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Chapter 5 — Nuclear Power Economics -

Investments in commercial nuclear generating
facilities will only be forthcoming if investors
expect the cost of produciag electricity using
nuclear power will be lower than the risk-
adjusted costs associated with alternative elec-
tric generation technologies. Since nuclear
power plants have relativel high capital costs
and very low marginal operating costs, nuclear
energy will compete with alternative electricity
generation sources for “baseload” (high load
factor) operation. We recognize that over the
next 50 years some significant but uncertain
fraction of incremental electricity supplies will
come from renewable ensrgy sources (e.g.
wind) either because these syurces are less cost-
ly than alternatives or because government
policies (e.g. production tax credits, high man-
dated purchase prices, and renewable energy
portfolio standards) or consumer choice favor
renewable energy investmrents. Despite the
efforts to promote renewable energy options,
however, it is likely that a large fraction of the
incremental and replacement investments in
electric generating capacity needed to balance
supply and demand over the next 50 years will,
in the absence of a nuclear generation option,
rely on fossil-fuels — primarily natural gas or
coal. This is particularly likely in developing
countries experiencing rapicd growth in income
and electricity consumption. Accordingly, we
focus on the costs of nuclezr power compared
to these fossil fuel generating alternatives in
base-load applications.

Any analysis of the costs of nuclear power must
take into account a number of important con-
siderations. First, all of the n'aclear power plants
operating today were develo:ed by state-owned
or regulated investor-owned vertically-integrat-

ed utility monopolies.! Many developed coun-
tries and an increasing number of developing
countries are in the process of moving away
from an electric industry structure built upon
vertically integrated regulated monopolies to
an industry structure that relies primarily on
cornpetitive generation power plant investors.
We assume that in the future nuclear power will
have to compete with alternative generating
technologies in competitive wholesale markets
— as merchant plants.2 These changes in the
structure of the electric power sector have
important implications for investment in gen-
erating capacity. Under traditional industry and
regulatory arrangements, many of the risks
associated with construction costs, operating
performance, fuel price changes, and other fac-
tors were borne by consumers rather than sup-
pliers.3 The insulation of investors from many
of these risks necessarily had significant effects
on the cost of capital they used to evaluate
alternative generation options and on whether

and how they took extreme contingencies into
account. Specifically, the process reduced the

cost of capital and led investors to give less
weight to regulatory (e.g. construction and
operating licenses) and construction cost
uncertainty, operating performance uncertain-
ties and uncertainties associated with future oil,
gas and coal prices than if they had to bear these
cost and performance risks.

In a competitive generation market it is
investors rather than consumers who must bear
the risk of uncertainties associated with obtain-
ing construction and operating permits, con-
struction costs and operating performance.
While some of the risks associated with uncer-
tainties about the future market value of elec-

Chapter 5 — Nuclear Power Economics
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tricity can be shifted to electricity marketers
and consumers through forward contracts,
some market risk and all construction cost,
operating cost and performance risks will con-
tinue to be held by power plant investors.t
Thus, the shift to a competitive electricity mar-
ket regime necessarily leads investors to favor
less capital-intensive and shorter construction
lead-time investments, other things equal.s It
may also lead investors to favor investments
that have a natural “hedge” against market price
volatility, other things equal.é

Second, the construction costs of nuclear plants
completed during the 1980s and early 1990s in
the United States and in most of Europe were
very high — and much higher than predicted
today by the few utilities now building nuclear
plants and by the nuclear industry generally.
The reasons for the poor historical construction
cost experience are not well understood and
have not been studied carefully. The realized
historical construction costs reflected a combi-
nation of regulatory delays, redesign require-
ments, construction management and quality

‘control problems. Moreover, construction on

few new nuclear power plants has been started
and completed anywhere in the world in the
last decade. The information available about
the true costs of building nuclear plants in
recent years is also limited. Accordingly, the
future construction costs of building a large
fleet of nuclear power plants is necessarily
uncertain, though the specter of high construc-
tion costs has been a major factor leading to
very little credible commercial interest in
investments in new nuclear plants. Finally,
while average U.S. nuclear plant availability has
increased steadily during the 1990s to a high of
90% in 2001, many nuclear plants struggled
with low availabilities for many years and the
life-cycle availability of the fleet of nuclear
plants (especially taking account of plants that
were closed early) is much less than 90%.7 In
addition, the average operation and mainte-
nance costs of U.S. nuclear plants (including
fuel) were over $20/MWh during the 1990s
(though average O&M costs had fallen to about
$18/MWe-hr and the lowest cost quartile of

MIT STUDY ON THE FUTURE OF NUCLEAR POWER
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plants to about $13/MWe-hr by 2001)8, rather
than the $10/MWe-hr often assumed in many
paper engineering cost studies.

Third, even if an investment in nuclear power
looked attractive on a spreadsheet, investors
must confront the regulatory and political chal-
lenges associated with obtaining a license to
build and operate a plant on a specific site. In
the past, disputes about licensing, local opposi-

tion, cooling water source and discharge

requirements, etc., have delayed construction
and completion of nuclear plants. Many
planned plants, some of which had incurred
considerable development costs, were can-
celled. Delays and “dry-hole” costs are especial-
ly burdensome for investors in a competitive
electricity market.

With these considerations in mind, we now
proceed to examine the relative costs of new

nuclear power plants, pulverized coal plants,

and combined-cycle gas turbine (CCGT) plants
in base-load operations in the United States.?
The analysis is not designed to produce precise
estimates, but rather a “reasonable” range of
estimates under a number of different assump-
tions reflecting uncertainties about future con-
struction and operating costs. Similar analysis
for Europe and especially Japan and Korea
would be somewhat more favorable to nuclear,
since gas and coal costs are typically higher than
in the United States.

We start with a “base case” that examines the
levelized real life-cycle costs of nuclear, coal,
and CCGT generating technology using
assumptions that we believe commercial
investors would be expected to use today to
evaluate the costs of the alternative generation
options. The levelized cost is the constant real
wholesale price of electricity that meets a pri-
vate investor’s financing cost, debt repayment,
income tax, and associated cash flow con-
straints. '

The base case assumes that non-fuel O&M costs
can be reduced by about 25% compared to the
recent operating cost experience of the average

(
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nuclear plant operating in the U.S. in the last
few years. This puts the total O&M costs
(including fuel) at about 15 mills/kWe-hr. We
include this reduction in O&M costs in the base
case because we expect that operators of new
nuclear plants in a compet:tive wholesale elec-
tricity market environment will have to demon-
strate better than average performance to
investors. The 15 mill O&M cost value is consis-
tent with the performance of existing plants
that fall in the second lowest cost quartile of
operating nuclear plants.!® (The assumptions
underlying the base case arz listed in Table 5.3
and illustrative cash flows produced by our
financial model are provided in Appendix 5.)

We then examine how the 1eal levelized cost of
nuclear generated electricity changes as we
allow for additional cost iraprovements. First,
we assume that construction costs can be
reduced by 25% from the base case levels to
more closely match optimistic but plausible
forecasts. Second, we examine how life-cycle
costs are further reduced bv a one-year reduc-
tion in construction time. Third, we examine
the effects of reducing financing costs to a level
comparable to what we assume for gas and coal
generating units as a consequence of, for exam-
ple, reducing regulatory risks and commercial
risks associated with uncer:ainties about con-
struction and operating costs that presently
burden nuclear compared to fossil-fueled alter-
natives. This reduction in financial risk might
result from an effective commercial demonstra-
tion program of the type that we discuss further
in Part II. Finally, we examine how the relative
costs of coal and CCGT generation are affected
by placing a “price” on carbon emissions,
through carbon taxes, the introduction of a car-
bon emissions cap and trade program, or equiv-
alent mechanism to price carbon emissions to
internalize their social cos:s into investment
decisions in a way that treats all supply options
on an equivalent basis. W2 consider carbon
prices in a range that brackets current estimates
of the costs of carbon sequestration (capture,
transport and storage). The latter analysis pro-
vides a framework for assessing the option value
of nuclear power if and when the United States

adopts a program to stabilize and then reduce
carbon emissions.

The levelized cost of electric generating plants
has typically been calculated under the assump-
tion that their regulated utility owners recover
their costs using traditional regulated utility
cost of service cost recovery rules. Investments
were recovered over a 40 year period and debt
and equity were repaid in equal proportions
over this lengthy period at the utility’s cost of
capital, which reflected the risk reducing effects
of regulation. Moreover, the calculations typi-
cally provided levelized nominal cost values
rather than levelized real cost values, obscuring
the effects of inflation and making capital
intensive technologies look more costly relative
to alternatives than they really were.

We do not believe that these traditional lev-
elized cost models based on regulated utility
cost recovery principles provide a good descrip-
tion: of how merchant plants will be financed in
the future by private investors. Accordingly, we
have developed and utilized an alternative
model that provides flexibility to specify more
realistic debt repayment obligations and associ-
ated cash flow constraints, as well as the costs of
debt and equity and income tax obligations that
a private firm would assign to individual proj-
ects with specific risk attributes, while account-
ing for corporate income taxes, tax depreciation
and the tax shield on interest payments. We
refer to this as the Merchant Cash Flow model.
We have relied primarily on simulation results
using this model under assumptions of both a
25-year and 40-year capital recovery period and
85% and 75% lifetime capacity factors.

BASE CASE

The base case reflects reasonable estimates of
the current perceived costs of building and
operating the three generating alternatives in
2002 U.S. dollars. The overnight capital cost for
nuclear in the base case is $2000/kWe. As dis-
cussed in Appendix 5, this value is consistent
with estimates made by the U.S. Energy

Chapter 5 — Nuclear Power Economics
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Information Administration (EIA), estimates
reported by other countries to the OECD, and
recent nuclear plant construction experience
abroad. We have not relied on construction cost
data for U.S. plants completed in the late 1980s
and early 1990s; if we had, the average overnight
construction cost in 2002 U.S. dollars would
have been much higher. We are aware that some
vendors and some potential investors in new
nuclear plants believe that they can achieve
much lower construction costs. We consider
significant construction cost reductions in our
discussion of improvements in nuclear costs.l!

As previously discussed, our base case assumes
that O&M costs are 15 mills/kWe-hr, which is
lower than the recent experience for the average
nuclear plant and is consistent with the recent
performance of plants in the second lowest cost
quartile of operating nuclear plants in the U.S.
The O&M costs of plants in the lowest cost
quartile (best performers) are about 13
mills/kWe-hr. We consider this to represent the
potential for further cost improvements for a
fleet of new nuclear plants but we do not believe
that investors will assume that all plants will
achieve the O&M cost levels of the best per-
formers.

The construction costs assumed for CCGT and
coal plants are in line with experience and EIA
estimates. The construction cost of the coal
plant is assumed to reflect NOx and SO2 con-
trols as required to meet current New Source
Performance Standards. There are four cases
presented for the CCGT plants: (1) a low gas
price case that starts with gas prices at
$3.50/MMBtu which rise at a real rate of 0.5%
over 40 vyears (real levelized cost of
$3.77/MMbtu over 40 years); (2) a moderate
gas price case with gas prices starting at
$3.50/MMBtu as well, but rising at a real rate of
1.5% per year over 40 years (real levelized cost
of $4.42 over 40 years); (3) high gas price case

-that starts at $4.50/MMbtu and rises at a real

rate of 2.5% per year (real levelized cost of
$6.72/Mmbtu over 40 years). (4) The fourth
CCGT case reflects high gas prices and an
advanced CCGT design with a (roughly) 10%

MIT STUDY ON THE FUTURE OF NUCLEAR POWER
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improvement in its heat rate. The base case
results for 25 and 40-year economic lives and
85% capacity factor are reported in Table 5.1
and the equivalent results for a 75% lifetime
capacity factor are reported in Table 5.2. The
assumptions for the cases are given in Table 5.3.
The discussion that follows is based on the 85%
capacity factor simulations since the basic
results don’t change very much when we
assume the lower capacity factor.

The base case results suggest that nuclear power

is much more costly than the coal and gas alter-
natives even in the high gas price cases. In the
low gas price case, CCGT is cheaper than coal.
In the moderate gas price case, total life-cycle
coal and gas costs are quite close together,
though we should recognize that there are
regions of the country with below average coal
costs where coal would be less costly than gas
and vice versa. Under the high gas price
assumption, coal beats gas by a significant
amount. (We have not tried to account for the
relative difficulties of siting coal and gas plants.)
We discuss potential future carbon emissions
regulations separately below.

This suggests that high natural gas prices will
eventually lead investors to switch to coal rather
than to nuclear under the base case assump-
tions as nuclear appears to be so much more
costly than coal and U.S. coal supplies are very
elastic in the long run so that significant
increases in coal demand will not lead to signif-
icant increases in long term coal prices. In
countries with less favorable access to coal, the
gap would be smaller, but 2.5 cents/kWe-hr is
too large a gap for nuclear to beat coal in many
areas of the world under the base case assump-
tions (absent additional restrictions on emis-
sions of carbon dioxide from coal plants which
we examine separately below).

The bottom line is that with current expecta-
tions about nuclear power plant construction
costs, operating cost and regulatory uncertain-
ties, it is extremely unlikely that nuclear power
will be the technology of choice for merchant
plant investors in regions where suppliers have

L,/"
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access to natural gas or coal resources. It is just
too expensive. In countries that rely on state
owned enterprises that are willing and able to
shift cost risks to consume:s to reduce the cost
of capital, or to subsidize financing costs direct-
ly, and which face high gas and coal costs, it is
possible that nuclear power could be perceived
to be an economical choice.12

IMPROVEMENTS IN NUCLEAR COSTS

We next examine how the cost of electricity
generated by nuclear pcwer plants would
change, if effective actions can -be taken to
reduce nuclear electric generation costs in sev-
eral different ways. First, we assume that con-
struction costs can be reduced by 25%. This
brings the construction costs of a nuclear plant
to a level more in line with what the nuclear
industry believes is feasible :n the medium term
under the right conditions.!? While this reduces

the levelized cost of nuclear electricity consider- -

ably, it is still not competitive with gas or coal
for any of the base cases. Reducing construction
time from 5 years to 4 years reduces the lev-
elized cost further, but not to a level that would
make it competitive with fossil fuels. However, if
regulatory, construction and operating cost
uncertainties could be resolved, and the nuclear
plant could be financed under the same terms
and conditions (cost of cap:tal) as a coal or gas
plant, then the costs of nuclear power become
very competitive with the costs of CCGTs in a
high gas price world and only slightly more
costly than pulverized coal plants, assuming
that comparable improvements in the costs of
building coal plants are not also achieved. If
nuclear plant operators could reduce O&M
costs by another 2 mills t> 13 mills/kWe-hr,
consistent with the best performers in the
industry, nuclear’s total cost would match the
cost of coal and the cost of CCGT in the mod-
erate and high gas price cases. However, nuclear
does not have a meaningful economic advan-
tage over coal.

These results suggest that with significant
improvements in the costs of building, operat-

ing, and financing nuclear power plants, and
continued excellent operating performance
(85% capacity factor), nuclear power could be
quite competitive with natural gas if gas prices
turn out to be higher than what most analysts
now appear to believe and would be only slight-
ly more costly than coal within the range of
assumptions identified.)

The cost improvements we project are plausible
but unproven. It should be emphasized, that the
cost improvements required to make nuclear
power competitive with coal are significant:
25% reduction in construction costs; greater

than a 25% reduction in non-fuel Q&M costs

compared to recent historical experience
(reflected in the base case), reducing the con-
struction time from 5 years (already optimistic)
to 4 years, and achieving an investment envi-
ronment in which nuclear power plants can be
financed under the same terms and conditions
as <can coal plants. Moreover, under what we
consider to be optimistic, but plausible assump-
tions, nuclear is never less costly than coal.

CARBON “TAXES”

‘From a societal cost perspective, all external

social costs of electricity generation should be
reflzcted in the price. Here we consider the cost
of CO:z emissions and not other externalities;
for example we ignore the costs of other air pol-
lutants from fossil fuel combustion and nuclear
proliferation and waste issues (except for
including the costs of new coal plants to meet
new source performance standards). Nuclear
looks more attractive when the cost of CO:
emissions is taken into account. Unlike gas and
coal-fired plants, nuclear plants produce no car-
bon dioxide during operation and do not con-
tribute to global climate change. Accordingly, it
is natural to explore what the comparative
social cost of nuclear power would be, if carbon
emissions were “priced” to reflect the marginal
cost of achieving global carbon emissions stabi-
lization and reduction targets.!> Future United
States policies regarding carbon emissions are
uncertain at the present time.

Chapter 5 — Nuclear Power Economics
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By examining the relative economics of nuclear
power under different assumptions about
future social valuations for reducing carbon
emissions, we can get a feeling for the option
value of nuclear generation in a world with car-
bon emissions restrictions of various severities.

To examine this question we have recalculated
the costs of the fossil-fueled generation alterna-
tives to reflect a carbon tax of $50/tC, $100/tC,
and $200/tC. The lower value is consistent with
an EPA estimate of the cost of reducing U.S.
CO:2 emissions by about 1 billion metric tons
per year.!6 The $100/tC and $200/tC values
bracket the range of values that appear in the
literature regarding the costs of carbon seques-
tration, recognizing that there is enormous
uncertainty about the costs of deploying CO2
capture, transport, and storage on a large scale.
These hypothetical taxes should be thought of
as a range of “backstop” marginal costs for
reducing carbon emissions to meet aggressive
global emissions goals. These results are report-
ed in Table 5.1 and 5.2, as well.

With carbon taxes in the $50/tC range, nuclear
is not economical under the base case assump-

tions. If nuclear costs can be reduced to reflect -

all of the cost-reduction specifications dis-
cussed earlier, nuclear would be less costly than
coal and less costly than gas in the high gas price
cases. It is roughly competitive with gas in the
low and moderate price gas cases. With carbon
taxes in the $100/tC to $200/tC range, nuclear
power would be an economical base load
option compared to coal under the base case
assumptions, but would still be more costly
than gas except in the high gas price case.
However, nuclear would be significantly less
costly than all of the alternatives with carbon
prices at this level, if all of the cost reduction
specifications discussed . earlier could be
achieved.

The last conclusion ignores one important con-
sideration. With carbon taxes at these high lev-
els, it could become economical to deploy a
generating technology involving the gasification
of coal, its combustion in a CCGT (IGCC), and



. the sequestration of carbon dioxide produced
in the process. The potential cost savings from
this technology compared to conventional pul-
verized coal plants arises from (a) the use of rel-
atively inexpensive coal to produce syngas
(mostly CO and Hz) (b) the higher thermal effi-
ciency of CCGT, and more economical capture
of COz. Depending on the economics of this
technology, coal could play a larger competitive
role in a world with high carbon taxes than
might be suggested by Tables 5.1 and 5.2. We
observe as well, that from an environmental
perspective, the world looks very different if
there are abundant supplies of cheap natural
gas, than if natural gas supplies are scarcer and
significantly more expensive than many recent
projections imply.

INTERNATIONAL PERSPECTIVE ON COST OF
ELECTRICITY

The methodology followed above is pertinent
to an electricity generation market that is
unregulated, a situation that the United States is
moving toward, as are several other countries.
An additional advantage to describing deregu-
lated market situations is that the methodology
properly focuses on the true economic cost of
electricity generating alternatives. There are
however many nations that do not enjoy an
unregulated generating market and are unlikely
to adopt deregulation for some time to come. In
many of these countries electricity generation is
run directly or indirectly by the government
and significant subsidies are provided to gener-
ating facilities. The electricity “cost” in these
countries is not transparent and leads to a dif-
ferent political attitude toward investment deci-
sions because consumers enjoy subsidized
prices. The result is a misallocation of resources
and over the long-run one can expect that polit-
ical and economic forces will call for change.
These non-market situations are encountered
in Europe, e.g. Electricite de France, although
there is a strong move to deregulation in the EU
and in developing countries that frequently
have state run power companies. Importantly,
the costs of advanced fuel cycle technologies
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such as PUREX reprocessing and MOX fabrica-
tion are heavily subsidized reflecting political
rather than economic decision making.

COST OF ADVANCED FUEL CYCLES.

We have not undertaken as complete analysis
for the costs of advanced fuel cycles as we have
for the open fuel cycle. We have however exam-
ined in some detail the cost of the closed fuel
cycle with single pass PUREX/MOX relative to
the open cycle. This analysis is reported in the
Appendix 5.D.

The fuel cycle cost model presented in
Appendix 5.D shows that the closed cycle

"PUREX/MOX option fuel costs are roughly 4

times greater than for the open cycle, using esti-
mated costs under U.S. conditions. The closed
cycle can be shown to be competitive with the
once-through option only if the price of urani-
um is high and if optimistic assumptions are
made regarding the cost of reprocessing, MOX
fabrication, and high level waste disposal. As
explained in Appendix 5.D, the effect of the
increased MOX fuel cycle cost on the cost of
electricity depends upon the percentage of
MOX fuel in the entire fleet if fuel costs are
blended.

The case is often advanced that disposing of
reprocessed high level waste will be less expen-
sive than disposing of spent fuel directly. But
there can be little confidence today in any esti-
mate of such cost savings, especially if disposal
of non-high-level waste contaminated with sig-
nificant quantities of long-lived transuranic
radionuclides (TRU waste) associated with
recycle facilities and operations is taken into
account. Furthermore, our cost model shows
that even if the cost of disposing of reprocessed
high-level waste were zero, the basic conclusion
that reprocessing is uneconomic would not
change.

MIT STUDY ON THE FUTURE OF NUCLEAR POWER

It should be noted that the cost increment
associated with reprocessing and thermal recy-
cle is small relative to the total cost of nuclear
electricity generation. In addition, the uncer-
tainty in any estimate of fuel cycle costs is
extremely large.

NOTES

1. Though in the United States and the United Kingdom
some nuclear plants were subsequently sold or trans-
ferred to merchant generating companies.

2. Merchant plants sell their output under short, medium
and longer term supply contracts negotiated competi-
tively with distribution companies, wholesale and retail
marketers. The power plant developers take on permit-
ting, development, construction cost and operating per-
formance risks but may transfer some or all risks associ-
ated with market price volatility to buyers (for a price)
through the terms of their contracts.

3. Itis often assumed that regulated monopolies were sub-
ject to“cost-plus” regulation which insulated utilities
from all of these risks. This is an extreme and inaccurate
characterization of the regulatory process, at least in the
United States. (PL. Joskow and R. Schmalensee,“Incentive
Regulation for Electric Utilities,” Yale Journal on
Regulation, 1986; PL. Joskow,“Deregulation and
Regulatory Reform in the U.S. Electric Power Sector,”in
Deregulation of Network Industries: The Next Steps (S.
Peltzman and Clifford Winston, eds.), Brookings Press,
2000 ). Several U.S. utilities were faced with significant
cost disallowances associated with nuclear power plants

. they completed or abandoned, a result inconsistent with
pure cost-plus regulation. Nevertheless, it is clear that a
large fraction of these cost and market risks were shifted
to consumers from investors when the industry was
governed by regulated monopolies.

4. The current state of electricity restructuring and compe-
tition in the United States and Europe has made it diffi-
cult for suppliers to obtain forward contracts for the
power they produce, We believe that this chaotic situa-
tion is unsustainable and that a mature competitive
power market will make it possible for power suppliers
to enter into forward contracts with intermediaries.
However, these contracts will not generally be like the
30-year contracts that emerged under regulation which
obligated wholesale purchasers (e.g. municipal utilities)
to pay for all of the costs of a power plant in return for
any power it happened to produce. In a competitive
market the contracts will be for specified delivery obli-
gations at a specified price (or price formula), will tend
to be much shorter {e.g. 5-year contract portfolios), and
will place cost and operating performance risk on the
generator not on the customer.



LoV

\db

s/

5.

10.

Oversimplifying, these effects can be thought of as an
increase in the cost of capital fz ced by investors.

For example, in areas of the United States where the
wholesale market tends to clear with conventional gas .
or oil-fired power plants on the margin, spot market
clearing prices will move up and down with the price of
natural gas and oil. A combine cycle gas turbine
(CCGT) that also burns natural gas, but with a heat rate
35% lower on average than thaose of the marginal gas
plants that clear the market (e.ct. 11,000 BTU/KWh), will
always run underneath the market clearing price of elec-
tricity. Whatever the price of gzs, the CCGT is always in
the money and will be economical to run under these
circumstances. If gas prices go up, the CCGT will be
more profitable, and if they go down it will be less prof-
itable, but the volatility in profits with respect to
changes in gas prices will be lower than that for coal or
nuclear plants.

In 2000, the capacity factors for the nuclear plants in
France were 76%, for those in Jzpan 79%, and for those
in South Korea, 91%. !deally, we: would look at availabili-
ty data, but except for France where nuclear accounts
for such a large share of electricity supply that some
plants must by cycled up and down, nuclear units are
generally run full out when they are available (Source:
Calculated from data on EIA we 3 site.)

These numbers underestimate the true O&M costs of
nuclear plants because they exclude administrative and
general operating costs that are typically captured else-
where in utility income statements. These overhead
costs probably add another 20%» to nuclear O&M costs.
We do not consider these additional costs here because
they are also excluded from the O&M costs for compet-
ing technologies. In a competit ve power market, how-
ever, generating plants must eain enough revenues to
cover these overhead costs as well as their direct capital
and O&M costs.

That is, we are not considering competition between
new nuclear plants and existing coal and gas plants
(whose construction costs are now sunk costs). We rec-
ognize there may be economiczl opportunities to
increase the capacity of some e:isting nuclear plants
and to extend their commercial lives. We do not consid-
er these opportunities here,

The reduced non-fuel O&M costs assumed are about 10
mills/kWh in the base case and compare favorably to 9
mills/kWh assumed by TVA (90% capacity factor) in its
recent evaluation of the restart of Browns Ferry Unit #1,

1.

12,

14,

15.

16.

Of course, in a competitive wholesale electricity market
investors are free to act on such expectations by making
financial commitments to build new nuclear plants.
About 150,000 MWe of new generating capacity has
been builtin the U.S.in the last five years, most of it
owned by merchant investors and most of it fueled by
natural gas and none of it nuclear. See Paul L. Joskow,
*The Difficult Transition to Competitive Electricity
Markets in the US,” May 2003

We have seen some analyses that assume that nuclear
plants will be financed with 100% government-backed
debt, pay no income or property taxes, and have very
long repayment schedules. One can make the costs of
nuclear power look lower this way, but it simply hides
the true costs and risks of the projects which have effec-
tively been transferred to consumers and taxpayers.

. This brings the nuclear plant cost down to $1500/kW.

This is roughly the cost used in the analysis of the costs
of a new nuclear power plant in Finland at current
exchange rates. (However, the Finnish analysis assumes
that the plant can be financed with 100% debt at a 5%
real interest rate and would pay no income taxes). Note,
nowever, that TVA estimates that the costs of refurbish-
ing a mothballed unit at Browns Ferry will cost about
51300/kWe, and that recent Japanese experience is clos-
2r to the $2000/kWe base case assumption. TVA's analy-
sis of the costs of refurbishing the Browns Ferry unit
assume that the project can be financed with 100%
debt at an interest rate 80 basis points above 10-year
treasury notes and would pay no taxes.

Obviously, there is some set of assumptions that will
make nuclear cheaper than coal. However, they basically
require driving the construction costs and construction
time profile to be roughly equivalent to those of a coal
unit. We also have not assumed any improvements in
construction costs or heat rates for coal units associated
with advanced coal plant designs.

We have modeled the carbon “price” as a carbon dioxide
emissions tax. However, the intention is to simulate any

policies that give nuclear power “credit” relative to fossil

fuel alternatives for producing no CO2.

*Summary and Analysis of McCain-Leiberman ‘Climate
Stewardship Act of 2003;"William Pizer and Raymond
Kopp, Resources for the Future, January 28, 2003.
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Appendix Chapter 5 — Economics

Appendix 5. A — Calculatlon of the Levehzed Cost of Electncuty

The real levelized cost of electrlcrty productlon is used to assess the economic competmve-
ness of alternative generating technologles 1 The real levelized cost of a project is equiva-
lent to the constant dollar (“real”) price of. electnaty that would be necessary over the life
of the plant to cover all operating expenses, interest and prmcnpal repayment obligations
on pro;ect debt, taxes and provide an acceptable return to equity investors over the eco-
nomic life of the project. The real levelized cost of alternative generating technologies with
similar operating characteristics (e.g: capacity factors) is a metric used to identify the alter-
native that is most economical.

A project’s real levelized cost can be computed using discounted cash flow analysis, the
method employed in the model described below. Revenues and expenses are projected over
the life of the project and discounted at rates sufficient to satisfy interest and principal
repayment obligations to debt investors and the minimum hurdle rate (cost of equity cap-
ital) required by equlty investors .

An alternate method, based on tradmonal regulated utxhty revenue requxrement calcula-
tions, is often used to calculate levelized costs for generating technologies. This approach
has two problems: First, it fails to account properly for inflation and yields levelized nom-
inal cost numbers that cannot easily be compared across technologies with different capi-
tal intensities. Second, it imposes a particular:capital cost repayment profile that, while
consistent with the way regulated investments were treated, is not consistent with the mer-
chant generatlon investment environment that now characterlzes the U.S., Western Europe
and a growmg number of other countrles L ,

The spreadsheet model used to 3

calculate real Jevelized costs for ~ TableASAT: “Paé'vé_‘fﬁb'e‘

nuclear, coal, and natural gas-fired

: heabant- sl Co - Overnight cost (3/kWe) HR  Heat rate (BTU/KWH)

power. plants is described in the -+ T -Construction time (years) Cruet  Unit cast of fuel ($/mmBTU)
fo]lowmg sections. Table' A-5.A.1 G Total construction cost {$/kWe) Cwae  Nuclear waste fee {mills/kWh)
defines variables used throughout CDN Debtfracnon of initial investment Cowr . Fixed OBM {S/kWe/yr)
the appendlx. The wh flows are EN e Equntyfractnon of initial investment Comy  Variable O&M (mills/kWh)
first generate d in nomiri a] doll ars R TN Nomlnalcost of debt - G, Incremental capital costs {$/kWe/yr)
} B I Nommalcostofequnty . Lpecom . Decommissioning cost {Smillion)
in order t calculate income taxes - N Plantlife (years) - Tcanon . Carbon emissions tax ($/tonne-C)
propeily and ‘then adjusted to | Plantnetcapacity (MWe) lcaon - Carbon intensity of fuel (kg-C/mmBTU)
constant real prlces using the @ Capacity factor , ‘Ra Revenuesin period n
assumed general inflation rate " P Nominal price ofelectnclty in penodn 1 Interest payment in period n

o ,Margmalcomposlte corporate income tax rate Coop  Total operating expenses in period n

(3% in the examples below)
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CAPITAI. lNVESTMENT

Power plants requlre sxgnlﬁcant cap mvestments before electncnty producnon can begin.
The cash flow model allocates the. overmght cost of the plant, C,, specified in $/kWe of the
year production begins (2002), over the construction period, T, allowing for an addition-
al period after construction for. final licensing and testing. By convention, all investment
expendltures are counted at the begmmng of the year in which they occur, and all revenues
and operating expenses are assumed to occur-at the end of the year. Numerous construc-
tion expenditure profiles are available in the- ‘model, including a uniform profile and one
that peaks at mid-construction, characterized by a sinusoidal function. The annual capital
expendxtures for the nuclear plant costing $2,000/ kWe in base year prices (2002) and a com-
bined-cycle gas turbme (CCGT) plant costxng $500/kWe are presented in Table A-5.A.2.

Table A-5.A.2 Representatlve Constructlon Outlays (nomlnal dollars)

' - TOTAL OVERNIGHT TOTAL
-5 -4 - -3 -z -1 OUTLAY <ost CosT

YEAR $/kWe $/kWe . $/AWe :$Ikw€’ ‘$/kWe  (mixed $/kWe) (2002 $/kWe) {2002 $/kWe)
Nucear 165 444  S66 . 470 185 1831 . 2000 2557
CCGT o o 0 236 T 4w s 549

Nuctear: 5 year construction period, sinusaidal profile, i 3%
CCGT: 2 year construction period, uniform profite, i = 3%

Note that the overmght cost is speuﬁed in constant dollars of the year production begins
(year 2002 $), and so the capital expenditure in each year is deflated to current-year (nom- °
inal) dollars. This explams why the total outlay in nominal dollars is numerically smaller -
than the overnight cost. :

n—FC0(1+l)"

where X, is the outlay in yea:r'n'(n = 0 in 2002, n < 0 during construction), F, is the frac-
tion of the overnight cost allocated to’ year n, and i is the rate of general mﬂatlon In order
to finance construction, the. pro;ect takes on debt obhgatxons and attracts equity investors
with certain requirements. Debt and equity each have an expected minimum rate of return
and debt has a specified repayment -period. The interest on debt and 1mputed interest on
equlty are added to the overmght mst to ﬁnd the total cost of construction.

Crm Zx, ( +:r,f,)n o i-i'r;,,'l;-‘ L1 »+".5_er'

empioymg an effectlve mterest rate .r(eff) The total cost of construction does not represent

true cash flows but is a'measure of ¢ ‘onstruction cost taking into account the time value of
‘money. The total costs in the Tabl e A-5.A.2 correspond to 50/50 debt/equity, I = 8%, 1y =
15% for the nuclear case’ (rd,
’ CCGT case (r,' 9 6%) S

5%) and 60/40 debt/equlty, Ip = 8%, = 12% for the
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ASSET DEPRECIAT!ON

Once put in servrce, the power plant deprecrates accordmg to a specrﬁed schedule The... -
treatment of deprecratron is important in'the calculation of the annual tax lxabrllty, since ‘

asset deprecratron is a tax-deductible expense. In- the base case model we use accelerated
depreciation, based on Modified Accelerated Cost Recovery System (MACRS) guidelines,

assuming a 15 year asset life. The total capltal expenditure- (excludmg interest and equity_

appreciation) during construction is used as the depreciable asset base. The deprecrable

asset base is based on nominal rather than real expendltures 'So, for example, if the base _' _
" year overmght construction cost is $2, OOOIkW and. 1nﬂatton is 3% peryear, the deprecna- .
ble asset base will be less than the overmght cost in base year prices, to reflect the fact that P

actual expendrtures wrll be made durmg earlrer years w1th lower nommal prlces

REVENUES

The sole source of revenue for the power plant 1s the sale of electrrcrty The pnce of elec-

tricity in 2002 is determined in an iterative process such that requrred returns to 1nvestors

are met. This price, p, is equivalent to the levelized cost of the plant. In ordeér to represent _

a real levelrzed cost, the price of electrrcrty escalates at the rate of general 1nﬂat10n _

Annual revenue is the product of the quantrty of electr1c1ty produced and its prrce The

plant’s net capacity and capacity factor determme the annual electric generatlon

Q= 123/ - 876092,-3,4 (GWh/year) e

- -
I~
ll

”Qpn» ‘ pn:=, pn,(l,.+ji)"'

where the rated capacrty, L is specrﬁed in MWe A 1, 000 MWe plant w1th an annual capac- - -

ity factor of 85% produces 7 446 GWh of electncrty per year

OPERATING EXPENSES

Operatmg expenses are mcurred throughout the operational life of the plant and mclude e
fuel, operating and maintenance costs, and decommlssmmng funds.- Carbon em1ssrons R
taxes -and mcremental capltal expendrtures srmllarly are: treated as. operatmg expenses.: .
(Treating i mcremental caprtal expend1tures as ‘operating expenses instead ‘of addmons to "
the depreciable asset. base isa 51mphﬁcatron to avoid having t to specrfy ‘additional deprecr- o

ation schedules. Because expendltures are assumed to occur every year, the error intro-
duced is small.) Non-fuel operating expenses can be broken down into ﬁxed and variable

cost components and are generally assumed to- increase at the rate ‘of mﬂatlon, though in.. .
‘some cases a real escalation rate is 1ncluded The assumed escalation of real fuel pricesisa . o
variable mput to the model This is partlcularly useful in'the- CCGT:case where increases ® -

" in natural gas prices have a large 1mpact on the levelrzed cost of generatlon Table A—S A 3 o

. hsts the plant s operatmg expenses along wrth therr arrthmetlc expressrons
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Table A-5.A.3 Operating'ﬁxpenSes :

. VAlUE N YEAR n:

Ceeense | L ity NOTATION
Fuel S : CFud HR Q (1+ef)" ‘ Co, fuet
Waste fund? ' B Covagie ¢ Q- (%P Cn, waste

: 5 T
Fixed O&M o Cowrnd > (MHean)® Cn,omf
- O 10‘ |
Variable &M o GoweQ (1+eom)“ , Caomy
: A TR 106
Decommissioning®® o cDm (m)" SFFo Gy, decom
Incremental capital Cins '1%5 Q4" Co incr
Carbon emissions tax . Teabon 'ngbon HR-Q- (1+I)" Cn, carbon
-.30%

. Specific to nudear plants
b. SFFyis the sinking fund factor forNyeats atthe risk free rate.

Total operating expenses are: -

Cn,Op + Cn,fue! +’Cn,wnsvte + Cn,o)nf + Cn,dmv + Cn,decom 3 mi ” ion

Total operating expenses, C,, o mcremental capltal expendltures, and carbon emissions
taxes are subtracted from reveriues before ‘computing the annual tax liability. Two other
adjustments are made to taxable income. Asset deprecxanon, D,, and interest payments I,
to creditors are both treated as tax-deductible expenses and thus reduce taxable income.
The tax IlabllltY, T, is mmply the. product of taxable income and the composite marginal
corporate incomie tax rate,, assumed to be 38% in the base cases.?

T = T[R nOpv') cn,im:r = Cn,carbon - Dn - 'n],

A productlon tax credlt is avaﬂable m the model to srmulate, along with the carbon emis-.
sions tax, pubhc pohcxes to curb CO; emlssrons o : B

INVESTOR RETURNS

The model solves for a constant real prrce of electnc:ty sufficient to. prowde adequate
returns to both debt and’ equrty investors3 Interest on debt accrues durmg construction
and is repaid with the pr1nc1pal in"equal annual payments over the specified term of the

debt. Equity holders invest funds during « construction and receive profits net of taxes and

- debt obligations durmg plant operation. Net proﬁts over the life of the project are such
that the internal rate of return (IRR) of the equity ‘holders’ cash flows equals the required

- nominal return, 15% in the nuclear ‘base case and 12% in the fossil cases. The model

includes a constraint that the debt payment obhgatlons specified are made in full each year
(the project is not allowed to default on debt obhganons) For example, assume that the
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Table A-S.A 4 Base Case Input Paramete

oAt

NGCC

YEAR NUClIEAR

inflation rate 3% L% e 3%

interest rate 8% e o Tiog% 8%

Expected retumn to equity investor % 1% 12%

Debt fraction 50% ’ 60% 60%

Tax rate 38%. . ) 38% 8%

Debt term- W0years - 10years 10years

Net capacity moOMWe;; . £ 1,000 MWe 1,000 Mwe

Capacity factor e L 85% 85%

Plant life 40years : 40 years

Heat rate -, 10,400 ; R 19,300 .. 7200
- Overnight cost $2,000/kWe : SI 300/kWe SSOOIkWe

Construction period - Syears .~ 4years " 2years

Post-construction period . —_ = —_

Depreciation schedule Accelerated, 15 years Accelefated, 15years  Accelerated, 15 years

Decommissioning cost
Incremental capital costs
Fuelcosts

Real fuel escalation
Nuclear waste fee

Fixed O&RM - -

Variable O&M

08&M real escalation rate
Carbon intensity

Carbon tax

$350 million -
$20/kWe/yr $15/kWe/yr
- $047/mmBTU . .. $1.20/mmBTU
05% <0 05%
PmillkWh e
$63/kWelyr - 823 kWefyr
047 mills/AWh -~ + 338 mills/AWh
0% 0%
_— : 25.8 kg-C/mmBTU

- . . —

$6/kWe/yr
$3.50/mmBTY
1%

‘$16/kWe/yr
~-0.52 mills/kWh
10%
14.5 kg-C/mmBTU

Note: Compiled from public information, induding repons fmm the Energy Informatkm Administration.

model solves for a constant real pnce of electr1Cxty that satisfies the return requlred by
“equity holders. In most cases, the solution would be deemed the levelized cost of electric-

ity. However, if the resultant operatmg mcorn ‘
ficient to cover the entire debt payment in any year,

venues less operatmg expenses) is insuf- -
the electnaty price is raised until all

debt payments can be made. If the debt service ‘constraint is binding, the reahzed return

on equity will then exceed the minimum requxred return specxﬁed

Since the purpose of the levelized cost calculatmn is to compare altematwe .generating
technologies and assess their potentxal contr'b ion to’ future energy. supply, the technolo-
. gies compared must generate electr1c1ty over equxvalent tlme penods In order to malntam v
 the level basis for comparison, plants are not. allowed to shut down. prematurely when |
‘ operatlng expenses exceed revenues, as in the’ case of esca]atmg natural ‘gas prices. The
result in these situations is a cash flow stream for the project that does not reflect expect— o
ed business decisions. Nonetheless, for comparison of future electrxaty supply optlons, it
is more appropnate to include the effect of high nataral gas prices in the out years than to
exclude it by running the plant shorter than its pro;ected life. In this case, the plant must
» st1]l meet all debt obhgatxons and a mmimum return on mvestment to equlty mvestors
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gt

 5"

0

YEAR 20 30 " 40
Electricity price (cents/kWh) 691, - 742 733 778 902 . - 1212 16.28 21.88
Revenue {$million) . : D515 B30 546 519 T 672 903 1,213 1,631
Operating expenses ($million) . . BRI f’ ’

- Fuel cost ' 38 39 40 . 43 51 73 103 145
- Waste fee 8 B 8 9 10 13 18 24
- Fixed O&M 66 68 71 7 94 139 206 306
- Vatiable O&M R I SURLNL S 5 8 " 17
- Decommissioning ERE TEI e RN IR ) "9 9 9 9
- Incrementat cap. . ] 200 B 7. 36 . 49 65
Operating income L3700 38 39y 414, 475 625 817 1,063
Depreciation (tax) S92 v 74e 0 ST 1270 108 0 0 0
Interest payments 7 86 79 64 13 0 0 0
Debt principal repayment 80 . 86 93 108 159 0 0 0
Taxable income 186 121 156 223 354 625 817 1,063
Income tax payment 71 46 59 85 135 237 310 404
Net profit 127 163 160 157 169 387 506 659
Table A-5.A.6 CCGT Base Case Cash Flows (nominal dollars)

YEAR 1 2 3 5 10 20 30 40
Elec. price {cents/kWh) 425 - 438 451 478 ° 554 745 1001 13.45
Revenue (Smillion) .3 326 336 356 413 855 746 1,003
Operating expenses ($million} R T S NP )

- Fuel cost L1960 L5 ns o 34 293 457 72 11
- Waste fee - o T e - - - —
-FivedO&M 0 (R VAN | T 3 34 51 76
- Variable 0&M 4 o4 4 5 6 9 13 19
- -Decommissioning L —_ — — — —
- Incremental cap. ST T 7 7 8 n 15 20
Operating income 94 93 93 9 83 45 -459 -223
Depreciation (tax) 24 45 4 3 28 0 0 0
Interest payments 2% 4 n 18 4 0 0 0
Debt principal repayment 2 4 . 26 - 30 - 44 0 0 0
Taxable income . [ SoA 24 T30 o 40 51 45 0 0
Income tax payment- " RS ¥ RSNCEON TEEE | BRSSP 7 0 0
Netprofit . ') 3600033 B 6 28 452 -223°

~ aforthe purposes of tomparing energy supply options, plant-opetation is not témhinatéd when operating costs exceed revenues, .
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Appendix 5.8 - Nuclear Power Plant Constructlon Costs.

This sectlon contalns a summary of avarlable information on- nuclear power plant con- .
struction’ costs The information mcludes constructlon cost estlmates by. government and
industry sources, actual cost data from recent experrence abroad, and some recent indica- "
tions of the current market valuation of nuclear. plants The data are somewhat sparse but .

are helpful in determining what nuclear plants cost to build now, what they are projected
to cost in the future, and what cost will make nuclear viable in a competrtrve electricity
generation market. Cost figures are presented in a variety of formats (overmght costs, total

construction costs, levelrzed costs) in the sources c1ted and are generally presented in’ the'

format given by the’ source

CONSTRUCTION COST _FOREcAsTs‘ )

EIA — Annual Energy Outlook 2003+ :

Cost and performance characteristics for. nuclear plants in the Annual Energy Outlook are
based on current estimates by government and mdustry analysrs Two cost cases are ana-
* lyzed, the reference case and an advanced nuclear cost case, where’ overmght costs are
reduced to be consrstent wrth the goals endorsed by DOE’s Ofﬁce of Nuclear Energy

In the reference case, overmght constructron costs are predrcted to be $2 044/LWe in 2010

and $1,906/kWe in 2025, specified in 2001 dollars. Construction costs are assumed to
decline over time based on a representatrve leammg curve, The. overnight costs reported
include a 10% project contingency factor and a 10% technologlcal optimism factor, which
is applied to the first four units to reﬂect the tendency to underestimate costs for a first-of-
a-kind unit. The report mdrcates a five year lead time for constructron Predlcted overnight
costs for the advanced nuclear case are $1, 535/kWe in 2010, dropping to $1, 228/kWe by

. 2025, also reported in 2001 dollars The advanced case does not mclude a technologlcal o

optrmrsm factor. - °

DOE-NE — 2010 Roadmap Study5

The' economrc analysrs in the 2010 Roadmap study takes a parametrrc approach to nuclear N
capital . costs, ‘but ‘states that" engmeermg, procurement, and ‘construction - costs vary e
between $800 and $1, 400 / kWe Addmg 20 percent for owner’s costs’ and pro;ect contin- .
_gency, the’ approxrmate range for overmght costs is $1 000-$1,600 /. kWe in 2000 dollars R
Constructron is assumed to occur over 42 months, wrth srx months between constructlon : o

' and commercral operatron .

In addmon to the parametrlc analysrs, the 2010 Roadmap study evaluated elght advanced
nuclear plant designs as candidates for near term deployment. The cost ‘estimates for the
‘new designs were provided by vendors with various levels of confidence and detail. A brref
summary of relevant mformatron for the elght desrgns is tabulated in Table A-S B. 1

C
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ableASBl ;

I OVERMIGHT COST ;. ' OTHERRELEVANT INFORMATION -~

L DEsIGN T

- '=4GE_ABWR . $140)—-$1,600/kWe .48 monthconstructlon UJapan) - - B

" Real construction experience

GEESBWR. .. . i Lowe'thanABWR. . L ";':Av‘ana'bmt'ygoa"l of92%
GO e D e Slmpllfed deslgnto reduce cost

. Cost excludes coolmg tower

.$1 150-51270/We FOAR .~ e
48 month construction, 91% ava:l.‘ P

o :Fr-ama:tomei“ AR ‘
o SWR1000. 1S~20%reduct|onforNOAK"

Westmgh_ouse";'\ i $2.173/We FOAK. 5 years from ordér placement o

-,AP600 ’ :Stl 657/kWe  NOAK -commercial operation
. Westinghouse - © ‘ §1365/kWe FOAKiw':f' " Costassames twin tnits, mcludes. '
-AP1000 »° . _'.-_’ o ‘51040/kw_eNQAK._,_~! .. ¢ . owner'scosts and contingency -
Westinghouse Z' - $687-$1,224/We FOAK _ 100-300 MW plant availability 85-99%
RIS o $746-$1343AWeNOAK - . . o
pebbleBed o < $1250AWeNOAK <L »'?'51,1'"0M'w ur\its S
ModularReactor f Cela T T
GeneralAtomxcs fl-‘, $1 lZ/kWe ",:;1;_,‘ Costuncludescontmgencyandowners .
Gl MHR e e ZS%reductlonforNOAK ';' Looeosts . >

2. FOAK - First-of-a-kind . - .
b. NOAK - Nth-of -2 -kind -

lquy ‘ 1NIZA/IJ A — Pro;ected Costs cf Generatzng Electrrczty6 _ : .
-+ Theest lmates of constructron and operating costs for power plants cont:uned within the \
e "NEA/IEA report are comprled from OECD countrles and ; are, based on a combmatlon of .
.« the:cost. submissions and recomplle them ‘using standard assumptlons and two real dis-*
e count r.ltes 5% and 10%. Not every country mcludes the same cost items in its totals, mak-
' v;-?'«'mg comparisons across'countries difficult, and all costs are ‘converted to US dollars using -
- -a‘spot. exchange rate. Cost estimates are lrsted for the Umted States and for the entire’
OECD range. (See T'tble A-5 B.2.) Costs for closed fuel cycles are not included in the range
. of estimates. The costs reported in the NEA/IEA report are 1dent1ca1 to those in the NEA
S )',_report Nuclear Power in'the OECD, publrshed in 2001. Wit

. TableA$B2

¥ PARAMETER * -~

. UNITED STATES LOECD ...
o .;‘Ba)eyearforcosts 1996 - . ST 0199
Capacnyfactor %, L CSTS%. s o
Overmghtcosta "$1,585 /kWe - - . © $1,585-92,369/kWe -

R Overnight cost (2002 dollars)
. Toral constructlon cost (2002 dollars)
B Ccnstructlon period

S1831/kWe L US18I= 23T MkWe.
: $2,139-53,101 /kWe

,9y_ears‘ .

" ‘2. ncludes owner's costs and a contingency factor,
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Finland : - SRS

The Finnish parlrament in May 2002 approved constructlon of a new nuclear power plant
by the electrrc utility Teollisuuden Voima Oy (TVO) based in parton 'the economic analy-
sis of generation options by Risto Tar)anne of the Lappeenranta Umversxty of Technology,
Finland.” A fifth nuclear unit is seen as the superior generation chorce to limit 1mports of
Russian natural gas, allow Finland to meet Kyoto Protocol commltments, and guarantee

cheap electric power to the Finnish mdustry It is'important to note that TVO is a non-

profit company that provides electricity to its industrial shareholders at cost, effectrvely
providing a long-term power purchase agreement not ltkely avallable to plant owners ina
competltlve environment. ' : SR \

The economic ana]ysrs supportmg the decrslon to burld a. ﬁfth nuclear rea tor compares

the economics of a new nuclear plant to a pulverrzed coal plant a combined- cycle gas tur- Co
bine plant, and a peat-fired plant. Low nuclear . construction and operating costs, high -

plant performance, and a 5% real discount rate contrrbuted to nuclear power being the
superior choice. The study assumed an initial nuclear mvestment cost of 1,749 euros/kWe,
including interest during construction, and a five year construction period. Using an
exchange rate of 1.0 euro / U.S. dollar and inflating to 2002 dollars, the total construction

cost used in the analysis is roughly $1 830/kWe, rmplymg an overmght .cost . of about

$1,600/kWe. 8

. 'UK Energy Rev:ew : . \ :

The UK Performance and Innovatron Umts Energy Revrew ‘addresses the constructron
cost of nuclear plants by evaluating submltted estimates from British Energy and BNFL.
The report first notes that the construction cost for Sizewell B, completed in 1994, was
£3,000/kWe in 2000 money ($US 5,000/kWe at current exchange rates), including first- of-

a-kind (FOAK) costs (£2,250/kW excluding FOAK costs or .$US3,700/kWe ‘at ‘current
exchange rates), for a total cost of generation around 6p/kWh or 9.6 ¢US/kWh at current

exchange rates (excluding FOAK costs). Industry (Brmsh Energy and BNFL) now predlcts
that the Westinghouse AP1000 could generate electrrcrty at 2.2-3.0 p/kWh or. 3.3'to 4.8
- ¢US/kWh ignoring FOAK costs. The construction costs assumed in these estimates were

considered commercially confidential and were not mcluded in the report. The PIU report . '

notes that the construction costs provided by the industry were better than the best recent

estimates from OECD countrles,"’ and that operating avallablllty estimates were questron- :

ably high. The PIU analysis suggests a range of 3p/kWh'to 4p/kWh (of 4.8t0 6.4 ¢US/kWh -

for future nuclear cost of generation, consistent with total construction costs of roughly." C
£1, 400—1 700/kWe in 2000 money, or about $2, 300—52 900/kWe at current exchange rates R

RE'CE'Nl"'M_AVR_kET VALUA’rio'N’foF NUCLEAR é'_LA'il_rs

Sale ofSeabrook Nuclear Statron = 2002

In 2002, 88.2% ownershrp of. Seabrook Nuclear Statron (1 024 MWe) was transferred to -
" Florida Power & Light throuigh a competrtlve auction. process.: ~The sale prlce was $749.1

million for the operating plant ($730/kWe), plus $25 6 millionfor components from an

uncompleted unit and $61.9 million for nuclear fuel. The deal included no power purchase L o
' agreement FP&L wxll recerve the current balance of the decommrssronmg trust fund estr— L
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o .' RECENVT NUCLEAR CONSTRUCTION ABROAD

mated at $232 7. mrllron The NRC operatmg lxcense for Seabrook is set to expire.in

'_-October 2026, allowmg for more than 20 years of service with the possrblllty of a'20-year
; ";lrcense extensron - This lmplles that .the market value of a fully Ticensed and operatmg. .
'-"nuclear power plant ‘with'a; good. performance record is less ‘than half of the most opti-
* mistic cost estimates for bulldm;r a new nuclear power plant and only about 30% more
' than the cost of CCGTs belng built in New. England during this time period. This in turn
- 1mphes that merchant investors in nuclear power plants believe either (a) that future oper-

ating costs are much hlgher than is assumed in’ engineering cost studies or-(b) that the
comimercial risks associated wrth even a licensed and operating plant are so hrgh that a very

. 'hrgh cost of caprtal is 1mputed to future cash ﬂows, ora combination of both. Comparable
, -';-analyse, of. other recent nuclear power plant salés come to very srmrlar conclusions. The
- - market value of: nuclear plants is far. below therr replacement cost, a result that is mconsrs- :
- 7~_,tent wrth merchant mvestment in’ new nuclear plants L TR

Browns Ferry Umt 1 Rcstnrt - TVA , '
"In May 2002, the TVA board of dtrectors approved aplan to restart Browns Ferry Nuclear

Unit 1, idle since 1985. The decrsnon was based on recent improvements in nuclear oper-

L atmg pe rformance and costs at TVA ‘plants and a reduced estimate of the cost to restart the '
~ unit. The analysrs tiered from Energy Vision 2020 TVA’s resource integration plan, which
~.in 1995 recommended deferrmg a decrsron on Browns Ferry Unit 1-until more data could i
be collected on operatmg performance and costs. Browns’ Ferry Unit 1 has an active NRC
operatmg license that will - exprre in 2013 but TVA plans to apply for a 20- -year license -
fextensron rf the umt is recovered : e - _ N

The new analysrs estrmates that the restart of BFN Unit 1 will cost between $1.56 and $1.72
billion in 2002 dollars and will take 5 years to complete.!! This corresponds to an overnight

_ 'caprtal cost of about $1 ,280/kWe. The 2002 TVA report indicates that the levelized cost of
the pro; ect will be less than that of an alternatrve natural gas-fired combined cycle plant

~“basedona ﬁnancral research report quotmg the level1zed cost of a combmed cycle plant as v

__Z'v‘.$51 00/\/[Wh 2. S R AR LT s

- The crucral factors that makes nuclear competmve in this case are (a) that the expendrtures' '
e are requlred to upgrade an ex1st1ng plant that already has significant capital facilities in
" place ard (b) TVA’s assumed low cost of caprtal The restart will be financed entirely with

_’_’._; -_:‘debt TVA is able to borrow money very cheaply, and the company doesnt pay federal

recent experlence of hlgh performance and low operatmg costs, nuclear appears to be the L

A few n.ountrres are actrvely burldmg nuclear plants usmg new nuclear desrgns and
:..advanced constructron techmques to whlch estimated -cost reductrons are attributed.
" Unfortu: nately, actual cost data for these pro;ects is. dlfﬁcult to acquire. Pro;ect costs for -
,,_n'ewly operatmg plants in Iapan and South Korea are dxscussed in: thrs sectron and should-,'
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It is important to note the drfﬁculty in comparmg costs of constructron pro;ects across
countries. Differerices in the relative costs of local resources and constructron technologies, -
government regulatrons, labor. productrvrty, andv the fact that a large fraction of nuclear
plant costs depend on local Iabor and- constru n'resources and are not’ tradeable across
countries are such that the costs of constructron pro;ects in’ differenit countrres must be

‘compared with great care. Currency exchange rates may not accurately reflect the relatrve"‘ '

costs of goods and services that are not traded 1nternatlonally, and are susceptrble torapid -
fluctuations that obscure real costs.”* An alternatrve approach to mternatronal comparison

is the use of purchasing power parities (PPP) that ad;ust for prrce level differences between
countries and thus attempt to equalize the purchasing’ power of drfferent currencies. The
Japanese and Korean construction cost data below are mterpreted usmg PPPs comprled by

the OECD and Eurostat for gross fixed caprtal formatron mcludrng constructron, machin-
ery, and equipment.s The PPPs are assembled - ‘every three years] based on prices of repre- - -

" sentative goods, services, and pro)ects, provrded by partrcrpatmg countrres The use of . -

PPPs for international comparisons of construction pro;ects doesnot resolve all regronal‘ ,
differences, but is generally expected to be more consrstent and perhaps more accurate
than using current exchange rates alone. - R :

Japanese Nuclear Plant Constructron _ o :
Iapan is one of the few countrres actlvely burldmg nuclear plants at thrs trme

/Constructlon costs for recent nuclear plants by Tohoku and Kyusyu utrhtres were comp piled

for us by a Iapanese analyst from pubhc 1nformatron and are tabulated below ‘

’ ~l(yusyu Flectric . Genka|3(PWR) 1180 Mwe .’

Table A-5.83 - _
- AR .'idquRCiAL L totaL Pkoizcr't'osr , :

OWNER NAME OF PU\N? : (APA(‘TY 4 OEERATION OATE: - - - {109VEN): U S. EQUWM.ENT‘

Tohoku Electric. OnagawaB(BWR) CesMwe L a0 34, C 52409/KWe

‘March]994 L TI399 L S2BIR/kWe -

- Genkai 4 (PWR) - L July1997.

- Note: Compﬂed from public information by the MIT (enter for Energy and Enwronmental Pohcy Research

a UsmgPPPo{lSSyenlUS dollar Lo

Recent data for BWR plants burlt for Tokyo! Electrrc Power Com ny (TEPCO) at ltS

.vKashlwazakr Karrwa Nuclear” Power Statron is given next. Umts 3 and 4,both 1,000 MWe
_BWR desrgns, were completed in 1993 and 1994 respectrvely ‘More’ interesting f for ourpur-
) ..'}poses, units 6.and 7, GE' 1,356 MWe ABWR desrgns, were completed in- 1996 and 1997. -
- Approximate costs of constructmg the reactors ‘come from’ multrple sources, all of which’
_-give values wrthm a modest range of each other: TEPCO anntal reports; pubhcly avaxlable '
-data on reactor costs from TEPCO and drrect commumcatrons wrth TEPCO

' Data contamed in TEPCO’s Annual Reports were analyzed as follows Incremental caprtal o
B ,costs were estimated based on the average mcrease in’ nuclear asset values in years in whrch SR :
"reactors were not added {o the assét base. This quick’ approach resulted in incremental cap- el
- ital costs on the order of current data in the United- States Subtractmg rncremental capr\”_
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tion cost for each plant in the year it began construction. Several factors may skew the con-
struction cost estimate, but they are not seen as significant within the scope of the study.
Estimates of interest durmg construction in Japan during this time period are low, and so
whether or not it is: capltahzed and included in the dsset balance will have only a minor
effect. Inflation was 1gnored asit has been low in Iapan over this period ; as well. The annu-
al reports yielded construction costs of 320 340 billion yen each for units 3 and 4, and 400-
420 billion yen each for units 6 and 7. Usmg a PPP of 158 yen/U. S. dollar,6 construction
costs were equivalent to $USl 800—$USZ,000/kWe for the ABWR units.

TEPCO presents rough ﬁgures for construcnon costs of each plant on its website. The
approximate costs presented are 325 billion yen for Kashiwazaki-Kariwa (KK) 3, 334 bil-
lion yen for KK4, 418 bﬂhon yen f for KK6, and 367 billion yen for KK7. These values are
close to those denved from the annual Teports, with the exception of KK7 at $1,710/kWe,
using the same PPP as above. Informatxon compiled for us by a Japanese analyst from pub-
lic mformatlon conﬁrms ‘these estlmates 433 billion yen for KK6 ($2,020/kWe) and 384
billion yen for KK7 ($1,790/kWe).

Korean Nuclear Plant Construction

South Korea possesses 18 operating nuclear reactors with two more planned to connect to
the grid in 2004/2005. The latest reactors, Yonggwang 5 & 6, are 1,000 MWe PWRs, using
the Korean Standard Nuclear Power Plant (KSNP) desngn, based on the Combustion

Engineering System 80. The Yonggwang plant is owned and operated by Korea Hydro &

Nuclear Power, a sub51diary of Korea Electrlc Power (KEPCO) 'KEPCO is a state-run
monopoly that is in the process of prwatlzmg its power generation business. The construc-
tion was financed through debt

Construction of the two reactors cost an estlméted 3.91 trillion Korean won. The overnight
cost is estimated at 3.11 trillion won at 2002 price levels.!? _Using a PPP of 867 won / U.S.
dollar,' the unit overmght cost is equlva]ent toabout $1, 800/ kWe and the total construc-

 tion cost is equivalent to about $2,300 1 kWe. Care should be taken when attempting to

apply these cost figures to constructxon in other parts of the world, because the challenges
of international comparisons dxscussed above become more 51gn1ﬁcant when developing
countries are bemg consndered ~
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Appendlx 5.C — Nuclear Power Plant Operatmg Costs

Nuclear power plant operatmg costs are gener_
those of fossil plants, due to relatwely stable fuel g
-matés of historical ‘operating costs and pro;ect
focus is on non-fuel operatmg and maintenan

ces. This appendrx presents several esti-
f future costs for nuclear plants The
O&M) costs Some sourCes record non-

fuel operating costs while others mclude the. costlof fuel. For _purposes of comparlson,' A

nuclear fuel costs can be assumed to be i in the range of 5- 6 mills/kWh.

Recent performance of nuclear plants mdxcates that non- ﬁlel O&M costs averaged between
12 and 18 mills/kWh. Costs for the best plants-have been- below 8 mills/kWh while costs
for the worst plants have exceeded 25 rmlls/kWh Pm]ectlons of future costs tend toward
the low end of this range and below, thh some pro]ectlons as Iow as 5 mills/kWh for non-
fuel O&M. »

EIA — ELECTRIC POWER ANNUAL 2001

The Energy Information Admlmstratlon (EIA) reports average operatmg costs for major
reports average operatmg costs for the penod 1990—2001 based on utlllty ﬁlmgs of FERC
Form 1, Annual Report of Major Electric Utilities, Licensees, and Others. Non-fuel O&M
costs for nuclear plants averaged 18. mllls/kWh “adjusted to 2002 dollars; for the period
1990-2001, and have declined in each of the past five years. For the five year period end-
ing in 2001, non-fuel O&M costs averaged 16 mills/kWh and the average has dropped to
14 mills/kWh since 2000. For comparison, fossil steam plant O&M costs averaged around
6 mills/kWh for the 12 year period, excludmg fuel costs.

Table A-5.C.1  Nuclear Po'wer Plantf.p’perating Costs,‘ 1990\'-'-'200(1 .

N 1'9'90-2001‘ " 19972001

ills/Wh} s 2000 - svrme __AVERAGE -
" Non-fuel O&M 144 B3 B 153 U9
- 2002 doflars 152 . -140 <183 L 1610
Fuel costs 52 ~50: BN 7 AR R

Total operating costs 192 183, 210 200

Source: E1A, Electric Power Annual 2001

EIA — NUCLEAR POWER PLANT OPERATING COSTS

The EIA report, An Analy51s of Nuclear Power Plant;Operatmg Costs*A I 995 Update,20 pro-

'vides more detailed information on nuclear plant operating costs, though the analysis is
limited to pre-1994 data. As in the Electric. Power Annual, utility data are collected from

FERC Form 1 ﬁlmgs and historical trends in operatmg costs are analyzed. Between 1974
and 1984 real non-fuel O&M costs escalated at an annual rate of 12%, and increased reg-.
ausing the cost escalation. Over the last five

years of the sample perxod (1989—-1993), O&Mfcosts escalated by less than 1% annually,
thh a cost of $96/kW in 1993 (equrvalent t0131 ﬂls/kWh‘?for‘BS% capaaty factor)

assumed to be nmore predxctable than

Appendix 5 — Economics

143



\us

./

' l\lu,l.rl

als and supphes

“-OPERA'I ING COST PROJECTIONS

The 1995 report offers a number of mterestmg statrstlcs about nuclear O&M costs. First,
the report lists O&M costs for mdrvrdual plants over the last four years. From these data,
it can be ¢ seen that O&M costs for the best performer are just over half (56%) of the aver-

~.age. costs- across the ﬂeet Costs for. the lowest cost quartrle are 20% below average, 16%
e above cverage for the hrghest cost quartil and 86% above average for the worst performer'_ .'

'Second a regressron analysrs de ermmes thatf_plant agrng, NRC regulatory actrvrty, and _
regulat3ry incentives to improve performance were the three most important factors influ-
-encing changes in O&M costs over time.2! It is estlmated that 67% of the reported O&M

costs are labor related wrth the remammg 33% for expendrtures on maintenance materi-

. ;_:Thlrd and most 1mportant for assessrng the total cost of nuclear generatron, the reportaf
- lists cost items that are not included in the reported O&M costs Insurance premiurms for.
e properly damage, thrrd party damages, and replacement power in case of an accident are

.v."not included. Addrtronally, NRC egulatory fees and some payroll taxes and frmge benefits

are not included because they are reported in aggregate for the utility. A study performed
by Oak Ridge National Laboratory. estrmated that the reported O&M costs understate the
actual costs by up to 30% 2 .

NUCLEI\R ENERGY INSTITUTE (NEI)

:NEI pre sents 3 year rollmg average productlon costs for U S nuclear plants based on data o
‘ from the Utlhty Data Institute and the Electric Utrlrty Cost Group.? The table shows con- - -

sistent <ost reductions across the fleet. The fleet. average productron cost for 1998-2000
was 17.4 mrlls/kWh mcludmg fuel costs. However, the lowest cost quartile achieved total

‘O&M costs of about 13 mrlls/kWh and the second lowest cost quartrle 15 mrlls/kWh

Tab!e A- 5 <2 E 3 year Rollmg Average O&M Costs for
i fUS Nuclear Plants a

’Qummtr .(lUARTILE oumus al ol L

;"1>99e-i998 P43
119971999 :; .
- 199852000 [ 127,

T3
- QUARTILE

. The most recent Pr0)ectrons from EIA are for ﬁxed lnuclear O&M costs of $58/kW and varr-l.'_ - S
able’ O8&M costs of 0.43 mllls/kWh 2 Assummg an 85% average capacity factor, this is equrv-j'_, Lo
-alent to 8 mllls/kWh (excludmg fuel) The economlc analysrs in the Department of Energy " -

2010 Roadmap study pushes oper atmg costs down further by pr0)ectmg non- fuel O&M -

- costs around 5 mills/kWh for near term deployment plants 25 The report notes that thisisin.
'_lme wita the best currently operating. plants And TVA; in its evaluation.of the proposed

. - restart of- Browns ‘Ferry Unit 1, projects: 0&M costs below 8 mrlls/kWh based on recent -
..+ experierice at its other nuclear facilities. These operatmg cost pro;ectlons are srgmf icantly . - - -
= below the actual operatmg cost numbers drawn from recent experrence drsplayed above -
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Appendlx Chapter 5 D — Costs of Reprocessmg

Spent UOX fuel typrcally contams a lrttle over 1% Pu.’~ Through reprocessmg (PUREX :
process), it is possible to recover this p]utomum and use it to make MOX fuel for usein .
LWRs. However, because of the high costs of reprocessrng and of MOX fuel fabrlcatron, the
cost of repository drsposal must be very hrgh in order for the MOX optron to become ¢ eco-
nomically competitive with the once- through UOX cycle We support thrs conclusron wrth_ S
the followmg analy51s . : \ :

Fuel Cycle Cost Model —"A’simple:expression‘fo'r.th'e’fu%ei c};cleicost: is_nb'as follows o

reTicrTucn 6

where:
_ FCC = Fuel Cycle Cost [$]

' M;= mass processed at stege r[kg or kg SWU]
C;= unitcostat stage i [$/kg or $/kg SWU]
¢ = carrying charge factor (yr- ‘)

AT delay between the investment for stage i and _
the mrdpomt ofthe rrradlatlon of the fuel (years)16

. UoX cycle — The once through UOX cycle rs represented below (for 1 kgIHM27 of fuel)

Naruraluramum R Ennchedummum : ' FreshUOX SpentUOX h
102kg" B lkg - } o IKqIHM} _ m 1kgiHM
Assumptwns k

1 U235 content of natura] U 0 711%"5'1 e

o Enrrchment tarls assay 0. 3%

B Fresh fuel enrrchment 4 5%
lﬂ Losses are neglected

= Burnup 50 MWD/kgHM

,4l3 Capacrty factor 0 9 R
(td Thermal efﬁcrency 0 33 :
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The Separatrve w0rk per unit of enrrched product can be obtamed as:28

kg SWU ( X,= X, Xnar
— S = (2, 1) ¢ '-~2—1-In o= 1)1
kg product )+ In: (1 - Xp) X,m; ( X, =1) ( = ) Yo ( Xnat = 1) *In ( X

: ‘where
X E productennchment ,

Xpat = naturalennchment L
'rAx,‘:\ talls assay '

Using the values’presented above fur sc;,,'rcn,;;'and x,, we get 6.23 kg SWU/kg product.??
The fuel cycle cost can now be calculated (for 1 kgIHM of fresh UOX fuel):

Table A-5.D.1 Once-through UOX Fuel Cycle Cost '

. o : ) 'DIRECTCOST  CARRYING CHARGE
M G Alifyr) - Mi- G ($) Mi< G- 6-AT; ()

Ore purchase 10.2kg 305/kg 425 307 130
Conversion 10.2kg - 8%/kg 425 82 35
Enrichment 6.23kgSWU 100 $/kg SWU 325 623 202
Fabrication TkgHM  275%/kgiHM 275 75 . 76
Storage and disposal TkgtHM. - 400 $7kglHM3®2 . - ~2.25 400 -90
, ‘ L s oo Total .. - 1686 353

Grand Total .. . . 2040

a. The cost of waste storage and disposal is assumed tobepald atthe end o( m'adnauon even though the unit <ost of S400/kgIHM isa proxy
for the 1 mill/kWehr paid by atilities during madutlon P ) )

The calculations are based on the fdl]oWing assumptions:

E Fuel irradiation tlme 4. S years

E Lead tlmes

2 years for ore purchase
© 2 years for conVerslon
E | year for ennchment

+ 0.5 year for fuel fabrxcatlon

E Carrymg charge factor. =0 Iper year

The cost is thus $2 040/kgIHM"' We can obtam the fuel cycle cost in ¢/kWh(e) as follows

1kW L $
kWh()

<gIHM\.. 1MW .g;1_df:"
OMWd - 1000kW - 24h
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“The fuel cycle cost is therefore 0 515 ¢/kWh(e)

MOX cycle — The MOX cycle can be represented as follows (for 1 kgIHM of fuel)

Spent UOX fuel Totalpluromum :
5.26kg - > 007k L\
 HWand . Depleteduranium - -
separated uranium 0 0L 526kgT
Assumptions . i

& Pu content of spent UOX 1 33% -
B Pu content of fresh MOX 7% S

- B1 Losses are neglected ‘
& Burnup: 50 MWD/kgIGM
¥ Capacity factor: l).9
I Thermal efﬁc1ency 0.33 .

- -:We now calculate the fuel cycle cost (per kgIHM fresh MOX fuel)

. Tahle A5.D.2 Single RecydeMOX Fu'_el Cycle Cost '

C o DIRECT COST  CARRYING CHARGE

GaMM) (SqHM) AT MRGES)  MeGoo-AT(S)
CreditforUOXSF 526 - . =400 . 42 05 -
Reprocesing .. .. - “526 . 1
- 'HLW storage and dlsposal 526 .
.MOX Fabrication .-~ .. 1.

- MOX Storage and disposal . 1

GrandTotaI°':i,:-_:.g Lo

,Assumptrons S
- B Fuel 1rradrat10n t1me 4 5 yea

N .:%I Lead txmeS'

4 2 years for acceptance of spent UOX fu el

2 years for reprocessmg, S
1 year for storage of HLW from reprocessm ;

A 1 year for MOX fuel fabrlcatlon
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:' Table A S D 3 Breakeven Values

' cosr COMPINENT

, E Both the cost of separated uramum storage and the potentlal value of separated uram-‘

um inaterial are not included in- the analysis. Under ‘current conditions, separated ura-
nium is not- used for fuel fabrlcatron because usmg natural uranium is less expensive.
“Separated uranium is srmply stored for possrble use in the future. Since cost of storing
separ ated uranium is very rnod est due to 1ts low radxoactmty, weignore it in thrs analy-
- sis. : :

B The o ost of HLW storage and dlsposal is assumed to be 25% lower than the cost of spent

~fuel ‘torage and drsposal The HLW contains most of the ﬁssron products (mcludmg Sr- .

_ 590 and Cs-137) and all the minor, actmldes present in the' processed spent fuel, hence .
| storage and dlsposal requireme nts are not ‘expected fo be much 1mproved compared to
spen; fuel. However, because ELW has a lower volume and very small plutomum con-
tent, modest savmgs can be expected -

B The cost of storage and drsposal for spent MOX fuel is assumed to be the same as for

' spent. UOX fuel. Indeed, spent MOX is not ‘reprocessed due to the degraded isotopic
_composition of its plutomum We' therefore consrder it to be a llablhty comparable to
‘spem UOKX fuel. - o ST :

¢ t)lperyear Loor ; : . .
The fue! cycle cost is therefore $8 890/kgHM or2. 24 ¢/kWh(e) Thrs is approxrmately 4.5
times hlgher than for the once- th“ough UOX cycle under U.S. conditions.

The inc: -emental MOX fuel cost compared to UOX fuel cost will contribute to an increase
in the cost of electrrcrty in proportlon to the ratio of MOX to UOX fuel in the entire ﬂeet

- Accordl agly the mcremental elect, ncrty cost for the ﬂeet will be:

o 515 cents/kWe hr (1260/1500)+2 24 cents/kWe hr(240/1500) '0'791 cents/kWe-hr f

ora blended increasé in the cost ol electrrcrty of 0 28 cents/kWe hr in the MOX/UOX cyclc

comparr d to the once through UoX cycle 31° R

' ‘iCONDlTIONS FOR COMPETlTlVENESS OF THE MOX OPTION .

) ,;‘It is 1mportant to determme under what condrtrons the MOX fuel cycle becomes cost com-
~petitive with the once through UOX cycle ‘Cost’ components to: consrder are:'(1) cost of -

natural uranium, (2) cost of reprocessmg, (3) cost of MOX fabncatxon, and (4) cost of -

. waste storage and drsposal Table A-5.D.3 presents the value that would make the fuel ¢ycle
. cost of both optlons equal (breakeven value) for each of these four cost parameters

ORlGlNAl VALUE EREEE REQUIRED VALUE .RéQUlREDIOR.lblNAL' .

Naturalurrmum $30/l-gU $S60/ng 19
" Reprocessing -~ - .

S 51,000/lg|HM L So0kgHM 009 L L
-MOX fabrication - - =7

i P $1,500/kgIHM - - Impossible - . - o TNAA
. Waste storage and disposal «‘$400/kg|HM (SF) .*».ﬂ- $1, 130/kgIHM 28
N T $300/kgIHVI(HLW) $lOO/kngM o033 .
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The cost of natural uranium is not lrkely to reach such hlgh levels in'the foreseeable future

The cost of reprocessmg will ‘probably. never -drop "down’ to -the" requlred value of
$90/kgHM. As for waste storage and disposal, it is not reasonable to expect that- the cost

will be 11 times higher for UOX and MOX spent fuel than for HLW from reprocessmg,
indeed, although the volume of the HLW is much smaller, it still contains miost of the fis- -
sion products and all the minor actinidés from the spent. fuel Therefore, its heat load'in .
the first few: hundred years should be comparable to: that of spent fuel. It ‘can also be'-,:-.i
observed from Table A-5.D.2 that, even if we assume ‘that HLIW storage : and drsposal can -
be done at zero cost, the total cost of the MOX optlon is still $6798/kgIHM (obtained by. .
subtractmg the cost of HLW' drsposal $lS79+$513 from the total cost, $8890). This is'.
equivalent to 1.72 ¢/kWh(e), or more than 3 times the cost of the once-through option. It
should be noted, however, that the original values selected for the costs of waste storage

and disposal are not an absolute reference 1mportant dlfferences exist between countries
because this cost ‘depends on how. difficult’ the nuclear waste problem is percerved to be.
- For some countries, the.cost of waste drsposal may very well be much hrgher than the ref-
erence values used here. : ¥ S - o - :

Fmally, we consrder the effect of changmg our cost assumptrons for ore purchase, repro-

cessing, MOX fabrication, and waste storage and disposal simultaneously. We find that the
fuel cycle cost of the two options is equal under the followmg revised assumptlons

Table A-5.D.4 - Breakeven lfaldes (components adjusted simultan'eou'sily) L

COSTCOMPONENT - = gwr - . ORIGINALVALUE - " - quummvnwr

. Ore purchase PR S/kg I T 50 S
" Reprocessing  © " _ S/kg!HM oo 0000 ,ueoo
MOX fabrication ShgHM - - 1500 - 1,100
Storage and disposal: » S M , ce
Spent Fuel S S/kgIHM CUa00 L - 600 -

HLW ' | ,S/kngM, S 30 e 100 -
- Fuel cyclecost(both opuons) P e e 63 mllls/kWh

N Table A-5. D. 4 shows that by‘revrsmg several cost assumptlons in favor of plutomum recy— S
clmg, we obtain equal fuel cycle costs for both optlons Although the requrred ore purchase = .

" priceis hlgh and costs for reprocessmg, MOX fabrlcatlon, and HIW drsposal can be char-
acterized as optimistic, they fall within ther range of uncertamty deﬁned by other fuel cycle '

cost studies (see Table A-5. D. 6) o : : e : '

. YCOMPARISON WITH OTHER ESTIMATES

_ 'There have been a number of studles '/o ‘the economlcs of reprocessmg with gmﬁcant
} _:.-‘dlfferences in assumptions. The most comprehenswe study has beencarried-out by the ;
- OECD/NEA.32 This study thoroughly evaluated the cost of the once- through and plutom- o

- um recyclxng fuel’ cycles, and concluded ‘that the cost of the once- through option is about -

15% lower (based on the assumptrons presented in Table A-5.D. 5). Thus, the findings of.
the OECD differ srgmﬁcantly from the result presented earher, where the cost of the once- .
- through optron was found to be about 4 tlmes lower.” ol
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.treaseveral dlfferences etween the methodolo

Kmﬂ_ : " 'the methodology for. deahng thh carrying charges is more mvolved In addrtlon, it some-
" times uses different assumptlons about the workmgs of the fuel cycles. For example, a cred-
it is grven for the 1rradlated uramum recovered in reprocessmg, 1mplymg that it is used for

'..;domm,mt factor mﬂuencmg fuel cycle cost estlmates The OECD study uses costs that are

\i‘.much more favorable to'thé reprocessmg optron In fact, usmg the OECD assumptionsin =

 our model results in nearly equal costs for both fuel cycles Thrs 1s shown in Table A-S D 5.

OECDESTIMATE . .
50$/kgHM S
- 88/kgHM
S108/kgSWU
275 $/kgHM

o UUSTOSKGHM - L
CBOSKGHM e e
5 1,100 $/kgHM -

: Rep’rocessmg' B
“# « “HLW storage and dlsposa!
S MOX fabrication”. - .

NN " 'FUEL CYCLE COST’ L
'-“'/Once -through: Lo 643 mills/kWh
"MOXoptlcn I e T s "'-‘-’6.80mills/kWh.

| ) :Table A5.D.5 shows that OECD unit costs for the various back-end operatlons drverge srg-_‘ n
l\jy . ) mﬁcantly from' the ones that were, assumed in Tables A-5. D 1 and A-5.D.2. Such dlfferences' -

: can'be °xpected as fuel cycle cost studres generally show very large uncertamtles onsuch
- ;,'llcly av.ulable, and spent fuel or HIW disposal has not been rmplemented anywhere in the

.. world, so the’ costs assocrated -with these operations. cannot -be determined: precrsely -

“estimates for thls type of. actrvrty are notorrously uncertam Second since’fuel cycle, facili--
‘ties are hlgh caprtal cost pl he ‘cost of caprtal assumptlon is very 1mportant 33 Third,

nd on allocatlon of fixed R

,*'ﬁdence can be placed in an' 'estrmate on the dszerencc in dlsposal costs for HLW and spent .

: The OI CD/NEA provrdes revrse:l estlmat 3
The Gen- IV Fuel’ Cycle Crosscut Group offers a r. range of estlmates inits report 35 Fetter,' -
Bunn, and Holdren have offered en analysrs of the economrcs of reprocessmg versus s direct
afdxsposal of spent nuclear fuel ?6 Fmally, the Natlonal Research Councrl s study on Nuclear ;

--takes tvio years or three’ years of | I

150 MIT STUDY ON THE FUTURE OF NUCLEAR POWER

& gy usedm.the OECD study and the .
,,sxmple fuel cycle cost model used in this appendrx The OECD model is more detailed and /.

' ,l"estrmates Indeed, few data on 'the cost of 1 reprocessing and: ‘recycling operatiors are pub-.

f.‘;iFurthex more; estimates are diffic ult to.make for- several Teasons.” Frrst .engineering cost.

the'cost estrmates per unit- product depend on assumptlon about both plant productrvlty. : ; . |
on and development costs to Unit output, Finally, the =~~~
'»»:‘ultlmat° d1sposal cost for erther spent fuel or HLW is not. estabhshed Certamly little con-‘-_'- -

Several other studies provide estimates of the unit costs for ¥ various fuel cycle operatrons SR
i ajrecent study on: advanced fuel’ cycles Mo

that depends upon th assumed rate of return, and a capltal charge for the ‘work in :
progress, e the hold- -up .tlrne for materlal ﬂow through the system (for example, ifit. .
“lutonium i mventory to mamtam a grven materral ﬂow at‘;_ e




a reprocessing plant, thxs mﬂuences the cost of reprocessmg). We mclude in Table A-5 D 6

our “best guess” for the value of the parameters but stress, in the: strongest’ possxble terms,

as can be seen from.the difference’ in estlmates made by other studles, the tremendous
uncertainty in these numbers. R . o

Table A-5.D.6 Comparison of Cost for Once-through and Re:yde Pmcess Steps .

ESTIMA‘I’EDCOST
£ (lowerbuund nomlnal upperbound)

COST COMPONENT  ~ umr . 'oecnmu!i(iuoz) oosceu-w” Fetter‘sunn‘“o!dren" Our Best Guess

Ore Purchase $Ikg o mwo __,mpaes_o, RIS 30
Conversion S Sk L 357 T3 - 468 8
Enrichment E S/kgSWU - 50 80-110 SnUUAT 50804200, , 50-100-150 100
UOX fabrication $/kglHM 200-250-300 ¢ - - "200-250-350° " 150-250-350 275
SF storage and disposal $/kgiHM 410-530-650 - 210-410-640 0-150-300 {more than HLW) 400
UOX reprocessing . S/kgHM - - 700-800-900 - 500-800-1,100 - - - 500-1000-1600 1,000
MOX reprocessing $/kgiHM 700-800-900 - §00-800-1,100 R —_
HLW storage and disposal  -3/kglHM - 63-72-81 . .. 780-200-310, -~ .+ -0-150-300 (less than SF) - 300
MOX fabrication $/kgHM  900-1,000-1300 . 600-1,100-1750 . . 700-1,500-2,300 1,500
CONCLUSION

The simple fuel cycle cost model shows that the MOX option is roughly 4 times more
expensive than once- through UOX, using estimated costs. under U.S. conditions. Thermal

recycle can be shown to be competitive with the once-through option only if the price of
uranium is high and if optxmlstlc assumptrons are made regardmg the cost of reprocess-'

‘ing, MOX fabrlcatlon, and HIW d.lsposal

The case is often advanced that dJsposmg of reprocessed hlgh level waste wﬂ] be less expen-
sive than disposing of spent fuel directly. But there can be little confidence today in any
estimate of such cost savings, especially if dlsposal of TRU waste associated with thermal
recycle facilities and operations is taken into account. Furthermore, pur cost model shows
that even if the cost of dlsposmg of reprocessed hlgh-level waste were zero, the basic con-
clusxon that reprocessmg is uneconomlc would not change ey i

It should be noted that the cost mcrement issocidted with re
cle is small relative to the total cost of nucleareledtncnty generatron. In addmon, the uncer-
tainty in any estimate of fuel cycle costs is. extremely‘large. SR

with reprocessing and thermal recy—

N
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'URANIUM RESOURCES A ”D RES ERVES ‘~: :

,pfr_c*e:;anfd ‘A'\;a_uab;'n‘ty'gf' Uranium.

The most authontatwe source f01 estrmates of uramum resources is the OECD/IAEA Red
Book:# Frgures from the latest edltron are shown m Table 1

Table A-S F. 1 OECD Convent onal Uramum Resources
R (m:llron metnc tons, as ofJanuary 2001)

KNOWN (ONVENT(ONAL RESOORCES REPORTED UNDISCOVERED CONVENTIONAL RESOURCES )

o _COST RANGES __COSTRANGES '
; <40$/ng 40 80$/ng 8()—130$/kg e <130$/ng CostRangeUnassrgned
S22 o0 L i08 S T ie8 55

: ;'Io_tal Ura_ruum_ Resources: 16.2

. :The term ‘reserves” refers to the known conventroml resources that can be extracted usmg
current technology 'under current .economic- condmons at various.recovery costs. For -
~ example, from Table. 1 reserves recoverable at costs = $40/ng amount to about 2 million -

‘metric tons of uranium (MTU), enough for about 30 years at the current consumption

rate.3® However, reserves are only a-small fractron of the total uranium resource base,

~which also mcludes known deposrts that are not economlc to recover at present prices or
. are surrmsed to-exist with- varymg degrees of uncertainty in the vicinity of well-mapped
. deposrt‘ or by 31mrlarrty of one unexplored geologic structure to other mapped and pro- - .

ductrve ones: . When uramum prlces rise, presently uneconomic resources will become eco- .

- nomic to recover and mining companies will also have an incentive to delineate presently
, ;_unmapped resources. As a result, new reserves wrll be created that can be used to fuel a
i growmg mstalled nuclear capactty - : o :

A quanutatrve example of the mcr eased reserves that would be created asa- result of hrgh—- PO
' _f-er prices has been given by the Urznium Informatlon Centre in Australia: a doubhng ofthe * :
-, uranium price —whrch has been declining steadrly since the late 1970s; see Trgure 1-from . =
; present contract levels could be expected to create ‘about‘a tenfold i Aincrease in measured
CoE resourcrs 40 The term rneasured resources m this context refers o reserves extractable at
" costs = $80/kgU, which from ‘Table 1’amount to about 3 million MTU. Thus, a doublmg N
E ?:'vof uranlum prices from’ about $"‘0/l\gU to $60/l<gU could be expected to increase these
© reserves to approxrmately 30 mrllron MTU ‘This can be compared with the requrrements o
“of the fellowing | 1500 GWe mid century scenario: mstalled nuclear capacity grows lmearly B
from th( current 350, GWe to 1500 GWe over 50 years and after this growth period, no new.
o plants are built and existing ones are operated for. the rest of their lifetimes. The fotal pro- - .
» _"ductlon over the ‘growth period is’ 41 1625 GWe~y (assumrng a- capacrty factor of 0.9),: -
.. . requiring 9, 5 mllllon MTU (assummg a uramum consumptron of 226.5 MTU/GWe-y) .
= Nuclear capacrty then begms to decline: the newest plants still have 50 years of production
o -ahead of them, but the _units butlt at the begmnmg of the growth perrod must be decom-

missioned. Assumlng an’ average remammg life of 25 years for the fleet, total electrrcrty:

. productlon over the-decline period is 33,750 GWe-y, requiring 7.5 million MTU. The total -

uramum consumptron for. thls scenarro is therefore 17 million MTU The 30 mtllron MTU _
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of rescrves avallable 1f the uramum prlce double‘ are more than sufﬁcrent to support thxs o

scenano

INCREASED RESERVES FROM HIGH AN.D lOW GRADE ORES

_The increase of reserves as a result of hxgher uramum prnces could come frorn both high
and low grade ores. The former are the * unconformlty-related” deposits discovered start-
ing in the late 1960s in Australia and Canada where typxcal ore concentrations exceed 10%.

The world’s largest, highest grade uramum mine 4t McArthur River in Saskatchewan, :

cArthur River increased by more than

Canada is of this type. Estimates of reserv

. '50% in 200141 and further increases in reserves can be expected as a result of further’

exploratron at this mine and other unconfornuty-re]ated deposxts But such. exploratlon
followed by increased production is unlikely at today’s uranium prices. Indeed, according
to Bernard Michel, the former CEO of Cameco Corp.; the McArthur River mine operator,
uranium’s current low price is unsustamable”42 :

Most of the terrestrral uranium resource consrsts of large quantrtles of low grade ore. For

“example, phosphaté deposits, whlch typlcally carry 10 to 300 parts per million of uranium, |

are believed to hold 22 million tons of uranium. A 1980 Scientific American articles? s sug-
gests that the distribution of uranium resources as-a function of ore grade is such that, in
the region of current commercial interest, a reductlon in ore grade by a factor of 10
increases the amount of available uranium by a factor of 300. Equivalently, for a decrease
in ore grade by a factor of 2, uranium resources. expand by a factor of 5.

- Figure AR5, E 1 Uramum Prlces, 1972—2001
T annual bas:s :

- — Spo( prlce
m— Euratom Iong&erm

100 4

204
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Index; 1997 = 100

S %0910

R eee

-INCREASED URANlUM‘PRlCES ND‘THE COMPETITIVENESS OF NUCLEAR ELECTRICITY

- Table 2 shows that an iicrease in the price of uramum ore from 30$Ikg to 60$/kg corre-

sponds to an increase. in ore price of about 1,10 mllls/kWh This corresponds toa modest
increase of 2. 2% in the cost of nuclear electrxaty s

Tab!eA 5.E. 2 Cost of Uranium Ore as a Fraction of Cost of Electndty

c .- OREI’RICE(mmsn(Wh)
_pj,mg(jﬂg) - Directeost " Corryingcharget - Total 9% BUSBAR COSTC
I Cooean s 2
50 0 L REREE B -7 DR 3%
60 TINES P} B S 44%
100 - B 5. S 1.368 - , 74%
130 S 336 479 " 9.6%
200 S A TR 137 A 14.7%

3. Assuming uranium consumption of 226 5 kg/MWeyforLWRs -
b. Assuming a tead time of 4.25 years dnd a canrying charge factor of 01
< Assuming busbar costof S0 m1ls/kWh. ot S C/kWh

Furthermore, even 1f uranlum pnces mcrease as the most attractive deposits are depleted
there is good reason to expect that prices will not soar to prohibitively high levels.
Historical data show that, over ‘the. past century, ‘advances in exploration and extraction
technologies have made it posmble to recover lower grades and other less attractive
resources at constant or-even decreasmg costs in constant dollars. The U.S. Geological
Survey* provides data showmg that the U.S. mine production composite price index has
decreased throughout the 20t century, even as consumption of minerals increased signif-
icantly (see. Fxgure 2). The USGS observes that advances in technology have been more

than sufficient to overcome- ‘obstacles to- supply. The USGS also provides striking data on

the price and productxon levels of 4 selected commodmes over the 20t century (see Table
3). S S L

Figure A5E2 . Compos:te mmeral price lndex for 12 selected mmerals, 900 to 1998
. m constant 1 997 dollars Selected mmeral commodmes mclude 5

'.2505

—
3
]

&
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T Table ASE. 3. 20th CenturyWorld Production and
o ’ Pnce for4 Selected Commodities

that this fact changes the ﬁmdamental process hy thh hlgh- e S PR - DECREASE IN

er prices not only lead to exploration efforts but also créatean- o ‘:,';f)fl‘,‘gf,g:{ N poLLAR

incentive to innovate, which leads to technologlcal progress ' ‘monm ___PERIOD __(perceny _percent)

and tends to hold prices' down.” ' g : : Auminum  1900-1998 3250 897
Copper » 1900-1998 . 2465 750
Potash -1919-1998 3,770 93.9

O Sulfor . 1907-1998 .. . 6,000 894

NOTES

1. By’real”we mean that all cash flows are expressed in constant dollars that have been adjusted for the effects
of general inflation over ‘the life of the project. However the tash flows themsélves must first be calculated
using nominal dollars {including inflation) in order o properly calculate Intorme tax obligations since tax
deprecratron is based on nomlnal constructlon costs and nomlnal interest payments are a tax deductrble .
expense . e T R A

2. Taxablei rncome may be reduced by allowrng ca rry forward of net operanng losses, miost llkely in early years of
operation where both interest payments and tax depreclatlon allowances are $ubstantial..

3. The model can be readrly adapted to allow real prlces for electriclty to grow ata constant rate over tlme but
this complicates somewhat comparison of alternatrve technologres

4. Energy Information Admlmstratlon, Annual EnergyOutIaok 2003 Wrth Pro;ectl‘ons to 2025, DOE/EIA-
0383(2003), January 2003, . R

5. U.S.Department of Energy Office of Nuclear Energy. Scle 6 a d"l'echnology, A Roadmap to Deploy New
-~ Nuclear Powa-r Plants inthe Unrted States: by20 10, Octobeu 2001 :

Nudear Energy Agency/ Intematronal Energy Agency, Projected Costs of Generatmg E/ectncr'ty, Update 1998,

Tar;anne, Risto and Rissanen, Sauli, Nuclear Power: I.east-Cost Optlon for Baseload Electrrcrty in Finland The
Uramum Institute 25th Annual Symposrum, 2000 S

8. The exchange rate between euros (EUR) and U S dollars (USD) has ﬂuctuated between 085 and 1.18 EUR/
“Usb over the past | two years.: For our purposes, a centtal value of 1 EUR / USD is acceptable

5. UK Performance and lnnovation Unlt 771e Econo ics of ar Power PIU Energy Review Workrng Paper,

14, In the case of South Korea the exchange rate betweenll(or £ Won (KRW) and U s dollars (USD) ranged from
800 to 1,800 KRW / USD dunng the constructlon phase of the recent nuclear pro;ect

.15. OECD, Purchasmg Power Pant/es and Real Expendltures ' 999 Benchmark Year 2002
16, The currency exchange rate was 1 19 yen l u. S, clollaron May 28 2003

17; ,Construction costs for Yonggwang Unrts 5 and 6 were obtamed through perSOnaI commumcatlon wrth
‘ Professor Soon Heung Chang of Korea Advanced lnstrtute Science and Technology (KAlST)

' ls The currency exchange rate was 1,200 won / USD on May 28, QOB AR
OF/EIA-0348(01), March 2003 )
Plant Operatrng Costs A 1995 Update,

1 9.. Energy Informatro Administratron, Electnc Power

o 20, :Energy !nformatron Adrnmrstratron, An Analysrs of Nucle:
o SR/OIAF/QS-Ol Aprll 1995 :

2. Energy lnformatron Admlnlstratlon (EIA), 1995

Appendix 5 — Economics 155



, ('fxlllu

W/

3 ~'lb1d

a3

Statlstrcs reported by NE! were extract=d from the February 2002 NEl Annual Bnef‘ ng for the Flnancral

T ,’Communlty,'NucIear Energy 2002 Solr:l Value Slgnrf‘cant Upside o

2,

‘ ,Januxnry 2003 B a
us. Eepartment of Energy Off' ice of Nuclear Energy, Scrence and Technology, A Roadmap to Deploy New
“Nuclear Power Plants in the Umted Stc tes by 2010, October, 2001.

250

. .26.
YA

Enerqy Information Admmrstratron As :umpt/ons r’or the Annual Ene(gy Outlook 2003 DOE/EIA-0554 (2003),

Note that T, can vary dependlng on the fuel management strategy
The t.nlt used for mass of nuclear fuel 1he 'kllogram of initial heavy metal"denoted kngM We always refer to

5 '_'the iritial mass of heavy metal i inthe fuel because the heavy metal atoms are fssroned as the fuel is irradrated,
- 'and tierefore therr mass decreases wlth trme B Y RS . )

28
29.
. 03% the followlng holds:

See, for example,Tsoquanldrs and Cochran,"lhe Nuclear Fuel Cycle ANS 1999 p 62.
Alternatrvely, a simple linear relatronshlp can be used to approxrmate the SWU requrrement For a tails assay of

‘ Usrng the'same values as above for X, x,m, and X we get 6. 09 kg SWU/kg product

.30,

'Thrs value corresponds to the fee of 1 mlll per kifowatt- hour of nuclear electncrty generated pard to the DOE
- by ea -h utlhty operatlng a nuclear power plant - .

50018 ; 033I<Wh(e) 000kW ,; somwd o 5

~ 400

kWhr'e). kW '_,,,w MW kg IAM g

31
‘32,
33.

"We thank Matt Bunn for remlndrng us of the effect of rncreased MOX coston blended electrrcnty cost.
'OECD/NEA'The Economrcs ofthe nucl=ar fuel cycle, 1994 '

For example,the NRC study (footnote /) estrmates the Ievelrzed reprocessrng cost for a 900 MTHM /year plant
varies for different owner operators as lollows government SSOO/kgHM utrllty Sl300/kgHM prlvate venture

o $2000/kgHM.

.38

20.

OECD/NEA 'Accelerator-dnven System‘ and Fast Reactors m Advanced Nuclear Fuel Cycles 2002
35
361

37
: Transmutatlon systems Natronal Research Councnl Natronal Academy of Scrences,AppendrxJ 1996

:fOECD'NEA & lAEA "Uranlum 2001 Rescurces, Productron,and Demand; 2002 : o
Current lrght water reactors consume approxrmately 2265 MTU/GWe y of electncrty generated hence the

DOE eneratron 4 Roadmap Report of the Fuel Cycle Crosscut Group, 2001 )
Fetter Bunn Holdren,'T he Economrcs cf Reprocessrng vs. Drrect Drsposal of Spent Nuciear Fuel" 1999

"Nuclt ar Waste — Technologres for separatrons and transmutatlon,'Commrttee on Separatlon Technology and

. ‘dema 1d for today's fleet of 350 GWe'i is approxrmately 70,000 MTU per year, assumrng a capacity factor of 90%.

’ Uranlum lnformatxon Center,"Nuclear Electrlcity,(i‘h edmon,Chapter 3 (2000). Available on the web at_

) See w~w cameco com/rnvestor/news releases/ZOOl’-Jan-ZS htmi
R _.{'R Mar |n 'Nuclear Rock"'l'me Magazrne, Feb 16th 2003 : : . . '
: ;43,‘_KS De ffeyes and 1D. MacGregor,"WorId Uranrum Resources Screntrf’c Amerrcan Vol 242 Nol Jan 1980
44

jﬁlncrea ,mg Resource Use U S Geologlcal Survey,2001

http vsww uiccom au/ne3

David erburn Thomas Goonan Donalcl Blerwas, Enc Rodenburg,'TechnologrcaI Advancement A Factor In '
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