560 (420-700) 
170 (150-190)
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TABLE A-5 (Continued)
FABRICATION COSTS 

(1/1/78 $/kg heavy metal)

a Effective fixed-charge rates on initial capital investment: typical
industry, 22.6%; and high-risk industry, 31.6%.

Fixed-charge rate includes:
Return on investment 
Return of investment 
Income taxes 
Property taxes 
Interim replacement

Initial capital investment includes:
Direct investment
Capitalized interest during construction 
Capitalized preoperational costs

Effective full production days per year:
Contact operation - 260 
Remote operation ~ 240

c ■„ .Cost uncertainty

 ̂ Fuel Type Range ■
U-235 Fuels -10%, + 10%
Pu Fuels -25%, + 25%.
U-233 Fuels -25%, + 25%

b

d Unit cost for core fuel assemblies applies to total heavy-metal throughput 
for core + axial blanket. . . •
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Fabrication cost components are divided into four categories: investment
in the facility, investment in equipment, operating costs, and material 
costs. The scaling factor, Y , for each category is:

Y = 0.6 for contact-operated facility costs

Y - 0.8 for remotely-operated facility costs

Y = 0.7 for equipment

Y = 1.0 for expendable material and hardware

Y = 0.8 for operating costs

The light-water breeder reactor, prebreeder and high-gain converter fuel 
fabrication costs are preliminary estimates. The unit costs are assumed to be 
the same as those for light-water reactor fuels.

Table A-6. Reprocessing Costs

Two sets of unit reprocessing costs are given as representative of two 
approaches for spent-fuel reprocessing. Estimates of facility costs for 
plants similar to the Allied General Nuclear Services (AGNS) plant at Barn
well, South Carolina, assume current perceived regulations with semiremote 
maintenance. The direct investment cost of such a facility with an output of 
1,500 t/yr of heavy metal was estimated at $1.0 billion with an annual operat
ing cost of $50 million.

The estimates for canyon-type facility costs are based on work by the Savannah 
River Laboratory. This facility, as well as having fully remote maintenance, 
is designed in anticipation of much more stringent safeguards and operating 
criteria than required by current regulations. Laboratory personnel estimate 
that the capital investment required for a plant with an output of 1,500 t/yr 
of heavy metal is $1.6 billion with annual operating costs of $50 million.

Fuel-reprocessing investment and operating costs for the high-temperature 
gas-cooled reactor were obtained by proportionally adjusting Oak Ridge
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TABLE A-6

UNIT REPROCESSING COSTS® 
(1/1/78 $/kg heavy-metal)

Reactor/Fuel Type

Typical Industry Financing 
b , c , d , eUnit Cost

Semi-Remote
AGNS-Type
Facility

($/kg)
Fully Remote 
Canyon-Type 

Facility

Light-water reactor/heavy-water 
reactor

LEU Current, OT; LEU 15% imp., 
OT; and Pu(U)

MEU3 (Th), recycle
250 (250-310) 
270 (270-340)

370 (370-400) 
410 (410-510)

Fast-breeder reactor - core + axial 
blanket

Pu(U)/U
Pu(U)/Th

350 (350-440) 
390 (390-490)

450 (450-560) 
490 (490-610)

Fast-breeder reactor - radial blanket

,U0„ radial blanket,
,Th02 radial blanket

270 (270-340) 
290 (290-360)

390 (390-490) 
430 (430-540)

High-temperature gas-cooled'reactor

MEU3 (Th), recycle 
MEU5 (Th), recycle 
HEU3 and HEU5 (Th), recycle

300 (300-380) 
330 (330-410) 
290 (290-360)

450 (450-560) 
500 (500-630) 
440 (440-550)

Light-water prebreeder and 
breeder reactors

HEU5 (Th)-NRl;
HEU3 (Th), recycle;
TT1O2 blanket and Pu(Th)

270 (270-340) 410 (410-510)
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TABLE A-6 (Continued)

UNIT REPROCESSING COSTS3 
(1/1/78 $/kg heavy-metal)

High-Risk Industry Financing
Unit Costb>C,d,e_____ ($/kg)
Semi-Remote Fully Remote
AGNS-Type ' Canyon-Type 

Reactor/Fuel Type Facility  ̂ Facility

Light-water reactor/heavy-water
reactor

LEU Current, OT; LEI 
OT; and Pu/U 

MEU3 (Th), recycle

1 15% imp.,
330
360

(330-410) 
(360-450) '

510
560

(510-640)
(560-700)

Fast-breeder reactor - core + axial
blanket

Pu(U)/U
Pu(U)/Th

480
530

(480-600)
(530-660)

620
680

(620-780)
(680-850)

Fast-breeder reactor - radial blanket

U0„ radial blanket 
ThO^ radial blanket

360
390

(360-450)
(390-490)

530
590

(530-660)
(590-740)

High-temperature gas-cooled reactor

MEU3 (Th), recycle 
MEU5 (Th), recycle 
HEU3 and HEU5 (Th), recycle

400
450
390

(400-500)
(450-560)
(390-490)

620
690
590

(620-780)
(690-860)
(590-740)

Light-water prebreeder and breeder
reactor

HEU5 (Th)-NRl; 360 (360-450) 560 (560-700)
HEU3 (Th), recycle;
TH02 blanket; and Pu(Th)
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TABLE A-6 (Continued)

UNIT REPROCESSING COSTS3 
(1/1/78 $/kg heavy-metal.)

Footnotes as shown on previous page.

3 Does not include spent-fuel shipping costs, waste shipping costs, or 
waste storage costs.

k Developed industry costs. These costs do not include first-of-a- 
kind costs.

C Effective fixed-charge rates on initial capital investment: typical
industry, 22.6%; and high risk industry, 31.6%.

Fixed-charge rate includes:

Return on investment 
Return of investment 
Income taxes 
Property taxes 
Interim replacement

Initial capital investment includes:

Direct investment
Capitalized interest during construction 
Capitalized preoperational costs

^ Reprocessing plant average annual throughput = 1,500 t/yr. (5 t/day 
for 300 days per year.)

6 Cost uncertainties: 0, +25%

\
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National Laboratory estimates to make the light-water reactor PUREX estimates 
agree with the above values for plants similar, to the Allied General and 
Savannah River plants.

For other fuels and reprocessing methods, the capital cost estimates were 
obtained from the Department of Energy's Alternate Fuel-Cycle Evaluation 
Program. A $50 million annual operating cost is used throughout. The 
unit costs were obtained by applying the same financial assumptions and 
cost estimating procedures as were discussed under Table A-5.

All estimated costs are for a plant with an annual output of 1,500 t/yr 
of heavy-metal. At this output, the plant is assumed to operate for 300 
days a year. In order to obtain costs at plant sizes other than this plant 
size, a cost scale factor as discussed under Table A-5 (applied to capital 
investment and annual operating costs) of 0.60 should be used for capacities 
down to 1,200 t/yr and 0.35 below 1,200 t/yr of heavy-metal.

The range of uncertainty shown is. from 0 to +25 percent. This reflects a 
judgement that lower costs are unlikely, but that there exists uncertainty 
about design, licensing, safeguards criteria, and plant capacity that could 
increase costs.

Table A-7. Shipping and Waste Storage Costs

Table A-7 contains estimates of spent-fuel shipping, reprocessing plant 
waste shipping, "waste disposal, and spent-fuel disposal costs. The current 
spent-fuel shipping costs are based on recent estimates by Oak Ridge National 
Laboratory. This estimate updates cask and freight costs and uses fuel 
assembly characteristics consistent with the current NASAP designs.

Wastes include all waste from the reprocessing plant (high-level waste, 
cladding hulls, transuranic waste, low-level nontransuranic waste). Previous 
estimates were modified to account for inflation between 1976 and 1978 and for 
an adjustment of the compaction factor for transuranic and low-level non
transuranic wastes to 10:1. The heavy-water reactor cost estimates were also 
adjusted to the waste composition of the enriched uranium (1.2 percent U-235) 
fuel cycle instead of natural uranium fuel. A 180-day cooling period is 
assumed for fuel shipped to the reprocessing plant.
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TABLE A-7

SHIPPING AND WASTE STORAGE COSTS 
(1/1/78 $/kg heavy-metal)3

Reactor/Fuel Type

Light-water reactor 
and light-water
breeder reactor____
Heavy-water reactor

Spent-Fuel 
Shipping Costs

15 (10-20) 

10 (5-15)

Waste
Shipping

Costs

10 (5-15)

5 (3-7)

Wasti Storage 
Costs

50 (25-75) 

25 (13-38)

High-temperature 
gas-cooled reactor

MEU5 (Th), OT-opt 
MEU3 (Th), recycle 
MEU5 (Th), recycle 
HEU3 and HEU5 (Th), 
recyc1e

Liquid-metal fast- 
breeder reactor

Pu(U)/U and 
UO. radial blanket 
PutU)/Th and Th02 
radial blanket

180 (110-250) 
160 (100-220) 
100 (60-140) 
90 (50-130)

90 (55-125) 

100 (60-140)

30 (20-40) 
30 (20-40) 
30 (20-40)

25 (15-35) 

25 (15-35)

60 (30-90) 
60 (30-90) 
60 (30-90)

100 (50-150) 

100 (50-150)

aNominal values are shown along with a range in the parentheses 
cost uncertainties below. The estimates have been rounded.

Cost Uncertainty

Shipping: +40%
Waste Storage: +50%
Permanent Storage: +50%

Permanent
Spent-Fuel
Storage

120 (60-180) 

60 (30-90)

240 (120-360)

based on the
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The $120/kg light-water reactor spent-fuel permanent storage cost (or disposal 
cost) was rounded from $117/kg given as the reference number in a recent 
Department of Energy study (Reference 9). Comparable numbers for heavy-water 
and high-temperature gas-cooled reactors are not available. The permanent 
fuel storage costs for heavy-water reactors should be less than that for 
light-water reactor fuels since the fuel burnup is less and there is more 
heavy-metal mass per unit volume of element. The high-temperature gas-cooled 
reactor fuel on the other hand has a higher exposure and more volume per 
heavy-metal content than the light-water reactor fuel. Therefore, the 
permanent fuel storage 'cost of the heavy-water reactor is assumed to be about 
one-half that of the light-water reactor ($60/kg); and the-permanent storage 
cost of the high-temperature gas-cooled reactor is assumed to be about double 
that for the light-water reactor ($240/kg).

Table A-8. Enrichment Cost and Tails Composition

The enrichment costs given in this table assume commercial pricing for enrich
ment. The $100 per unit of separative work is based on Department of Energy 
estimates. Current technology consists of the gaseous diffusion and centri
fuge methods. Several advanced systems are being developed. The advanced 
enrichment processes are assumed to supply feed to the gaseous diffusion or 
centrifuge plants at an equivalent price of $43 per lb of Uj°g» ancl to operate 
with a tails composition of 0.05 percent.

TABLE A-8

ENRICHMENT COST AND TAILS COMPOSITION

Cost
Tails Composition (per unit of

Weight Fraction U-235N separative work)

Current Technology3 

Advanced Technology

3 Gaseous diffusion and centrifuge.
k It is assumed that advanced systems will be used to reduce the quantity of 

enrichment plant tails in the stockpile by enriching the tails to the U-235 
content of natural uranium.

.0020

.0005

$100

b

A-18



D R A F T

Table A-9. Money Costs for Power Plants

All costs in the NASAP analyses are specified in January 1, 1978 dollars, so 
that inflation is ,removed from the comparative analyses. The money costs 
given in Table A-9 are representative of a typical U.S. electric utility. The 
decommissioning cost is based on a recent Oak Ridge National Laboratory 
analysis. In this analysis, a cost equal to 5 percent of the initial invest
ment is accumulated: in a sinking fund over the life of the plant. Both 
uninflated and actual costs (based on a 5.5 percent per year average inflation 
rate) are given, but only the uninflated (deflated) money costs are to be 
used. The heavy-water charge rate is based on the assumption that heavy water 
will be treated as a nondepreciable asset and will be subject to property 
taxes.

Table A-10. Additional Data

Table A-10 includes miscellaneous data used in NASAP economic analyses. 
The UF^ conversion cost ' is approximately current market price. The fissile 
material storage charge is an estimate. Out-of-reactor times for fuel recycle 
are estimated at from one to two years. The value of two years was chosen as 
an attainable figure. The estimated fissile material losses are attainable in 
current practice. These losses may be reduced in the future due to more 
stringent safeguards and accountability.

The heavy-water reactor could have a higher capacity factor mainly because of 
on-line refueling. The heavy-water costs are based on current heavy-water 
sales prices and an initial heavy-water requirement of 0.75 metric tons per MW 
for the heavy-water reactor. If they were to be commercialized in the U.S., 
new facilities would be required. The cost of heavy-water from such facili
ties needs to be evaluated. An analysis by S. M . Stoller Gorporation indi
cates that heavy-water from new facilities may cost from $110 to $150 per lb.
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TABLE A-9 

MONEY COSTS FOR POWER PLANTS 

Uninflated 

Debt interest, % 2.5

Equity return, % 7.0

Debt fraction 0.55

Equity fraction 0.45

Effective rate of return, % 4.5

Effective income tax rate, %. 50

Fixed charge^ratc 
on capital, %

Heavy-gater charge 
rate, %

10.1

10.2

Actual

8.1

12.9

10.3

15.8

18.6

Normal utility practice, including inflation at 5.5 percent 
per year.

5 Fixed-charge rate breakdown is as follows:

Power Plant

Uninflated Actual 
(%) (%)

Heavy Water

Uninflated Actual 
(%) (%)

Return (effective interest rate) 4.525 10.26 4.5 10.5
Sinking fund depreciation 1.632 0.58
Income tax 0.75 1.73 3.2 5.8
Property tax 2.50 2.50 2.5 2.5
Property insurance 0.25 0.25
Interim replacement 0.35 0.35
Decommissioning sinking fund 0.08 0.14

Total Fixed Charge Rate 10.1 15.8 10.2 18.6
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TABLE A-10 

ADDITIONAL DATA

Cost of converting U^Og to UFg, $/kg-U

Fissile storage charge after reprocessing, $/g-year 2 (U-233 and
fissile
plutonium)

Out-of-reactor time
(fabrication lead time + reprocessing lag time), 2
years

Fissile material losses, %
conversion 0.5
fabrication 1.0
reprocessing 1.0

Reference capacity factors, %
heavy-water reactor 70-75
all others . 70

Heavy-water cost, $/kW 160, +2 0%3

3 Based on $97/lb D2O .
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GLOSSARY

Advanced converter reactor - Usually refers to a converter reactor other than 
a light-water reactor (LWR) and having better fuel utilization.

Assay - Normally the percentage by weight of uranium that is U-235.

Axial blanket - Blanket material that is located above and below (axially) 
the core region of a reactor. Fast-breeder core fuel assemblies normally 
contain a core region between two axial blanket regions.

Blanket - Fertile material placed around fissionable material in a reactor, 
usually a breeder, which absorbs excess neutrons to produce or breed fissile 
material.

Breeder reactor - A nuclear reactor that produces more fissile material than 
it consumes.

Capacity factor - The ratio of the actual electrical energy output of a 
generating plant to the amount of energy that would have been produced if the 
plant operated continuously at full-capacity.

Capital cost - For any generating plant or fuel cycle facility, the total 
cost of design, licensing, and construction, including the initial plant 
investment, plant replacement parts, and plant decommissioning, including the 
return on the investment, income taxes, property taxes, and property insur
ance.

Commerc ializat ion - The process of establishing market and institutional 
conditions conducive to profitable commerce associated with the manufacture 
and sale of products, services, systems, or related products and services of 
interest.

Conversion ratio - The ratio of the number of atoms of new fissile material 
produced in a converter reactor to the original number of atoms of fissile 
material consumed.

Converter reactor - A reactor that produces some fissile material, but less
than it consumes. In some usages, a reactor that produces a fissile material 
different than the fuel burned, regardless of the conversion ratio.

Core - The area of the nuclear reactor where the fuel fissions and releases 
energy.
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Countermeasure - A technical or institutional barrier imposed upon nuclear 
systems to reduce or eliminate a weakness or vulnerability of the system to 
proliferation.

Denatured uranium (DEU) - Generally, any mixture of uranium isotopes in which
the concentration of fissile isotope(s) is too low to permit the material to
be used for explosives without further enrichment. It is normally assumed 
that uranium of less than 20 percent U-235 or 12 percent U-233 is denatured. 
The fissile concentration in denatured uranium fuel is usually assumed to be 
within a few percent of the denatured concentration limit, but lower Con
centrations may also he called denatured;

Denaturing - A technique employed to render fissile nuclear material unsuit
able for explosive weapons by mixing in other isotopes of the same element. 

-Usually refers to the dilution of U-233 in U-238.

Deployment - The process of achieving installations of a number of workable 
products or systems in a particular time frame.

Enrichment - The process of increasing the concentration of one isotope of
a given element, usually the increasing of the concentration of fissile U-235 
in fertile U-238.

Equilibrium - For a reactor or system of reactors where recycle is employed, 
it is the point where the breeding of fissle material occurs at a constant
rate and make-up requirements are constant, if required.

Fast breeders - A reactor that operates with high energy (fast) neutrons and 
produces more fissionable material than it consumes.

Fertile material - Elements that may capture a neutron to form an element
that eventually decays to become a fissile element. Examples are uranium-238 
and thorium-232.

Fissile material - Elements that are capable of sustaining a nuclear chain
reaction and characterized by leading to fission following the absorption of a 
thermal neutron. Examples are uranium-233, uranium-235, and plutonium-239.

Fission - The splitting of a nucleus usually into two or more lighter ele
ments. The total mass of the resulting particles is less than that of the 
original atom, the difference being converted into energy.
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Fresh fuel - Fuel assemblies that have not yet been irradiated in a reactor 
even though in the case of recycle and fast-breeder systems, it may contain 
fissile and fertile material that has been used in a reactor before.

Fuel cycle - The iset of chemical and physical operations needed to prepare 
nuclear material for use in reactors and to dispose of or recycle the material 
after its removal from the reactor.

Fuel fabrication plant - A facility where the nuclear material (e.g. , enriched 
&? natural uranium) 10 fabricated into fuel elements to be inserted into a 
reactor.

Fuel burnup - Consumption of fuel in a reactor. It is frequently specified as 
the amount of energy released by a given mass of heavy metal.

Gigawatt (GW) - One-billion watts. It is a unit of measure of electricity 
generating capacity. Most current nuclear power plants have a capacity of 
about 1 GW.

Heavy-metal - The fissile and fertile elements used in reactor fuels includ
ing uranium, plutonium, thorium, and their fission products. These are 
generally metallic elements with an atomic number of 90 or greater.

Heavy-water - (Chemical Symbol D„0) Water containing significantly more than 
the natual proportion (one in 6500) of heavy hydrogen (deuterium) atoms to 
ordinary hydrogen atoms. Heavy water is used as a moderator in'some reactors 
because it slows down neutrons effectively and also has a low cross section 
for absorption of neutrons.

Heavy-water reactor (HWR) - A nuclear reactor which uses heavy water (deuter
ium)for moderation and cooling.

High-enriched uranium (HEU) - Uranium with U-235 concentrations greater than
20 percent; enrichments of 90 percent and more are often used in making 
weapons-related estimates.

High-gain converter - A converter reactor with a high conversion ratio 
(significantly higher than current light-water reactors). In the NASAP 
analysis usually refers to a water-cooled breeder reactor with a conversion 
ratio less than 1.
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High-temperature gas-cooled reactor - A nuclear reactor which is cooled with a 
gas, usually helium.

Indifference point - In this economic-analysis it is the equivalent price 
of uranium or the point in time when two different reactor systems could be 
added to a generating system for the same total marginal cost, i.e., the point 
at which a utility would be indifferent economically in choosing between two 
systems.

Isotopes - Atoms of the same chemical element whose nuclei contain different 
numbers of neutrons and hence have different masses, even though chemically 
identical. Isotopes are specified by their atomic mass number, that is, 
the total number of protons plus neutrons, and a symbol denoting the chemical 
element, e.g., U-235 for uranium-235.

Lead plant - This is a step in the commercialization of a new technology. It 
is a plant designed to demonstrate large-size commercial-plant characteris
tics, economic and operating performance, and licensability. It is the last 
reactor plant in the demonstration phase.

Leadtime - It is the time that must be allowed to assure that a project (such 
as power plant construction or a fuel-cycle step) will be completed at the 
time required.

Learning curve - A record or projection of how costs change as more experience 
is gained with the design, construction, and operation of a new technology 
such as a new type of reactor. Normally, a learning curve would show a 
reduction in unit costs as experience is accumulated.

Levelization - The process of determining an equivalent factor (usually unit 
cost) which has a present value equal to the present value of the actual 
stream of factors.

Light-water reactor (LWR) - A nuclear reactor that uses ordinary water for
moderation and cooling.

Liquid-metal fast-breeder reactor (LMFBR) - A nuclear breeder reactor that 
is cooled with liquid metal (e.g., sodium) and is unmoderated so that neutrons 
operate in the fast spectrum, i.e., the energy of neutrons is not diminished 
greatly until they hit fissile or fertile material.
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Low-enriched uranium (LEU) - Uranium with U-235 concentrations of less than 20 
percent; although usually refers to fuel of about 3-5 percent enrichment such 
as that used in current light water reactors. It requires further enrichment 
to be used as a nuclear weapon material.

Mature industry - An industry which has completed its precompetitive phase 
in which there is a balance between suppliers and buyers, and prices repre
sent a competitive market in which no subsidization is required.

Natural uranium - Uranium as found in nature, containing about 0.7% of U-235, 
99.3% of U-2 38 and a trace of U-234. It is used as the fuel in CANDU heavy- 
water reactors.

Once-through - A nuclear fuel "cycle" in which spent nuclear fuel is disposed 
of or stored indefinitely.

Plutonium (Pu) - A heavy, radioactive, man-made metallic element. Its most 
important isotope is fissionable Pu-239, produced by neutron irradiation 
of U-238. It is used for reactor fuel and in nuclear explosives.

Plutonium-239 (Pu-239) - A fissile isotope created as a result of capture of a
neutron by U-238. It is a material usable for nuclear weapons.

Plutonium-240 (Pu-240) - An isotope whose presence complicates the construc
tion of nuclear explosives because of its high rate of spontaneous fission. 
It is produced in reactors when a Pu-239 atom absorbs a neutron instead of 
fissioning.

Prebreeder - A converter reactor operated to produce fissile material for a 
breeder reactor; in particular for a water-cooled breeder reactor.

Precompetitive costs - The costs associated with a new commercial technology 
over and above the costs of the mature industry. For reactors in this analy
sis, costs associated with plants after the lead plant until mature industry 
costs are achieved.

Preirradiation - Introduction of high levels of radioactivity into fuel 
assemblies by irradiation in a reactor before shipment.

Proliferation - The acquisition of nuclear explosive devices, or the capabil
ity to produce such devices in a time so short as to preclude interdiction, by 
nations or subnational groups which do not have them now.
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Proliferation resistance - A subjective characteristic of nuclear fuel cycles 
and the constraints under which they are deployed and operated that represents 
the extent to which proliferation would be inhibited or restrained. Depends 
on the technical capabilities of the potential proliferator and the political 
context in which proliferation is contemplated.

PUREX - Commercial reprocessing process for separating uranium and plutonium 
from spent fuel.

Radial blanket - Blanket material that is located horizontally (radially) 
relative to the core region of a reactor. Radial hi anker assemblies are 
usually located around the core region.

Reactor - A facility that contains a controlled nuclear fission chain reac
tion. It may be used to generate electrical power, to conduct research, or 
exclusively to produce fissile material for nuclear explosives.

Recycle - The reuse of uranium and plutonium in fresh fuel after separation 
from fission products in spent fuel at a reprocessing plant. '

Reprocessing - Chemical treatment of spent reactor fuel to separate the 
plutonium and uranium from the fission products and from each’ other.

Seed-blanket reactor - A light-water breeder reactor whose core includes 
regions of material with a high content of fissile material (the seed) sur
rounded by regions of material with a high content of fertile material (the 
blanket). As a result of fissions in the seed, neutrons are supplied to the
blanket where new fissile material is produced and more fission takes place.
In this way, the blanket is made to furnish a substantial fraction of the
total power of the reactor.

Scrubbers - Devices which remove a portion of the pollutants from the stack 
gas of coal-fired boilers and power plants.

Separative work unit (SWU) - A measure of the effort required to isotopically 
enrich uranium.

Spent fuel - Fuel elements that have been removed from the reactor because
they contain too little fissile material and too high a concentration of 
radioactive fission products. They are both physically and radioact ively
hot.
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Spiking - A technique to deter theft of nuclear fuel by the addition of highly 
radioactive substances. '

l :. . ' . .Tails - The stream of material from an enrichment plant in which the concen
tration of U-235 has been reduced below the level of the feed to the plant.

Thermal neutrons - Low-energy, or slow-moving, neutrons.

Thermal reactor - A reactor in which the fission chain reaction is sustained 
by low energy (thermal) neutrons.

Thorium-232 (Th-232) - The most common naturally occurring isotope of thorium. 
It is a fertile material which leads to the production of fissile U-233 after 
the absorption of a neutron.

Uranium-233 (U-233) - A fissile isotope bred from fertile thorium-232.

Uranium-235 (U-235) - A naturally occurring fissile isotope. Natural uranium 
has 0.7 percent of U-235.

Uranium-238 (U-238) - A fertile isotope from which Pu-239 can be bred. It 
comprises 99.3 percent of natural uranium.

Water-cooled breeder reactor - A nuclear reactor that is cooled and moderated 
with water and which has a conversion ratio of about 1. Either light or 
heavy-water may be used.
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