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AN ASSESSMENT OF THE ECONOMICS OF FUTURE ELECTRIC
POWER GENERATION OPTIONS AND THE
IMPLICATIONS FOR FUSION

J. G. Delene J. Sheffield
K. A. Williams R. L. Reid
S. Hadley

ABSTRACT

This study examines the potential range of electric power costs for some major alternatives
to fusion electric power generation when it is ultimately deployed in the middle of the 21st cen-
tury and, thus, offers a perspective on the cost levels that fusion must achieve to be competitive.
The alternative technologies include coal burning, coal gasification, natural gas, nuclear fission,
and renewable energy. The cost of electricity (COE) from the alternatives to fusion should
remain in the 30-50 mills/lkWh (1999 dollars) range of today if carbon sequestration is not
needed, 30-60 mills/kWh if sequestration is required, or as high as 75 mills/kWh for the
worst-case scenario for cost uncertainty. The reference COE range for fusion was estimated at
70-100 mills/kwh for 1- to 1.3-GW(e) scale power plants. Fusion costs will have to be reduced
and/or alternative concepts devised before fusion will be competitive with the alternatives for the
future production of electricity. Fortunately, there are routes to achieve this goal.

1. INTRODUCTION

The ultimate viability of the fusion option will depend on its economic competitiveness with
other options available in the same time frame. The purpose of this study is to examine the poten-
tial range of electric power costs for some major alternatives to fusion in the time frame where
fusion will be available and, thus, offer a perspective on the cost levels that fusion must achieve
to be competitive. It is projected that electric generation from fusion could be a contender for
electric supply toward the middle of the 21st century. We have, therefore, chosen a nominal plant
startup date of 2050 for this study of competing power generation options.

The 1997 electric generating capacity in the United States was 747 &W(& reference
case projectiondthe Department of Energy (DOE) Energy Information Administration (EIA)
predicts that this capacity will grow to 974 GW(e) by 2020 with a range of 906—-1044 GW/(e) for
the low- and high-growth projections. Continuing the 2010-2020 growth rate yields expected
generating capacity needs of 1200-1700 GW(e) by 2050. The large number of plant additions,
both for new capacity and to replace plant shutdowns, implies that no single technology will meet
the entire need. The best policy for the long term should be to depend on a balanced mixture of
energy sources. Current (1998) power generaimdominated by coal at 52%; with nuclear,

19%; natural gas, 15%; conventional hydro, 9%; petroleum, 3%; and others, 2%. Although other
sources of electric power are always possible, especially 50 years in the future, coal will probably
remain the dominant contender. The U.S. coal resources are imfriEms@stimated recover-

able reserves of coal are adequate to last about 250 years at current (1997) U.S. coal production
rates. The total U.S. identified coal resource is equal to more than 1500 years at 1997 mining
rates. With advanced technology, some of the presently unrecoverable coal resources could be
converted into recoverable reserves, thereby extending the duration of any coal-based energy
option far into the future.



Nuclear fission and gas-fired technologies should also remain as viable alternatives for
future large-scale base-load power generation. It is expected that renewable energy sources such
as wind power and solar photovoltaic electric power will also be viable in some localities. Some
technologies, however, may have environmental and safety concerns that may add to their cost or
even eventually make them unacceptable.

There are concerns about fossil fuel burning technologies and their greenhouse gas emis-
sions. Improved plant efficiencies and coal gasification with §€guestering can significantly
reduce the amount of GQeleased to the atmosphere per kilowatt hour of electricity generated,
but with incremental costs. Future fission reactors will reduce some of nuclear power’s safety
concerns with their “passive safety” features. Such concepts include advanced light-water reac-
tors (ALWRSs), advanced liquid-metal reactors (ALMRSs), and gas-cooled modular helium reac-
tors (MHRSs). These concepts offer the prospect of reduced costs in addition to improved safety
and environmental impact.

This report presents estimates of the projected cost of electricity (COE) from advanced coal-
fired plants [both a pulverized coal with flue gas desulfurization (PC-FGD) and the pressurized
fluidized-bed combustion plant (PFBC)], a coal-gasification combined cycle (GCC), the ALWR
and ALMR nuclear fission plants, a combined cycle natural gas-fired combustion turbine
(CCCT), and a wind turbine power generator. This later technology is used as a surrogate for the
renewables. The cost estimates from these technologies are compared with projected costs for
fusion power.

2. ANALYSIS PROCEDURES

The basic data used to derive plant costs were obtained from published information and from
industry sources. These data were adjusted for consistency with Oak Ridge National Laboratory
(ORNL) methodologies and cost factors as given in the “Nuclear Energy Cost Dat4 Base”
(NECDB) and the “Cost Estimate Guidelines for Advanced Nuclear Power Technotogies”

(CEG). The NECDB methodology was developed for fission reactor studies, but it also provides a
basis for consistent comparisons between fusion and alternatives. The CEG was developed to
provide comparable cost estimates for advanced fission reactor concepts. It follows the NECDB
in general methodology and provides uniform procedures, guidelines, and cost factors for devel-
oping cost estimates. Cost models include capital costs, operation and maintenance (O&M) costs,
fuel costs and C@&sequestering, and plant decommissioning costs where applicable. The basic
cost information available is often in differing years’ dollars. All costs were adjusted to constant
1999 dollars to provide a consistent comparison.

Bottom-line capital investment costs and the unit COE are compared for all plant types con-
sidered. The resulting COE in mills per kilowatt hour is quoted in constant 1999 dollars.

3. PLANT DESIGNS

Fossil. The fossil-fired plants are of advanced design. It is expected that the PC-FGD plant
of today will give way to the more efficient PFBC plant in the future. The PFBC plant is more
efficient, but it will still have large C&®emissions. To reduce or even eliminate;@@issions in
the future, a GCC with a combined cycle gas turbine angl<éQuestering is also included. The
use of natural gas as a combustion fuel should also remain a competitor. A CCCT is included as
the gas-burning technology. The PC-FGD, PFBC, GCC, and the CCCT plants are based on



technical and cost information given in the Electric Power Research Institute (EPRI) technical
assessment guide (TA®) documeng

Fission.Several ALWR designs may provide the basis for a resurgence of the nuclear fis-
sion option. These include large evolutionary plant designs by General Elaotti@BB—

Combustion Engineeringas well as a smaller passively safe plant designed by Westinghouse.
For this study we have chosen a large ALWR plant consistent with a U.S. Council for Energy
Awareness (USCEA) cost study The COE from this plant design is taken as representative of
all the ALWR designs, including pressurized-water reactors (PWRs) and boiling-water reactors
(BWRS).

The General Electric ALMR desighis a modular fast reactor concephsisting of three
modules with a modular power of 496 MW(e) each. Several fuel schemes were proposed for this
reactor. We considered one for a break-even breeder (produces as much fuel as it consumes) for
this study.

In addition to the ALWR and ALMR fission reactor concepts, the MHR could become a
contender in the next century. As with the ALMR, there are advantages due to smaller size units
because reactor components and structures might be factory-produced instead of site-constructed.
Also, the high temperature and the use of a direct cycle lead to higher thermal efficiencies. The
South African utility ESKOM is developing pebble-bed versid of this option in conjunction
with European and Russian partners. In the United States, General Atomics is developing a pris-
matic fuel concep with Russia as part of a weapons plutonium disposition project. The eco-
nomics for these options are not available at this time.

Wind. A wind generator plant is considered here as a surrogate for renewable energy
sources. The worldwide installed capacity of wind turbines has been growing at the rate of 22%
per yeat4since 1991 and appears to be accelerating with a 35% growhira1®98. World-
wide capacity now exceed® GW(e¥}# and is projected to reach 20 GW{&in 2002. The plant
considered here consists of 100 tower-mounted wind turbines with a power of 1 MW(e) each for
a total station power of 100 MW(e). This plant is based on information from the EPRI/DOE
renewable energy technology characterization (TC) docutfighiind turbine sizes are increas-
ing with U.S. firms beginning to build 1- to 2-MW(e) machines and European firms exploring
5-MW(e) units14 However, for now, unit “sizes near 1 MW(e) appear to yield the approximate
optimal trade-offs between cost, performance and reliability for large wind farm operdfons.”

Fusion. Magnetic fusion energy (MFE) reactor designs were also considered. Two tokamak
fusion plants from the Advanced Reactor Innovation and Evaluation Studies (ARIES) design
studies, the ARIES-RS and ARIES-ST, are examirfeInertial fusion energy (IFE) power
plants such as those from the HYLIFE de$fgf series may also be contenders for economic
fusion power in the future but are not included explicitly in this report.

Various technical parameters for the plants are shown in Table 1. For all plants except wind,
a nominal capacity factor of 80% was used in the base case analysis with a range of 70-90%.
Nuclear plant designers claim that future nuclear plants will achieve capacity factors in the upper
80% range, with many of today’s plants routinely achieving capacity factors in that range. For
wind, a 35% base capacity factor was chosen. This is consistent with the high end of the 1997
capacity factor range (26—-36%) for wind turbiA@€3.he possibility of siting wind turbines in
areas with more favorable wind conditions and improvements in design could raise the capacity
factor to the 45% level. A capacity factor range of 25% to 45% was used for wind turbines. The
use of energy storage or gas turbines during periods of low wind could raise the overall system
capacity factor into the 70% to 90% range considered for the other technologies. In this study, the
CCCT technology is assumed to provide such a backup when applicable.



Table 1. Technical and financial parameters

Parameter Reference value Range
Capacity factor, %
Wind 35 25-45
Other than wind 80 70-90
Design and construction time, years
Coal-fired plants 4
GCC plants 4
CCCT plants 2.75
ALWR plants 6
ALMR plants 5
Fusion plants 6
Wind 2
Fossil plant heat rates, Btu/kWh
Pulverized coal 9400 8500-9400
PFBC coal 8100 6800-8300
GCC 8100 6000-8500
CCCT 6900 5000-7000
Levelization period, years 30
Reference cost year 1999
Year of plant startup 2050
Average inflation rate, % 3

Cost of money factors, %

Capitalization

Cost of Money

Debt 47 7.4 (4.2
Preferred stock 6 6.9 (3.78)
Common equity 47 12.0 (8.7™)
Cost of money during construction, % 9.53 (6334)
Effective cost of money (discount rate), % 8.18 (5702)
Income tax rates, %
Federal 35
State 6
Combined 38.9

8Real (inflation adjusted) parameters in parentheses.

The design and construction times shown for nuclear plants are shorter than past experience,
but are consistent with foreign experience, such as in Japan and Korea, and with improved regu-
latory practices. Fossil plant heat rates have improved and could continue to improve. The
reference heat rates shown are from the EPRI-T™MQ@he low-end range values are consistent
with DOE program goals!



4. COST MODELS

4.1 FINANCE COSTS

The financial parameters, which form the economic basis for the COE estimates, are also
shown in Table 1. Consistent with other past studies, a 30-year plant cost recovery period is
used. The reference year for all costs in this report is January 1, 1999. A 2050 plant startup date
was chosen as a date when large fusion electric plants could be available. The cost of money
factors assume an average general inflation rate of 3% over the study period. The DOE-EIA
projectiond show inflation increasing to 2020. The rate exceeds 3% in the later years. We assume
an eventual leveling off at the 3% rate. The cost of money is shown in nominal dollars with the
constant dollar (with the inflation component removed) figure in parenthesis. The combined
income tax rate assumes that state income taxes are deductible for federal income tax purposes,
but not vice versa.

4.2 CAPITAL INVESTMENT COSTS

Fossil. The capital investment costs for the fossil-fired plants are based on cost models given
in the EPRI-TAGM escalated to 1999 dollars and scaled to the plant sizes considered. The
PC-FGD costs are for a two-unit, 600 MW(e) per unit plant. The PFBC plant costs are for a three-
unit, 400 MW(e) per unit plant, and the GCC investment costs are for a two-unit, 600 MW(e) per
unit plant. The CCCT plant is also based on information in the EPRI™AGhe CCCT cost
model in this paper assumes a four-unit plant with a unit capacity of 300 MW(e). Base construc-
tion costs for the PC-FGD and PFBC plants are shown in Table 2. The base construction cost for
the GCC plant is shown in Table 3, and the cost for the CCCT plant is given in Table 4. An
uncertainty range is given for each of the technologies. The lower end of the range for coal-based
technologies reflects DOE cost goals, while the upper end includes a bias of 5% for PC-FGD,
10% for the PFBC, and 15% for the GCC. The upper end of the uncertainty range generally
reflects the maturity of each concept. The CCCT cost range considers a 200-MW(e) plant to
derive the high-end costs and a 400-MW(e) plant to derive the low-range costs.

Table 2. Coal-fired plant construction costs

Capital investment cost (1999 $M)

Account PC-FGD PFBC
Units< [MW(e) per unit]
2x 600 3x 400
Land and land rights 2 2
Steam generator 563 552
Turbine generator 339 204
Coal handling equipment 119 108
Balance of plant 120 218
Environmental capital 207 0
General facilities and engineering _ 187 _ 202
Base construction cost 1538 1287
[1282 $/kW(e)] [1072 $/kW(e)]

Range, $/kW(e) 800-1350 800-1180




Table 3. GCC plant capital cost

Capital investment cost

Account (1999 $M)
Land and land rights 2
Air separation 172
Gasification/gas cooling 412
Gas cleanup 50
Combined cycle 523
Other balance of plant 102
General facilities and engineering __ 240
Base construction cost 1502 [1252 $/kW(e)]
Range, $/kW(e) 800-1440

aTwo unitsx 600 MW(e) per unit.

Table 4. CCCT plant capital cost

Capital investment cost

Account (1999 $M)
Land and land rights 1
Combustion turbine and auxiliaries 193
Heat recovery steam generator 78
Steam turbine, generator, and auxiliaries 73
General facilities and engineering _ 245
Base construction cost 590 [492 $/kW(e)]
Range, $/kW(e) 480-550

8Four unitsx 300 MW(e) per unit.

Fission.Capital investment costs for the ALWR and ALMR were derived from nuclear
industry sources. The cost estimates are for figHand (NOAK) plants. An NOAK plant is an
equilibrium commercial plant of identical design to previous plants of its type. NOAK plant costs
include only those costs that are repetitive from plant to plant and reflect the experience of prior
plants or a “learning curve” leading to the NOAK plant.

Cost models for the ALWR nuclear plants were derived from the same basic cost informa-
tion used in the 1992 USCEA stu#fyThis information is for an evolutionary reactor with a unit
size of about 1300 MW(e). The USCEA costs were adjusted to 1999 dollars and a 1300-MW(e)
unit size to obtain the capital costs in this study.

The ALMR capital costs are consistent with reported informafiéA.This information for
a 1488-MW(e) total plant size was adjusted to 1999 dollars. Table 5 shows a breakdown of the
base construction costs for both the ALWR and ALMR plants.

A nominal uncertainty range is also shown in Table 5. There is considerable uncertainty in
the capital investment costs for future nuclear power plants. The uncertainty ranges considered do
not reflect potential institutional problems, which could negate the nuclear option altogether. For
the ALWR, the nominal uncertainty adds about 15% to the cost on the high end and subtracts



Table 5. Advanced fission plant base construction costs

Capital investment cost

(1999 $M™M)
Account ALWR ALMR
Unitsx [MW(e) per unit]
1x 1300 3x 496
Land and land rights 5 5
Structures and improvements 339 360
Reactor plant equipment 349 865
Turbine plant equipment 331 263
Electric plant equipment 97 115
Miscellaneous plant equipment 63 39
Heat rejection system __ 70 __ 38
Total direct costs 1255 1685
Construction services 291 170
Home office engineering and services 74 125
Field office engineering and services ___ 108 ____ 83
Base construction cost 1728 2063
[1329 $/kW(e)] [1386 $/kW(e)]
Range, $/kW(e) 1200-1530 1200-1730

about 10% on the low end. For the ALMR, the cost is the same dollar per kilowatt hour cost as
the ALWR on the low end and 25% above the reference ALMR cost for the high end of the
uncertainty range.

Wind. Wind was chosen for this study as a stand-in for the other renewable energy sources
such as solar photovoltaic. Renewables, such as wind and solar photovoltaic, will not be practical
in all regions of the country because they depend on the availability of the forces of nature, such
as the wind blowing and on the latitude and cloud cover. They can, however, offer an attractive
economic choice in various regions of the country and for specific applications. The wind turbine
cost model was derived from the EPRI/DOE Renewable Energy Characterization T&6Study.

The capital investment costs from the TC report were adjusted to 1999 dollars. These costs are
for a 1-MW(e) unit size and a 50-MW(e) station. The TC costs were reduced by 5% for the
100-MW(e) station considered héf&€There are economies of scale with station size. Larger size
stations, which may be present toward the middle of the next century, should cut costs even
further. A breakdown of the base construction cost for a wind turbine plant is shown in Table 6. A
nominal£20% uncertainty range is shown for wind turbines consistent with the uncertainty range
in the TC document. This is a developing technology with expected increases in turbine size and
efficiency and room for other technological improvements in the next 50 years. The principal
uncertainty in wind turbine electric generation performance and economics is the plant capacity
factor.

Fusion. Construction cost information for the MFE designs was escalated to 1999 dollars.
The base construction cost breakdowns for the magnetic confinement ARIES-RS and ARIES-ST
designs are shown in Table 7. The ARIES power plant s&icf8are referenced here because
they use a costing methodology consistent with other costs in this paper. There are also
studie$9-20for IFE for which the costing approach differs. These IFE studies show lower costs
than those given in the ARIES studies for the structures and improvements, turbine plant equip-
ment and electric plant equipment accounts for the same electric output plants. In the future,



Table 6. Wind turbine electric generation plant capital cost

Capital investment cost

Account (1999 $M)

Land and land rights 1

Rotor assembly 14.1

Tower 23.7
Generator 4.1
Electrical 6.6
Transmission and drive train 3.0
Balance of systeb _12.6

Base construction cost
Range, $/kW(e)

65.2 [650 $/kW(e)]

530-790

8100 unitsx 1 MW(e) per unit.

Includes facilities, engineering, and owner’s cost.

Table 7. Magnetic fusion base construction costs

Construction co8t

(1999 $M)

Account ARIES-RS ARIES-ST
Land and land rights 5 5
Structures and improvements 399.7 432.3
Reactor plant equipment 1600.0 1534.9
Turbine plant equipment 344.2 410.5
Electric plant equipment 130.4 147.9
Miscellaneous plant equipment 66.2 91.8
Heat rejection system b 69.5
Special materials 13.1 128.4
Total direct costs 2558.6 2820.3
Construction and engineering services 562.9 620.5
Total base construction cost 3121.5[3120 $/kW(e)] 3440.8 [3440 $/kW(e)]
Ranges $/kW(e) 2700-3120 3045-3440

81000-MW(e) plant size.
Included with reactor plant equipment.
CRange for 1000- to 1300-MW(e) plant sizes.



resolutions of costing methodology differences are needed. The reference costs for the fusion
designs are for a 1000-MW(e) plant size. Because fusion island costs are a weak function of plant
size, an increase in the fusion plant size will lead to a lower COE, opening one route to competi-
tive fusion energy. The low end of the cost range shown in Table 7 assumes a 1300-MW(e) plant
size consistent with the size of the ALWR plant.

The breakdown of the base capital cost for nuclear fission follows the Energy Economic
Data Base (EEDB) code of accounts. The base cost breakdowns for the other plants follow the
account structure provided in the source documentation. The indirect costs (construction services,
engineering costs, and owner’s cost) for the fusion plants were assumed to be the same per-
centage of direct costs as for the ALWR.

Tables 2—7 showed the base construction costs before owner’s cost and contingency. Table 8
contains the total capitalized cost for the various plants. Owner's costs are based on proponent
estimates and on information from the EPRI-TAG The same percentage was used for fusion
plants as for the ALWR. Contingency factors will depend on the state of development of the
technology. Contingency factors were applied to the sum of all other costs for each concept as
follows: fusion plants 20%; ALMR fission, 17.5%; ALWR, PFBC, and GCC plants, 15%;

PC-FGD, CCCT, and wind turbine plants, 10%. These contingencies reflect design uncertainties
only and do not include the possible effects of major technology difficulties (or advancements) or
large construction schedule delays. Calculation of interest during construction assumes a chopped
cosine spending pattern during construction. The design and construction times were shown in
Table 1. Other construction cash flow profiles will give somewhat different capitalization factors.

4.3 O&M COSTS

The O&M costs for each of the plants considered are shown in Table 9. These are divided
into a fixed cost [$/kW(e) per year] and a variable cost (mill/kwh). The costs for the nuclear fis-
sion and fossil-fired plants are based on calculations performed using an updated version of the
ORNL O&M cost code, OMCOS#%3 The O&M costs for the wind turbine are those given in the
renewable energy TC documé&hadjusted to 1999 dollars. The O&M costs for fusion plants
should be similar to those for the advanced fission plants at the same level of safety assurance.
The fusion O&M costs were assumed to be the same as for a passively safe ALWR, adjusted for
unit size. All costs were adjusted to 1999 dollars.

4.4 FUEL COSTS

Fuel cost assumptions used for the study are shown in Table 10. Future fossil fuel and
nuclear fuel prices are very uncertain. In past studiésprojections of rapidly increasing fuel
commodity prices have been used to justify the competitiveness of various advanced concepts.
Recent history indicates that assumptions of increasing real fuel prices may be foolhardy.

Fossil. The real prices paid by electric utilities for ¢8&l’ and natural gas since 1980,
adjusted to 1999 dollars, are shown in Figs. 1 and 2. These figures show a steady decrease in the
price of coal and, since 1990, a generally flat price for natural gas. The price of coal reflects
strong year-to-year increases in mine productivity and a competitive world market. The recent
annual variability in the price of natural gas reflects seasonal demand differences and an adequate
supply.

The DOE-EIA makes projections of the future price of fossil fuels as part of its annual
energy outlook repor.These projections currently run through 2020. The average projected
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Table 8. Total capitalized cost

Coal technologies Nuclear fission_Gas Renewable  Magnetic fusion
PC-FGD PFBC GCC ALWR ALMR CCCT Wind ARIES-RS ARIES-ST
Base construction cost 1538 1287 1502 1728 2063 590 65.2 3121 3441
Owners’ cost 132 69 87 240 264 17 a 400 440
Contingency 167 207 _ 238 295 406 61 6.5 704 776
Overnight cost 1837 1559 1827 2263 2734 668 71.7 4225 4657
AFUDC cost 305 248 _ 304 387 398 70 3.8 722 796
Total construction cost
Millions of 1999 dollars 2142 1807 2131 2650 3132 738 75.5 4947 5453
Dollars per
kilowatt electric 1785 1506 1776 2038 2105 615 755 4947 5453
Range, $/kW(e)
Low 1140 1125 1135 1835 1835 580 620 4975 43800
High 1875 1665 2040 2345 2630 670 920 4950 545C¢

4Included in base construction cost.
bLow based on 1300-MW(e) plant size.
CHigh based on 1000-MW(e) plant size.



Table 9. Nonfuel O&M costs

Fixed cost Variable cost O&M caost
Plant type [$/kW(e) per year] (mill/lkwh) (mill/lkwh)
ALWR 57.6 0.4 8.6
ALMR 70.2 0.4 10.4
PC-FGD coal 36.7 3.2 8.5
PFBC 36.8 2.0 7.2
GCC—-coal gasification 54.8 1.6 9.4
CCCT—natural gas 28.1 0.5 4.5
Wind turbine 14.2 0.0 4.6
Fusion 60.0 0.4 9.0

aat reference plant size and capacity factors.

Table 10. Fuel costs for plant startups in year 2050

1999 dollars
Reference Range
Nuclear fuel prices
Uranium, $/lb 40g 25 15-145
Conversion, $/kg uranium 7 4-7
Enrichment, $/SWU 80 40-100
Low-enriched uranium (LEU)
fabrication, $/kg uranium 270 200-300
LWR mixed-oxide (MOX) fuel,
$/kg heavy metal (HM) 3200 2000-4000
ALMR fuel recycle, $/kg HM 5150 4600-7700
Waste disposal, mill/kwWh 1 0.5-1.5
Fossil fuel prices, $/MBtu
Coal 1.00 0.60-1.35
Natural gas 3.85 2.90-5.05
CO» capture and sequestration costs
Energy penalty, %
PC-FGD and PFBC 15 12-18
CCG and CCCT 10 8-12
Other costs, $/tonne GO 10 5-15
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prices that utilities pay for coal and natural gas through 2020 for the low-growth, midgrowth, and
high-growth EIA projections are shown in Fig. 3 for coal and in Fig. 4 for natural gas. The refer-
ence value in this report of $1/MBtu for coal assumes a small recovery and then a leveling off of
the cost of coal as demand strengthens with the need for more electric energy. The low projection
assumes that the EIA low-growth price projection for coal continues to decline before leveling off
at $0.60/MBtu in the year 2050. The high coal projection assumes that the price of coal escalates
in real terms at 1% per year from the EIA 2020 high projection before leveling off at $1.35/MBtu
(1999 dollars) after 2050.

The reference gas price is based on the DOE-EIA midgrowth case with a continued real
price escalation at the 2010-2020 growth rate (about 0.51% per year) to 2050 with a leveling off
at $3.85/MBtu (1999 dollars) after 2050. The low-range case assumes a continuation of the
DOE-EIA low-growth case projection, which shows no real growth in the price of natural gas
past 2010. The high-range gas price assumes a continuation of the EIA high-growth projection
(about 1% per year) leveling off at $5.05/MBtu (1999 dollars) after the year 2050.

Fission. Nuclear fuel prices have also decreased. Uranium spot markeptiess
recently been in the range of $9-$12/Ib afdd. The current uranium price reflects the market
dampening effect of Russian uranium and uranium from the dismantling of weapons being
directed toward the civilian market. If the nuclear industry revives, the price of uranium will have
to rise to a point where it is economical to open new mines. Other costs such as fuel enrichment
have also decreased with a current price qdbted$87/SWU. The costs for the other nuclear
fuel components, such ag@; to URg conversion and LEU fuel fabrication, have remained rela-
tively constant in nominal dollar terms, so these costs have been decreasing in constant dollars.

For the reference value, we assume that the uranium price will recover to $254bgof U
in 1999 dollars by the year 2050. The lower end of the price range assumes that uranium will

ORNL 99-1409 EFG

L

| . L
Reference

o
oo
I

DOE/EIA Projections

o
o)
|

Low

Coal Price ($/MBtu)

©

o
I
|

January 1999 Dollars

I I | | I I I | | I
0
2000 2010 2020 2030 2040 2050 2060

Year
Fig. 3. Coal price projections.

13



ORNL 99-1410 EFG
6 | | T | T

DOE/EIA Projections

Reference

Natural Gas Cost ($/MBtu)

3 O
L Low
2 - _
January 1999 Dollars
1 _
0 l l I l l l l I l l l
2000 2010 2020 2030 2040 2050 2060

Year
Fig. 4. Natural gas cost projections.

recover from the depressed prices of today, and it will be economic to open new mines but that
new ore finds and mining technology improvements will provide an adequate supply of uranium

at $15/Ib of 4Og. The price of $145/Ib of &Dg at the high end of the range assumes a large

nuclear power expansion to meet the national energy needs with increased demand and limited
supply driving up the uranium price. The high-end price is limited by the cost of fueling an

ALWR with plutonium as discussed below. The other nuclear fuel commaodity prices include fuel
conversion, enrichment, and fuel fabrication. The reference prices shown in Table 10 are near
today’s levels. The low-end of the range assumes technology and productivity advances between
now and 2050. The high-end of the range assumes moderate price increases from current market
values.

The upper end of the range for LWR nuclear fuel cycle costs is limited by the advent of
plutonium thermal recycle. Fabricated MOX (uranium and plutonium) fuel for LWRs is being
offered at $3200/kg of HM! Although it is not entirely clear what this cost includes, it is
assumed that it includes the recovery and storage charge for the plutonium used in the assembly,
accounting for approximately $1800/kg of HM and about $1400/kg of HM for the fabrication of
the MOX fuel assembly. At such a price, the LEU and MOX fuel cycle costs for the ALWR
model used for this study are equal at a uranium price of about $145/40gfassuming an
optimum tails assay, with all other parameters held at their reference values. It is also possible
that in 2050 the weapons-derived plutonium may still be used for MOX fuel. The use of this
material may provide a cap on the cost of MOX fuel. A range for ALWR MOX fuel costs of from
$2000 to $4000/kg of HM is shown. The low-end of the range assumes learning in an expanding
industry, technological advances, and possible continuing use of weapons-derived plutonium as
nuclear weapon stockpiles are reduced by today’s nuclear powers. The high-end of the range
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assumes recognition of as yet undefined costs. This high-end cost was used to estimate the upper
range for ALWR fuel cycle costs.

If plutonium recycle in thermal reactors becomes a reality, the advent of the ALMR fast
reactor should follow. This concept is limited by economic and proliferation questions. The
ALMR fuel recycle cost shown is based on the reactor being started up and refueled by recycled
plutonium from it and other ALMRs. The range in costs shows a considerable uncertainty in
ALMR fuel recycle costs. The range assumes a 10% reduction in costs from technology advances
for low-end costs and a 50% increase in the high-end costs, reflecting unrecognized costs and the
need to start some plants on reprocessed LWR fuel.

The current waste disposal charge on nuclear electric production is 1 mill/lkWh. A nominal
range of from 0.5 to 1.5 mills/lkWh is assumed for this study. Geologic repository storage of spent
fuel is the assumed technology. Concepts for separating and transmuting the long-lived fission
product and actinide wastes in spent fuel are being studied as a means of enhancing the accept-
ability of geologic storage. The use of such concepts might begin in the 2030 time frame and use
accelerators or subcritical reactors as neutron sources. Detailed cost estimates are not yet avail-
able for these technologies and their economic impact on nuclear high-level waste disposal costs.

4.5 DECOMMISSIONING COSTS

Decommissioning costs for all plants were assumed to be negligible except those for nuclear
fission and fusion. Decommissioning costs for LWR plants are currently estimated at $400M or
more32 The advanced plants should not cost this much to decommission because the designs are
simpler. The ALWR fission plant decommissioning costs were assumed to be $300M in 1999
dollars. The ALMR consists of three smaller units. The cost for the ALMR decommissioning
($680M) is based on proponent estimates, escalated to 1999 dollars.

Decommissioning costs for the fusion plants were assumed to be the same as those for the
ALWR scaled for plant size.

4.6 EMISSIONS ABATEMENT COSTS

If the emissions of C&and other greenhouse gases represent a real global environmental
threat, reduction or elimination of these releases will be imperative. Based on current technology,
the cost of chemically extracting G&om coal-fired plant flue gases is very expensive with
estimate®-33 in the range of $20/tonne of G@xtracted to more than $70/tonne depending on
the power plant and the source of the information. This is in addition to the cost of transportation
and the disposal or storage. Recovered €4h be stored underground in saline deposits, in old
oil or gas wells (possibly enhancing oil recovery), and in the deep ocean. With current absorption
technology, capture from the flue gases requires significant energy, thereby reducing the plant's
net electrical output. Energy penalties totfagre estimated at 27%—37% for conventional coal,
15%-24% for natural gas combustion, and 13%—27% for coal gasification. Future improvements
in capture technology and increased scale of operation should reduce the cost of capture and
sequestration significantly. Projected technolotfishiould reduce these energy penalties to
about 15% for conventional coal, 10% for natural gas combustion, and 9% for coal gasification.
For the coal-burning plants in this study (PC-FGD and PFBC plants), a reference energy penalty
of 15%, with a range of 12%—-18%, is assumed. This means that a coal-fired power station that
typically produces 1200 MW(e) will only have 1020 MW(e) for sale because it is using
180 MW(e) internally for C@capture. In the case of the GCC and CCCT plants, a reference
energy penalty of 10% is assumed with a range of 8%-12%. In addition, a reference cost of
$10/tonne of CQ(range = $5 to $15/tonne) is assumed for other costs associated with the capture
and for transportation and ultimate storage of the.CO
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5. RESULTS

Table 11 shows the baseline estimated levelized COE in mills per kilowatt hour, including
the estimated cost of G@apture and disposal for each concept for plant start-up in the year
2050. The capital-related portion of the COE is proportional to the capital investment cost and
inversely proportional to the plant capacity factor. It is the largest component of COE for all
technologies except the natural-gas-fired CCCT where the cost of the fuel (natural gas) is the
dominant cost component. The calculated COE ranges are also tabulated in Table 11. The high
end of the unit COE range was computed assuming the most pessimistic of the cost uncertainties
for each cost component. The low end of the cost range assumes that the most optimistic parame-
ters prevalil.

Except for the capacity factor and plant size, uncertainty ranges were not applied to the
fusion cost estimates. The range shown in Table 11 for the fusion plants assumes a 70% capacity
factor to obtain the high-end costs and a 90% capacity factor for the low-end costs.

Coal-Fired Plants. The transition from present day PC-FGD plants to future PFBC plants
with carbon sequestration is shown in Fig. 5. The decline in COE for the PC-FGD between 1999
and 2050 is a result of falling coal prices. The transition to the PFBC as the preferred means
of burning coal for electric power produces a further cost reduction of about 5—7 mills/kWh.

Even when the fuel cost uncertainty is included, the overall COE range for the PFBC is about
30-45 mills/kwh. If capture of C&from the flue gas and sequestration are included, the COE
range at reference parameters increases by about 19 mills’kwWh, bringing the overall COE range
with carbon sequestration to about 40—74 mills/kWh.

Coal Gasification. The COE associated with the GCC plant is shown in Fig. 6. As with
the PFBC, the COE range is fairly insensitive to coal price. When the coal price uncertainty
range is included, the overall uncertainty range (withous Cpture and disposal) is about
35-53 mills’lkWh, whereas the COE range is 37-50 mills/kWh if the reference coal price is
assumed throughout. If the cost of carbon capture and sequestration is included, the reference
COE is increased by about 15 mills/kWh to about 59 mills/kWh, and the overall COE range
becomes 42—-76 mills/kWh.

Natural Gas. The use of natural gas also includes potential greenhouse gas problems. Both
methane (principal component of natural gas) and f©o@ned by natural gas burning are green-
house gases. Release of methane to the atmosphere would occur if there was leakage from the
system or incomplete combustion. A methane penalty was not assessed in this study. The COE
associated with the natural-gas-fired CCCT plant is shown in Fig. 7. The present day (year 1999)
costs are based on a $2.75/MBtu natural gas price. By 2050, the natural gas price is expected to
increase to the $3.85/MBtu reference price, but the plant heat rates are expected to improve, pro-
ducing a COE range of about 31-43 mills/kWh at the reference gas price. When the natural gas
price uncertainty is included, the overall COE uncertainty range without carbon sequestration is
about 26-52 mills/lkWh. If the energy penalty and cost of carbon disposal are included, the refer-
ence COE increases by about 9 mills/kWh, and the overall COE uncertainty range becomes
30-65 mills/kWh.

Nuclear Fission.The COEs for the ALWR and ALMR nuclear power plants are shown
in Fig. 8. The range of costs for nuclear fission includes the assumption that it will be an accept-
able future option. The upper cost ranges for the ALWR and ALMR were found to be nearly
equal at about 62 mills’kWh. The ALWR high-end COE was calculated assuming a MOX fuel
cost of $4000/kg HM or LEU fuel with a uranium cost of $190/lb g®l The COE at reference
parameters is about 45 mills/lkWh for the ALWR and about 51 mills’kWh for the ALMR. The
COE range at reference fuel prices is about 40-50 mills/kWh for the ALWR and about
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Table 11. Levelized COE

COE (1999$ mill/kwWh)

Magnetic fusion
PC-FGD PFBC CCG CCCT AILWR ALMR Wind Aries-RS Aries-ST

Capital 26.7 22.5 26.5 8.8 29.7 306 247 779.5

0&M 8.5 7.2 9.4 4.5 8.6 10.4 46 ¢ 9.090
Fuel 9.4 8.1 8.1 26.6 5.6 8.8 d 5388

Decommissioning 0.8 1.5 0.9 0.9
Other 209 18.9 15.3 8.7

Total COE 64.6 50.8 59.3 48.6 44.7 51.3 b B3 93.2
Range 47-82 39-74  42-76 30-65 38-62 45-62 18-62f 6949906

aCost of CQ sequestering or emissions charge.

brull capacity credit for wind turbine; add 17.8 mills/kWh if full backup CCCT plant is included to obtain reference 80% &agtacit
CFrom procedure used to calculate O&M costs for passively safe ALWRS.

dincludes blanket replacement.

eNo separate provision made for target replacement, included with O&M costs in source document.

fRange for fusion includes capacity factor range (70%—-90%) and plant size range [1000-1300 MW(e)].
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46-57 mills/lkwh for the ALMR. If the fuel cost range is included, the overall COE range is about
38-62 mills/kwWh for the ALWR and about 45—62 mills/lkWh for the ALMR.

Wind. The COE associated with wind power is shown in Fig. 9. The year 2000 cost range
assumes some technological advancements as given in the Renewable Energy TC décument.
Further advancements are projected. The resulting COE range for 2050 plant startup and the ref-
erence 35% capacity factor is about 23—35 mills/lkWh with a reference COE of about
29 mills/kwh. If the assumed range in capacity factor is included, the overall COE range
becomes about 18-50 mills/kWh.

The previous COE estimates assume that wind can be counted on for its full capacity on the
electric grid. This is probably so for wind turbine penetrations up to 5% of the system c#pacity.
However, wind is intermittent; for large wind power penetrations, additional backup capacity may
have to be built or electric energy storage devices installed. The amount of storage capacity or
backup needed depends on the overall power system characteristics and is beyond the scope of
this study.

The final bar in Fig. 9 assumes that a full-size CCCT plant is installed as backup for the
wind turbine capacity. The CCCT operates whenever the wind turbine station does not operate.

If the wind turbine has a 35% capacity factor and if an 80% overall capacity factor is to be
achieved, the CCCT plant is assumed to operate an equivalent 45% of the time. The wind turbine
facility thus acts as a fuel (and carbon sequestration cost) saver for the CCCT plant. The overall
COE range for this combined plant is about 30-64 mills/kWh with a 47-mills/lkWh COE at refer-
ence parameters. Because some wind capacity will be able to be credited, the COE range for wind
turbines will lie somewhere between the results shown on the final two bars in Fig. 9.

Fusion. The COE range for fusion power plants is shown in Fig. 10. The first bar shows
the calculated COE range between the ARIES-RS and the ARIES-ST at the reference 80%
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capacity factor. The second bar shows the effect of increasing the plant size to 1300 MW(e).

It is estimated that the COE is reduced by about 10 mills/lkWh by this 30% increase in unit size.
The final bar shows the COE range with uncertainty for the ARIES-RS. The high end of the
range assumes a 1000-MW(e) plant size and 70% capacity factor. The low end of the range
assumes a 1300-MW(e) plant size and 90% capacity factor. This COE range of approximately
70-100 mills/kwWh is the reference cost range for fusion for this study.

6. DISCUSSION OF RESULTS

The COE ranges for each of the concepts considered in this study are shown in Figs. 11 and
12. Figure 11 excludes the cost associated with carbon sequestration, whereas Fig. 12 includes
these costs. The COEs at reference parameters are marked for each concept.

The COE ranges for the coal-burning technologies assume that the PC-FGD will be phased
out and replaced by the PFBC by the 2050 startup date considered here. If natural gas supplies
remain adequate at the prices assumed in this study, then natural gas will remain a competitive
option well into the future.

The effect on the COE for fossil-fired plants of the need to extract and permanently dispose
of CO, from the flue gas can be significant. Comparing the first three bars from Figs. 11 and 12
shows an increase in the reference COE of about 9—19 mills/lkWh due to carbon sequestration.
The cost is less for natural gas combustion and greatest for coal burning. The high end of the
uncertainty range is increased by about 14-30 mills’/kWh, and the low-end costs are increased by
about 4—-9 mills/kWh.

21



COE (mill/kWh)

COE (mill’/kWh)

100

80

60

40

20

100

80

60

40

20

ORNL 99-1417 EFG

January 1999 Dollars
2050 Plant Startup Date
| — Cost at Reference Parameters

— ALMR
— ALWR

PFBC GCC CCCT

Wind

Fission Fusion

Fig. 11. Range of COE for concepts without carbon sequestration.

ORNL 99-1418 EFG

January 1999 Dollars
2050 Plant Startup Date

| —— Cost at Reference Parameters

— ALMR
— ALWR

PFBC GCC CCCT

Wind

Fission Fusion

Fig. 12. Range of COE for concepts including carbon sequestration.

22



Wind turbines will be competitive in areas where they can operate at moderate to high
capacity factors. However, wind is intermittent, and the added cost of electric energy storage or
the use of gas turbines as backup will raise the COE for this technology if large grid penetrations
are to be achieved.

Nuclear fission should remain as a future option based on its projected economics. Questions
of safety and public acceptance will have to be resolved before nuclear fission’s full potential can
be achieved.

The cost ranges shown for fusion in Figs. 11 and 12 use the ARIES-RS at 70% capacity
factor and 1000-MW(e) plant size for the high end of the COE range and 90% capacity factor and
1300-MW(e) plant size at the low end. There is, of course, a great deal of uncertainty here, and
the numbers shown should be used with care. Capital investment is the principal cost driver for
fusion. The fusion island is a large cost component whose cost is relatively insensitive to plant
size; thus, fusion economics improve significantly for larger sized plants. As electric grids
become larger, the system penalties for large unit sizes will diminish, and coal and nuclear fission
plants will also become larger. The French currently are proposing a series of 1750-MW(e)
nuclear unitd® that they think will be more economical than current nuclear plants. The large
recirculating power needs for fusion also drive up the capital investment because the plant must
be sized to produce more power than it actually sells. Fossil energy plants with sequestration also
suffer from the large recirculating power needs, however, because their fixed costs (capital
investment and fixed O&M) are less than for fusion; the effect on COE is less for the same recir-
culating power fraction.

The results from this study are summarized in Fig. 13. Here the COE range for fusion is
compared with the COE range for the alternatives using different sets of assumptions. For
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perspective, the COE range (including uncertainty) is also shown for plants that could be built
today.

Based on full cost recovery, the COE from a plant built today should be about
30-50 mills’lkwWh. However, since deregulation, some electricity is being sold at its marginal
cost of production, which does not include capital recovery. This is indicated by the downward
pointing arrow on the first bar in Fig. 13.

For 2050 plant startup, the COE range at reference parameters is still 30—-50 mills/kWh if
power producers are not required to sequester @hd power provides the low point in this
range. If carbon sequestration is required, the COE range based on reference parameters becomes
about 30-59 mills/lkWh or about 18—76 mills/kWh, if the full range of cost parameter uncertain-
ties is included. The low-end cost includes wind generation with full credit for the capacity on the
grid. If wind is excluded, the low end is about 30 mills/kWh.

7. CONCLUSION

If fusion is to become a viable electric energy supplier in the future, ways must be found to
reduce its costs. Technology advancements and cost reductions are projected for the technologies
that fusion will be competing against when it is ultimately deployed in the middle of the next
century. In addition, the costs of fossil fuels are declining instead of increasing as was projected
in the past. The COE from renewable energy sources such as wind is also being reduced, and it
can be a viable contender in the next century.

The COE from the alternatives to fusion for a plant starting operation in 2050 should
remain in the 30- to 50-mills/kWh range if capture ofGI0d its disposal are not required. If
carbon sequestration is required, this range should increase to 30—60 mills’/kWh or as high as
76 mills/kwh if the full range of cost parameter uncertainties is considered.

The COE for fusion is generally above the range for the alternatives except for the high end
of the alternative uncertainty. Fusion costs will have to be reduced and/or alternative concepts
devised before fusion will become competitive. Fortunately, there are routes to achieve this goal,
such as building larger plants.
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