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Executive Summary

In the next few years, approximately50 metric tons of Mixedoxide (uranium-plutonium)fuelhas been fabricated
weapons-gradeplutoniumand150metrictonsof highly-en- both in theU.S. and overseasto supportnucleardevelop-
riched uranium (lIEU) may be removed from nuclear ment programs.Fabricationprocesses used are similarto
weapons in the U.S. and declared excess. These materials those forcommerciallightwaterreactorfuel. Nevertheless,
represent a significant energy resource thatcould substan- both the utility industry and the public will need to be
tiaUycontribute toour national energy requirements, lIEU convinced by a demonstration that use of such fuels in
canbe used as fuelin naval reactors, ordiluted withdepleted power-producing reactors is feasible.
uranium for use as fuel in commercial reactors. This paper
proposestouse theweapons-gradeplutonium asfuel in light The Savannah River Site (SRS) is a logical choice as the
water reactors. The first suchreactor would demonstrate the location for demonstrating mixed oxide (MOX) fuel fabri-
dual objectives of producing electrical power and denatur- cation and operating plutonium-denaturing, power-produc-
ing the plutonium to preventuse in nuclear weapons, ing reactors. The Site has both a wealth of plutonium

experience and a dedicated infrastructure to support ali
The recent Bush-Yeltsin agreement extended the number of phases of the fuel cycle. SRS is a controlled site, which
warheads that will be cut from the U.S. stockpile to more eliminates proliferation concerns. Furthermore, SRS has
than 15,000by Fiscal Year 2003. The ultimate disposition existing facilitiesthat can be modified to reduce theoverall
of the weapons-grade material in these weapons must costs of the proposed project.
satisfy at least three different goals:

Although there are several candidates for a power-produc-
1. Preclude re-use by the super powers, ing reactor utilizing plutonium fuel, light water reactors
2. Prevent environmental damage from plutonium con- (LWRs) appear tobe the most feasible. LWR technology is

tamination, mature and considerable effort has been invested in
3. Prevent proliferation from diversion to terrorist enhanced designs that include advanced safety features.

groups or non-weapons states. Currently, the new generationof advancedLWRs (ALWRs)
include passive design plants in the 600 MWe range and

Once arms reduction has been obtained, a principal goal of evolutionary design plants in the 1200MWe range. Either
the United States should be the mutual destruction of the plant design can be a pressurized water reactor or a boiling
excess stocks of plutonium in the CIS (Commonwealth of water reactor. Construction and conventional licensing of
Independent States)and the U.S. to prevent rapid nuclear one of these systems would demonstrate the improved
re-armament. Long-term, safeguarded storageof plutonium (one-step) procedure that NRC has developed to streamline
is not a desirable option; it doesn't preclude rapid re-arma- the cumbersome licensing process. This will provide
ment and it is extremely expensive. Several exotic confidence to utility managers and the general public that
proposals havebeenmade todisposeof theU.S. stocks, such improvedsafety is possible and that a more viable licensing
as rocketing the material to the sun, burying it in deep sea process is now in piace.
trenches, or contaminating it with high-level waste.
However, ali of these proposals present environmental and After successful demonstration of the denaturing of pluto-
safety concerns. Moreover, such a disposition would be a nium inan LWR at SRS, either one or a combination of two
useless waste of a valuable energy resource, options could be pursued to fully dispose of the excess

plutonium stockpile. The first option would be to use
The most efficient and effective way to dispose of the plutonium in commercial power reactors. With approxi-
plutonium stocks would be to use the material as fuel for mately 110 such reactors in the U.S., this option would
power-producing nuclear reactors. This use woulddenature provide the quickest and cheapest means for denaturing the
the plutonium and end the proliferation threat by creating material. However, significant proliferation concerns will
high concentrations of fission products and undesirable havetobeovercomeinordertoprovidepublicconfidencein
higher actinides in the fuel. The spent fuel wouldbe a very this usage. These concerns center on the presence of
unattractive target for diversion. The spent fuel could be plutonium in the unirradiated fuel assemblies. Safeguards
treated in much the same manner as is planned for would have to be provided. These concerns may limit the
uranium-based, commercial reactor fuel (i.e., storage in a viability of this option such that additional capital invest.
National Waste Repository). ment is warranted to construct an energy park of advanced
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LWRs and/or other advanced reactor concepts on a govern- programs. Current weapons stockpile reductions have
meritreservation (like SRS) to consume the plutonium and extended the timing for the production of new tritium towell
produce useful electricity. Two or three 600 MWe reactors beyond the year 2000. Thus, the need for a special purpose
would denature the postulated excess stockpile within 40 tritium production facility becomes questionable. Tritium
years using a once-through fuel cycle, production in light water reactors has been demonstrated in

laboratory scale experiments. With further development of
A preliminary life cycle study of the energy park concept this technology to production status, an advanced LWR
showed that the excess plutonium could be denatured over could provide a production source to reduce the need for
the 40-year lifetime at a net cost of $700 million (10% future tritium production facilities. SRS is the logical choice
discount rate) or a net profit of $1.1 billion (5% discount for the site of a tritium-producing ALWR because of its
rate). In effect, the sale of electricity from the park will extensive tritium production experience, its tritium extrac-
offset the costs of the MOX plant and the costs of the tion infrastructure, and the existing safeguards onsite.
reactors as well as the operating expenses.

Use of the plutonium stockpile from retired nuclear
The use of weapons-plutonium to fuel the two reactor weapons to fuel light water reactors provides a cost-
concepts for the tritium-producing NewProduction Reactor effective, disposal option for this material. Demonstration
(NPR) was considered. However, the physics characteris- of this concept at SRS will:
tics of the Low-Temperature Heavy-Water Reactor
(LTHWR) were notas attractive as when fueled with lIEU, • take advantage of the plutonium experience and avail-
from a tritium production point-of-view. Decision makers able infrastructure,
will have tobalance the need for efficient tritium production • allow demonstration of an advanced design for light
against the opportunity to denature plutonium in the water reactors,
LTHWR. Further consideration is being given by General • test the new, streamlined licensing process,
Atomics to the Modular High-Temperature Gas (cooled) • provide a means of tritium production when needed, and
Reactor (MHTGR) for plutonium disposition. • complement a national policy for reprocessing/actinide

burning if so adopted.
An advanced light water reactor could also provide the
option of producing tritium as required to support defense

ES-2 92xo4ss-^
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1. Introduction

1.1 Purpose metric tons of excess plutonium stocks in the 40-year plant
design lifetime.

An excess plutonium stockpile will soon accumulate from
the planned reduction of the U.S. nuclear weapons inven-

tory. This report proposes using excess weapons-grade 1.3 Tritium Production
plutonium to generate electricity. Two strategies are pre-
sented for consideration by those responsible for the Considerations
disposition of the plutonium stockpile,-- Options being considered for future tritium production to

satisfy defense needs include the following.
Strategy 1- Burn Plutonium in Utility LWRs.

• There are two reactor concepts for a new production re-
Strategy 2 - Burn Plutonium in a Government- actor, either of which could be fueled with plutonium.

Owned Energy Park. Both concepts are well developed and have been selected
through a long evaluation process as the prime candi-

Both of these options include initial phases to prove the dates for new production capability. The Low-Tempera-
viability of the strategies to the public and the commercial ture Heavy-Water Reactor (LTHWR) relies on the
nuclear utility industry. The Savannah River Site is pro- proven tritium production technology of the SRS reac-
posed as the location of: tors. The Modular High-Temperature Gas-cooled Reac-

tor (MHTGR) has the potential to demonstrate advanced
• a plutonium fuel fabrication facility, gas-cooled reactor technology as well as produce signifi-
• an initial LWR (evolutionary or advanced design) for cant amounts of tritium.

burning excess plutonium, • The other optionfor new isotopeproduction capability is
• an energy park of several LWRs (evolutionary or ad- a linear accelerator. Substantial electrical power will be

vanced design) and/or other advanced reactor concepts required to support such a facility. A plutonium-burning
for burning excess plutonium (Strategy 2 only). LWR located at SRS would be an excellent electrical

power source if the accelerator were also locatedat SRS.
SRS is uniquely qualified to implement either of these All the infrastructure to support the facilities would be
strategies in that the Site has a wealth of plutonium readily available.
experience and a dedicated infrastructure to support ali

phases of the fuel cycle. The Site is positioned to staff Use of an LWR for plutonium-denaturing provides an
quickly the initial design and analysiseffort necessary for a additional option for producing tritium as needed. Tritium
project of this type. Design elements of each strategy will production has been demonstrated for LWR targets on the
necessarily involve the DOE, reactor vendors, and architect laboratory scale. A modest development program ($50 to
and engineering firms, as well as SP,S. Finant_,alplanning $100 million) would be needed to bring the technology to
for the proposed strategies would involve federal govern- production status. The tritium target technology issues are
mentagencies (DOEand NRC), thereactor vendors, and the discussed in Appendix A.
utility industry.

1.2 Required Number of 1.4 Regulatory Considerations
Plutonium-Fueled Reactors

Licensing
The number of LWRs for Strategies 1 and 2 chosen to

consume the available excess plutonium' within the operat- The Nuclear Regulatory Commission is currently consider-
ing lifetime of those reactors depends on the reactor power ing a one-step licensing process for ali new nuclear power
ratingandthereactorfuelloadingcapacity.Strategy2requires plants. As emphasized repeatedly in the 1991 ANS San
only twoor three600 MWereactors toburn thepostulated 50 Francisco Winter Meeting's Embedded Topical, "The Next

92xo_ss-A 1-1
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Generation of Nuclear Power Plants: A Status Report", The proposed National Waste Repository, to be located at

streamlining the licensing process is considered essential to Yucca Mountain, Nevada, will presumably accept the spent
begin the; next generation of nuclear power plant orders in LWR fuel for direct, final disposition. Reprocessing is not
the United States. The first new LWR would not only under consideration except in connection with the actinide
demonstrate advanced technology, but would provide a burning question. The traditional reason for fuel reprocess-
forum for DOE and NRC to test and optimize the ing has been to recover and to subsequently reuse unburned

streamlined licensing process as a demonstration to industry uranium in spent fuel, but with the low market price and
of the improvements that have been achieved, plentiful supply of uranium, that argument for reprocessing

has weakened. However, the advantages offered by reproc-

Licensing a plutonium-burning LWR with these improved essing with subsequent destruction of the actinides in

designs would solidify and verify the overall process and reactor or accelerator facilities does hold some promise that
pave the way for future licensing reform. The use of a mixed reprocessing could be revived in the U. S.
oxide fuel adds some complexity to the process; but,
because the initial LWR with plutonium-burning capability The Secretary of Energy requested the National Academy of

is proposed for a DOE site, it is not expected that this Science to conduct a special investigation of the advantages
concern would be a major problem, offered by and the costs of partitioning (reprocessing) and

actinide burning. Actinide burning removes the long-lived
actinides from the waste stream by converting them to much

Siting and Other Concerns shorter-lived fission products. The fission product waste
stream would then be vitrified in a plant much like the

Any strategy presented in this report would involve location Defense Waste Processing Facility at SRS. That vitrified
siting and other regulatory concerns. A siting study for a waste form would have to last <1000 years as compared to
New Production Reactor at SRS, which was perfo,':,|ed >10,000 years if the actinides are present.

using DOE and NRC guidelines, identified several accept-
able locations within the inner circle that can be drawn Reprocessing is not considered as part of either of the

around the existing reactors (i.e., 100 and 200 Area strategies proposed in this report. However, should reproc-
facilities). Some other (non-NRC) permit considerations essing and actinide burning become U.S. policy, these
involve processes will extend the use of the plutonium stockpile for

energy production. These options are presented in Appendix

• Clean Water Act B.

- wetlands permit (COE404) depending on the plant
"footprint" size

dredging permit (COE10) if the Savannah River is 1.6 Organization of the Report
used to transport reactor ves,,'els upriver to the site

- industrial and sanitary waste water permits The next section of this report discusses the history of
• National Pollutions Discharge Elimination System plutonium fueLsin both LWRs and SRS production reactors.

(NPDES) Permits From this previous work, one can conclude that no technical
- emergency diesel generator exhaust impediments exist to prevent use of plutonium-based fuels.
- waste water discharge Section 3 of this report then discusses physics calculations

• National Historical Law at SRS that specifically treat the use of weapons-grade

archaeological sit_ preservation (DOE is commit- plutonium as LWR fuel and NPR fuel. Sections 4 and 5
ted to this.) discuss Strategies 1 and 2. Section 6 provides a life-cycle

analysis and Section 7 puts forward the recommendations of

1.5 Reprocessing Considerations thisstudy.

In the United States, only the fuel from isotope production
reactors in the DOE Nuclear Weapons Complex has been References

routinely reprocessed after irradiation. In the past, small
amounts of LWR fuel have been processed through 1. Parks, P.B., Excess Plutonium Stocks Anticipated

PUREX-type facilities, but that reprocessing effort ended from the U.S. and CIS Weapons Build-Down. U.S.
when the Carter Administration prohibited commercial DOE Report, WSRC-TR-92-177, Savannah River
reactor fuel reprocessing. The Reagan Administration lifted Site, Aiken, SC 29808 (April 14, 1992).
that ban but new commercial fuel has yet to be processed.

] - 2 92XO458-A
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2. Plutonium Fuel Experience

2.1 MOX Fuel in LWRs delays foreseen in the large scale deployment of FBRs,
concerns about plutonium utilization have re-emerged.

H. Bairiot and C. Vandenberg reviewed the use of mixed The market price of plutonium has dropped and the
oxide (MOX) fuel worldwide. Though their remarks were quantifies available exceed the demand. An increasing
on the use of plutonium recovered through reprocessing number of utilities are, therefore, now faced with the
LWR fuel or fast breeder reactor (FBR) fuel, Bairiot and choice of either stockpiling the plutonium or recycling
Vandenberg provide a concise framework to introduce it in their own power plants.
important issues about reactor fuels made from weapons-
grade plutonium) This section summarizes their findings. As of 1987, most utilities in Europe and Japan were

facing the commercial phase of plutonium recycling in
LWRs. Belgium prepared itself by loading without

2.1.1 Historical Milestones interruption since 1963 increasing amounts of MOX
fuel in the BR3 PWR culminating in a proportion of

In the 1950s, the interest in reprocessing plutonium fuels 70% MOX fuel in the 1986 reload....
focused onthe fastbreeder reactor. The intent was to use the

excess plutonium in LWRs for one to two decades before Switzerland has pursued a motivated policy by loading
entering into a full breeder economy. In the 1960s,Hanford MOX fuel in Beznau steadily since 1984. This loading
and Westinghouse Electric Corporation pioneered the has been preceded by a demonstration incorporationof
research and development program in the U.S. under MOX assemblies in Beznau 2.
Atomic Energy Commission sponsorship.

In the Fedetal Republic of Germany, the industrial
A parallel program in Europe, sponsored by Euratom, MOX utilization started in 1981, after ademonstration
focused on plutonium recycling in LWRs and in situ period fi'om 1968to 1977.... It isbasedonaprogressive
plutonium use ingas-cooled reactors (GCRs). The Belgians implementationof an industrial manufacturing capabil-
andFrench led theway in the early 1960sand werejoined by ity at ALDIM.
Germany (Federal Republic), Italy, and Sweden by the late
1960s. The French utility, Electricit_ de France (EDF),

decided to recycle plutonium on a commercial basis

The U. S. effort expanded toprepare the "Generic Environ- (1985) and a group of 16plants are being licensedwith
men 'talStatement on the Use of Mixed Oxides" (GESMO) this zJm.... The decision was based on demonstration
in the early 1970s. However, the Carter Administration assemblies incorporated in the Chooz PWR in 1974
decided to defer commercial nuclear fuel reprocessing and 1975 and on the assessment of the industrial
indef'mitely and the GESMO effort stopped at its draft background and capability of COMMOX.
preparation.

In Japan, a three step programme has been launched,
The Europeans also decreased their reprocessing efforts in starting m 1986 with a small scale demonstration
the LWR industry until only Belgium and the German programme in Tsuruga 1and Mihama 1, tobe followed
Federal Republic continued with LWR plutonium fuel by a large scaledemonstration programme in one BWR
programs by the early 1980s. The British, French, and and one PWR, each of the 800 MW(E) class, and
Japanese efforts on FBR programs continued, culminating in the commercial use of MOX around

1997 in 6 BWRs and 6 PWRs of the 1000 MW(E)
range. This activity can partially benefit from the

2.1.2 Current and Projected MOX Fuel Use advanced thermal reactor (ATR) development activity
being pursued by the Power Reactor and Nuclear Fuel

The most recent efforts are best described by a direct quote Development Corporation (PNC) since 1972and from
from Bairiot and Vandenberg' close relationship with the European achievements)

Over thelast fewyears, with the successfulcommercial
operation of the Cogema reprocessing plant and the
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The European and Japanese programs described above Reactor Design and Safety
demonstrate an accepting attitudeon the partof the involved
governments to a program of burning plutonium fuels. Table V of of the Bairiot and Vandenberg document (see
THEY ARE DOINGIT. 'Iable 2.1) succinctly describes the principal effects of MOX

fuels on the primary reactor design and safety chamcteris..
During April and May of 1992, the trade press was filled tics of LWRs. l Perusal of Table 2.1 shows that LWRs with
with articles about German MOX technology transfer to the MOX fuels behave very much like LWRs with uranium
Commonwealth of Independent States (CIS). The purpose fuels. The differences are of degree, not of kind. These
of the technology transfer was to assist the former Soviet differences have to be taken into account but do not pose
states with burning weapons-grade plutonium that will difficult design or operating problems.
accumulate during their weapons reduction programs.
Though it is uncertain that such a program will actually A MOX fuel rod can be designed to the same quality
occur, it is clear that the CIS isactively considering reducing standard as a uranium one in the same cladding. The U
their excess plutonium stockpile by burning it in their fuel assemblies and the MOX fuel assemblies do have
LWRs. therefore the same hardware structure and the same

geometry, resulting in identical assembly structure,

mechanical design and identical thermohydraulic de-
2,1.3 Characteristics of MOX Fuels sign. The design criteria an LWR core has to meet are

the same whether loaded with U or partially with MOX
Though primarily an alpha emitter, plutonium also emits fuel. These criteria must guarantee that:
neutrons, x-rays, gamma rays, and beta particles. Because

most of the radiation will not penetrate, the radiological (1) Values of the physical characteristics of the core
hazard is essentially blocked once the plutonium is in fuel are within the limits taken into account in the

rods. Weapons-grade plutonium is mostly Pu-239, with <6 safety analyses. If this were not the case, for some
wt % Pu-240 and <0.8 wt % Pu-241. These higher weight licensing basis events, those safety analyses would
isotopes are far more prevalent in plutonium recovered from have to be re-evaluated.
LWRs; typically Pu-238 at 1.5 wt %, Pu-239 at 58 wt %,

Pu-240 at 23 wt %, Pu-241 at 13 wt %, and Pu-242 at 5.2 wt (2) Fuel performance (power level, discharge burn up,
%. The neutron emission rate is essentially constant in time cycle length) is not deteriorated by the substitution
and depends on the isotopic mix. The gamma emission rate of some U fuel by MOX fuel...1
is dominated by the decay of the Pu-241 daughter product

Am-241. Each year, 4.7% of the Pu-241 decays to Am-241 Practically, if one limits the insertion of MOX rods to one

that emits low-energy gamma radiation, third of the reload fuel for each reactor cycle, there is no
major licensing problem for the utilities. For the MOX fuel

The principal hazard in MOX fuel fabrication is in the glove vendor, this involves adequate know-how and design work
box lines in which plutonium fuel is handled. After to ensure that the uncertainty margin penalties are not larger
prolonged storage, the use of plutonium oxide becomes than for a uranium core. From the preceding considerations,
economically impractical without subjecting it to a further one can conclude that any LWR can be loaded with MOX
reprocessing step to remove the Am-241 buildup. The cost fuel assemblies. The choice and quantity of MOX fuel to be
of such reconditioning essentially doubles reprocessing reloaded depends on external considerations such as licens-
costs, ing limitations and on considerations that are under the

responsibility of the utilities (e.g., general policy, contrac-
lt is the reason why plutonium recovered from LWRs tual commitments).
should not be stored as PuO2 powder as delivered by the
reprocessing plant but should be manufactured into

MOX fuel rods or even assemblies as soon as possible. MOX Fuel Fabrication
Three years of LWR PuO2 storage is considered to be

the practical limit. 1 As of 1989, Bairiot and Vandenberg described the "refer-
ence fabrication processes" for MOX fuel as OCOM in the

PuO2 obtained from weapons returns should be much easier Federal Republic of Germany and MINAS in Belgium. Both
to handle because the Pu-241 content is much less than in the processes are based on mixing and milling a master blend of
PuO2 from recovered LWR fuel.
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Strategiesfor Denaturingthe Weapons-GradePlutoniumStockpile

Tah_ 2+1.Comparisonof UraniumandMOXNuclearDesign Characteristics**

[_lli:t+'ar _hlIDII_L_Ir.C _eason for Difference

Moderatortemperature More negative Increased resonance Improved stability and transient
coefficient absorption and spec- characteristics except for 'cold

tral shifts water' transients"

Doppler coefficient More negative Pu-240 resonance Improved transient characteristics

Installed reactivity Reduced Reduced depletion rate Higher reactivity lifetime capability

Control rod requirements Increased Larger moderator and Possible increase in number of
Dopplercoefficients control rods

Boron worth Reduced Thermal flux reduced Possible increase in number of
control rods

Xenon worth R_uced Thermal flux reduced More boron used for cold or hot
reactivity swing

Gd poison efficiency Reduced Thermal flux reduced Improved stability

Local power peaking Reduced Increased waterworth Fuel assembly design

Delayed neutron fraction Reduced 13Pu< _U Rod ejection accidents (PWR)
Rod drop accidents (BWR)

• PWR: Steam line break. QUALIFICATIONS:

BWR: Loss of feedwater heating. (1) Effects can be mitigated by changes in design.
Generatorload rejection
without condenser bypass. (2) Plutonium isotopic composition influences the parameters.

Turbine trip without bypass

** Table V in Reference 1

30% PuO2and 70% UO2powders. The pellets produced by by microwave) which is co-milled with the adequate
these processes do contain 30% PuO2 regions of less than amount of UO2to reach the required pellet enrichment.
1130lainina UOzmatrix. The product is 99% soluble innitric Both types of MOX fuel have properties quite different
acid as fabricated and almost entirely soluble 'after irradia- from MIMAS and OCOM fuel, which should properly
tion. be taken into account in fuel design and safety

evaluation. In particular, the Doppler coefficient is
The French and Japanese processes are different, weakened in this fuel compared to MIMAS or OCOM

fuel)

Organizations dealing mainly with FBR fuel, namely
CEAin France and PNC inJapan, have notdeveloped a
specificmanufacturingprocessforLwR...MOXfuel 2.1.4 MOX Fuel Behavior
but apply as such the FBR fuel fabrication route,
namely a complete dilution of the plutonium in the Again, quoting from Bairiot and Vandenberg:
matrix. In be French process, sometimes referred to as
MIGRA(micronization-granulation),thePuO,powder MOX fuel incorporated in power reactor cores has
is blended by micronization with ali the UO,.necessary behaved outstandingly weil, usually better titan the
to obtain therequired pellet enrichment. In the Japanese uranium fuel also present. No unexpected licensing
process, it is a co-converted UO2-50%PuO2(denitrated problems havebeen encountered. Potential limits to the

92xo45s-^ 2-3
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quantity of MOX fuel that can be loaded in some types To prevent this, the Mark 18-A assemblies were moved to
ofreactorshavebeendetemnined, and ways of circum- the low flux peripheral regions of the reactor, where
ventingthese limitshave beeninvestigated. Inaddition, negligible damage was anticipated.
well characterized assemblies irradiated to high burn
ups have demonstraWA that MOX fuel can satisfy the The Mark 41 target tubes were also made as extrusions of
general trend towards a progressive increase in dis- cermet cores, which were manufactured by powder metal-
charge burnups..._ lurgy techniques) These, targets were intended to enhance

the Pu-242 contents of the plutonium by way of neutron
In summary, Bairiot and Vandenberg make the claim that addition. The design estimates of the exposure accumulated
the behavior of MOX fuel is as good as uranium fuel. in the irradiations were 5.9 x 102° fissions/cm3, 1 x 10_'

n/cm2thermalfluenceand 0.5 x 10zzn/cm2fast fluence (E >
This fact justifies immediate and massive MOX fuel 0.1 MEV).A total core swelling of, at most, 3.8 volume %
utilization by utilities owning adequate plutonium was anticipated.TheAl-6063 claddingused onthese targets
resourcesandhavingaccess to therequiredtechnology; withstood this amountof swelling without failure.
it is the case for... Belgium, France, the Federal
Republic of Germanyand Switzerland,and it will be The Mark42 assemblieswere also usedto make Pu-242in
the case in the nearfuture for... Japan? an extended irradiationof over five years.' Three nested

target tubeswere madefor eachassembly. Eachtube hadan
The foregoing remarksof this section make it clear thatno effective core length of about 150 inches. The three
technicalreasonspreventburningplutoniuminLWRs. The plutoniumtubeswere combined with either an inner lithium
constraintsaremainly from economic andpoliticalconsid- target tube or an inner housing tube (aluminum only) Io
erations, providereactivitycontrol.

Up to 54 Mark 42 assemblies were irradiated in five

2.2 Plutonium Experience at SRS differentreact°rcyclesbeginningwiththeP'll.lsubcy tIe.5
The goal was toproduce 15kg of plutonium withan isotopic

Fuel assemblies containing plutonium havebeen manufac- content of at least 86% Pu-242 for the Los Alamos National

tured and irradiated in Savannah River Site production Laboratory (LANL). The reactivity was high enough for the
reactors on at least three different occasions. This experi- Mark 42 to serve as a fuel assembly in the first cycle (that is,
ence demonstrates the plutonium handling and fabrication it replaced a highly-enriched Mark 16Bfuel assembly in the
capability at SRS for use in the low-temperature, heavy- central regions of the reactor, 54 assemblies in all). In the
water reactors. Three somewhat different assemblies were intermediate cycles, pairs of fuel and target positions were
created to contain the plutonium and were designated as used (thatis, one Mark 16B fuelassembly was replaced with
Mark 18-A, Mark 41, and Mark 42. a previously irradiated Mark 42 assembly and a Mark 31

depleted uranium target assembly was also replaced witha
The Mark 18-A assemblies (sometimes called Plush-l) previously irradiated Mark 42 assembly). During the fifth
were made both by powder metallurgy techniques to cycle, the reactivity of Mark 42 assemblies had been
producePuO_and Al-1100 cermets, and by casting Al-Pu reduced sufficiently so that ali had to be placed in target
alloy metal ingots.2 These were both extruded into target positions.
tubes and clad with Al-6063. These plutonium targets were

then irradiated over an extended period to maintain the The Mark 42 plutonium tubes had areas of higher-than-nor-
Cf-252 content first produced in the Californium - I ro.al density, which increased the local heat flux and
campaign of the late 1960s. By April of 1974, the target cladding temperature. Cladding temperature was main-
cores had completed five years of extended serviceresulting tained below 20()°Cto prevent rapid intergranular corrosion
inan accumulated fission density of 5.8 x 10_ fissions/cm3 of the AI-6063alloy cladding.
in the cermet type cores and 1.5 x 10_ in theca.,_tcores.2The

claddinghadbeenexposedtopeakneutronflue_ac_ofabout Two assew_lies were removed from the reactor before

2x 10z3n/cre2(thermal) and 3x 10Z_n/cm2_> 0.1 MEV). completing the planned irradiation because of suspected
The total swelling in the cermet cores was estimated to have component damage.5One assembly was damaged when the
ranged from about 2.6% to 5.4% of the core volume, top portion of its housing tube was bent during a discharge
principallyfrom fission product creation. The total cladding operation. The other assembly was removed because of an
swelling was estimatexl to have been about 0.7% of the indicated low flow but, upon inspection, no cause for the
cladding volume. The strain from these expansions was low flow was discovered. Ali other assemblies completed
expected to induce cladding cracking with further exposure.
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the irradiation without incident. The total fast neutron Foreseeable Problems. Technical Reports Series, In-
fluence was described as 2 x 10z2n/cre2(E > 0.1 MeV)Sthat ternational Atomic Energy Agency, Vienna, Austria
was 2/3of thatexperiencedby the Mark 18-Aassemblies in (1989).
their irradiation. No failures occurred from swelling and 2. T.H. Gould. Irradiation Effects in Plush-I Target
subsequent cladding cracking. Tubes. DPST-74-283, Savannah River Site, Aiken,

SC29808 (March 19, 1974).
It should be pointed out that thealuminum technology used 3. T.H. Gould. Irrach'ationEffects in Mark 41 Targets.
for the Savannah River Site fuels and targetq render them USDOE Report DPST-74-387, Savannah RiverSite,
unsuitable forhigh-temperature electricity producers such Aiken, SC29808 (March 19, 1974).
as LWRs. Only the MOX-type fuels described in the 4. R.P. Taylor. Irradiation of Mark 42 Assemblies.
previous section can be used in LWRs. USDOE Report DPSOX-9770, Savannah River Site,

Aiken, SC 29808 (August 1, 1980).
5. K.A. Meassura. Irradiation of Mark 42 Assemblies.

Referellces USDOE Report DPSOX-9770, Savannah River Site,
Aiken, SC 29808 (August 10, 1984).

1. H. Bairiot and C. Vandenburg.Nuclear Fuel Cycles in
the 1990s and Beyond the Century: Some Trends and
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3. Consumption of Plutonium in Reactors

3.1 Initial LWR at SRS 1/3-core reload of fuel each yearwould contain 522 kg of
weapons plutonium (containing 492kg of Pu-239).Because

In tlmGESMOreport_,it was assumed that the plutonium in there is 3.3 wt % weapons-gradeplutonium in the reload
MOX fuel would come entirely from reprocessing power fuel, the fuel requirements per yearwould be 15.8 MTHM,
reactor fuel. This led to specifying plutonium in reload or 17.9 MT of MOX fuel.
MOX fuel in terms of what could tc produced in an

equilibriumfuelcycle. This, in tam, led to specifying MOX Presumably the fuel requirements would tc _imilar for a
fuel (assuming uniform fuel in reload) as containing less BWR,just scaling by MWDtlVyearif necessary.
than 1.8 wt % total plutonium in heavy metal in the
as-char_ed fuel.

3.2 Utility LWRsIn other studies referenced in that report_, reload fuel
assemblies consisted of a combination of MOX fuel A quantity of 50 MT of weapons-grade plutonium is
assemblies and uranium fuel assemblies. In these cases, the postulatedas being available for use inplutonium fuel-bum-
MOX fuelassemblies contained upto4.2 wt %plutonium in ing reactors. For estimating the capacity and cost of the

MOX fuel fabrication plant, the number of reactors involvedheavy metal. This content was required to obtain the same
fuel exposure (33,000 MWD/MTHM) as obtained with is not considered, but, rather the postulated 50 MT of
slightly-enriched uranium (SEU) fuel. lt was repeatedly weapons plutonium to be consumed over the postulated
stated in the report that there was no technical reason why 40-year period. Thus, the plant should process 1.25 MT or
higher plutonium contents could not tc used. For example, 1250kg of weapons plutonium per year. To convert this toa
referringto the uniform MOX reload upper limit of 1.8wt % quantity of MOX fuel, an enrichment must tc assumed. A
plutonium, it was stated that "this concentration should not reasonable lower limit would tc the 1.8 wt % plutonium in
be considered as a limitation on the amount of plutonium heavy metal discussed in the GESMO report, while a
that could tc safely and economically used in LWRs".t reasonable upper limit would tc the 3.3 wt % plutonium in

heavy metal developed in the prior section. Thus, the yearly

With the above background, it was decided to (a) assume throughput would range from 38 MT to 69 MT of heavy
uniform MOX fuel for reload, and Co)assume that 1/3of the metal, or 43 MT to 79 MT of MOX fuel. Even at the higher
core would be reloaded per year (this 1/3-core reload value, this is smaller than the 120 MT/year MOX fuel plant

under construction in Germany?strategy was also assumed in the GESMO report). It was
further decided to determine the reload MOX-fuel pluto-
nium content based on (a) matchingthe long-term reactivity
transientinaSEU-fueledPWR,and(b)obtainingaboutthe 3.3 Multiple LWRs with Reprocess-
same discharge fuel exposure as in a SEU-fueled PWR. ing and Actinide Burning

A lattice physics model using theGLASS code was used to Multiple LWRs are assumed with the fueling requirements
do thecalculations. The details of the calculations are given just discussed in Section 3.1 and Section 3.2. For each
in Reference 2. The result was that the MOX reload fuel reactor, the discharged fuel each year (17.9 MT of MOX

contained 3.3 wt % weapons plutonium in heavy metal (the fuel) would contain the following calculated isotopes.
uranium with which it was mixed was assumed to be 0.2%

Isot_ope Kg DischargedU-255). The fuel exposure of the reload fuel after one year
was the same as in the reference case using SEU; but the
discharge exposure after three years was - 31,500 MWD/ Pu-239 240.0Pu-240 107.5
MTHM, somewhat less than in the reference case using Pu-241 66.8
SEU (33,400 MWD/MTHM). Pu-242 17.6

If a singleLWR of 600 MWe (1818 MWth) is assumed with Pu-238 1.50
a capacity factor of 75%, the thermal exposure per year Np-237 2.25Am-241 2.49
would tc 498 GWD. From the physics calculations, the
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Isot_ope Kg Discharged temperature coefficients. This, in turn, damages the long-
term reactivity transient. A mid-cycle shutdown to replace

Am-243 4.16 the inner target is necessary to achieve a finalexposure of 70
Cm-242 0.76 MWD/assy-ft, which is less than the 80-100 MWD/assy-ft
Cm-243 0.03 achievable with HEU without a mid-cycle shutdown.
Cm-244 1.74 Another minor disadvantage of using plutonium fuel is that

productivity (gm T/MWD) is several percent lower than
If the fuel were subjected to reprocessing, the neptunium, with HEU.
americium, and curium would be destined for the actinide

burner (or special isolated disposal if the burner were not The fuel assembly whose core characteristics are discussed
employed). Therecovered plutonium couldbe usedpartly to above, contained 203.6 gm/ft of weapons plutonium (192
fuel the actinide bun_r (if it is a fast reactor), with the gm/ft of Pu-239). After 70 MWD/ft of exposure, the fuel
remainder available to refuel the LWRs. For the moment, assembly is calculated to contain 131.7 gm/ft of total
the l_tential plutonium requirements for an integral fast plutonium (88.5 grn/ft of Pu-239).
reactor (IFR) actinide burner will be disregarded and it is

assumed that ali ofthe recovered plutonium will be recycled The physics differences discussed above make the use of
in LWRs. weapons plutonium somewhat unattractive compared to the

use of HEU.The extra fuel fabrication costs imposed by the
On an equilibrium fuel cycle basis with recovered pluto- use of plutonium also favor the use of HEU rather than
nium from a reactor being used to reduce weapons weapons plutonium. The LTHWR can use HEU from
plutonium to refuel the same reactor, the approximation is retired weapons directly without separative work dilution.
made that fissile plutonium from reprocessing can replace If an LTHWR were to be constructed, the need for efficient
fissileplutonium in weapons plutonium on a kilogram basis tritium production would have to be balanced against the
regardless ofadmixed non-fissile plutonium isotopes.Thus, opportunity to denature plutonium. However, that decision
if thereare nolosses in reprocessing and fabrication, the 307 does notneed to be made now, in view of the recent deferral
kg of Pu-239 and Pu-241 recovered per year from one of NPR decisions by DOE.
reactor would reduce the draw of 492 kg of Pu-239 from the

weapons plutonium stockpile to about 185kg of Pu-239. Similar considerations are under study by General Atomics
for the MHTGR-NPR. The results will determine the

This option is considered in some detail in Appendix B. viability of this concept for plutonium denaturing.

3.4 New Production Reactor References

Weapons plutonium can be used rather than HEU to fuel a 1. Final Generic Environmental Statement of the Use of
LTHWR. Presumably PuO2 would be used in powder Recycled Plutonium in Mixed Oxide Fuels in Light
metallurgy fabrication of plutonium-containing aluminum Water Cooled Reactors. U. S. Nuclear Regulatory
fuel tubes, as described in Section 2. The core design is Commission, NUREG-0002 (August 1976).
somewhat less satisfactory than when using lIEU, because 2. W.E. Graves. Plutonium Reload Requirements for
Li-6 in the outer targets must be reduced and Li-6 in the PFBR. SRT-APG-920047 (May 21, 1992).
inner targets must be increased to achieve acceptable 3. Nuclear Fuel, p 6 (June22, 1992).
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4. Strategy 1 - Utility Use of Plutonium Fuel

4.1 Phase 1 - Fuel Cycle tion.Theco-conversionprc_essproducesapowderthatcan
easily be reprocessed in nitric solutions. Co-conversion

Demonstration processesarc beingactivelydevelopedin Japanandin
France? Because theproposedMOX fuel strategydoes not
involve recycled fuel/plutonium,thereferenceprocesswill

4.1.1 MOX Fuel Plant at SRS be used to make the fuel pellets.

Several differentplutoniumcompoundshave been investi-
gated for application in fuel rods. These forms include Figure 4.1 shows both the reference process that uses
plutonium-uranium-nitrides,- carbides, and-oxides. The plutonium oxide and uranium oxide powders and the
extensive research and development work on these mated- co-milling process that produces the more soluble oxide
als clearly showsthat mixedoxide fuel has the most promise powder.
for near- and intermediate-term applications.1 Numerous
MOX fuel designs have been investigated including com- In the proposed MOX facility for SRS, the weat_ns-grade
patted/sintered pellets and vibro-packed microspheres or plutonium pits will be converted to PuEh powder by ._
powders. Of these, the pelletized fuel is the most promising dissolution process6shown inFigure 4.2. Depleted uranium

trioxide powder, presently stored in drums at SRS, will be
for near-term applications, converted toUEhby hydrogen reduction as shown inFigure

The MOX fuel manufacturing process is, to a large extent, 4.3. These powders will provide the feed material for the
similar to the process used to manufacture UEh fuel for MOX plant. As shown in Figure 4.1 for the reference
power reactors. The extensive knowledge base acquired process, free-flowing depleted UO2and PuO2powders are
through 30 years of industrial manufacturing experience is first blended to obtain a homogeneous mixture. The
directly applicable to MOX fuel fabrication except for the powders are granulated, compacted into green pellets using
added consideration of the plutonium radiological hazard, automatic presses, and then sintered at high temperatures.
The radiological danger of plutonium dusk as observed The sintered pellets are then centerless ground to specified

dimensions. Ali rejects,are re-ground and recycled.
through factory experience, provides the major impetus to
automate plutonium manufacturing facilities. Remotely
operated, automated fabrication facilities are necessary to A pellet column is prepared and dried in a furnace. The
m_t the safeguards and ALARA personnel protection column is then loaded into zircaloy tubes with a springatop
requirements, and to ensure improved nuclear material the pellets, outgassed, the tube backf'dledwith helium and
accountability and control techniques. MOX facilities2"3 moisture getters, and then seal welded. The tubes are
mechanization has gradually led to production operations assembled into reactor fuel assemblies in a manner similarto the LWR fuel assemblies. The assemblies are then
with minimal human contact or intervention.

packaged for shipment to the reactor area.

MOX Fuel Fabrication/Flowchart Cost Estimate

MOX fuel can be manufactured using basic powder
metallurgical (PM) methods? (See Figure 4.1 for a process Cost estimates for this studywere madeusing the PC-based
diagram.) Because plutonium oxide is not completely Freiman Analysis of System Technique (FAST). This cost
soluble innitric acid, some fabricators of mixed oxideshave analysis technique, also,used by DOE, provides a uniform
modified the basic or reference PM process to obtain a approach to cost estimating for the reconfiguration cost
higher solubilityoxide. The two main fabricationroutes that throughout the DOE Nuclear Weapons Complex. The
were developed to manufacture soluble MOX fuel pellets technique involves parametric cost estimating, which is the
were co-milling and co-conversion of oxide powders. In process of transforming physical characteristics for a
co-milling, theplutonium oxide and uranium oxide powders process through statistil-_dlyestablished relationships. As
are co-milled to give a homogeneous mixture that forms a insufficient design da_Lexists for the proposed facility,
solid solution during subsequent sintering operations, costs estimates were derived from current SRS data using
Co-conversion plants produce a (U, Pu) Ehprecipitate feed Defense Waste Processing Facility Project 1780 as the
powder that replaces the co-milling step for homogeniza- reference (calibration) project.



Strategies for Denaturing the Weapons-Grade Plutonium Stockpile

,.ico,°X:r"s o" 'i "

(,I, ,I, 4' T ,1 ,_ _! '" - Blending ] ! Blending
t......., Micronization i

1 Granulating, I _'
---'t Blending,, I

! Pelletizing I ............ '_'

.... ,t. I" Or_ul.an_., l
! Sintering I

½ ! Pelle 't_zing, I

[ Centreiess [Grinding [ Sin_.,n,'ng [

Grindhl_ ....PelletPreparation]Column I Centreless J

l _"°n ! I PelletColumn!Preoaration .

End Plug Welding

Rod Filling

[ Pressurization ! I End Plu_ Weldinl_ l

[ Assembling ]

a) Reference MOX Fuel b) New MOX Fuel Fabrication
Fabrication Process Process (MIMAS & OCOM)

Figure 4.1. Comparison of the Reference and the New MOX Manufacturing Processes

4-2 92xo4sn-a



Strategies for Denaturing the Weapons-Grade Plutonium Stockpile

"Greenfield" Facility For one 600 MWe reactor on site, the required throughput
for the MOX facility is .-15-17 MTHM/year. The above

Cost estimation was conducted using the FAST technique plant could operate on a one-shift basis and produce the
for a 60-70 MTHM/year fuel facility. The facility occupies a required fuel for the initial reactor. The annual operating
150,000 ft2building that includes 25,003 ft2of offit;c space, costs for this planton a one-shift basis is expected to be $30
Manufacturing operations are: UCh and PuCh powder million based on 300 Area operating costs for 1991.7
conversion; pellet fabrication; fuel assembly; and inspec-
tion and shipping. The facility includes parallel lines for The cost of MOX plants in Europe tends to be somewhat less
redundancy. The building is designed to expand if fuel for expensive than the above"greenfield" facility. Siemens AG
additional reactors is required. A high spot cost of $680 is building a 120-MTHM/yr capacity MOX plant in Hanau,
million was estimated for a fully automated 60-70 MTHM/ Germany, at a cost of about $500 million. _9British Nuclear
year "greenfield" MOX fuel fabrication facility. 6 This Fuels is reported to be considering construction of a MOX
estimate includes $100 million for the UCh to UOz plant at Sellafield with a 100-MTHM/year capacity for

conversion, $205 million for plutonium to PuChconversion, approximately $400 million. 19 The reason for the higher
and $375 million for pellet fabrication and fuel assembly, cost of the SRS "greenfield" facility may be the expense of

conforming with the rigorous safety standards imposed by
DOE orders on ali new facilities constructed at DOE sites.
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Modifying Existing Facilities and safeguards points-of-view in that the pellets do not leave
the facility. Mtematively, Barnwell Nuclear Fuel Plant

An opportunity exists to adapt some existing facilities to (BNFP/AGNS), an idled separations facility which meets or

manufacture fuel. Using existing SRS facilities in F Area exceeds DOE/NRC design requirements for shipping,
offers a unique advantage in both cost and schedule. The receiving, storage, and processing, may also be modified.
235-F facility has a dedicated personnel intrusion detection This facility, which has a 100-acre processing area, can be

alarm system (PIDAS) zone, contains its own emergency readily adapted to plutonium oxide fuel manufacturing.
equipment, ventilation equipment, sand filter, and stack.

The main building is a hardened structure with two vault The potential cost benefits of using existing SRS facilities

_. The lower level of the 235-F facility could be used to (presently candidates for retiremen0 or the AGNS facility in
assemble fuel while the second level could be used to Barnwell were also estimated. The cost for a 60-70

fabricate pellets, offering advantages from accountability MTHIWyear fuel facility using modified SRS facilities is

t
i Vent

ow oromO ms "- 11
r_.-_ (Filter [ ) -
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Figure 4.3. UO_ Conversion Process
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estimated to be $200 million while that using the AGNS Even though the passive and evolutionary ALWRs ap-
modification is $260 million as compared to the "green- proach plant safety from different perspectives, as noted
field" facility costs of $680 million. For this plant, a cost above, the basic plant designs share many similarities. Each
reduction of -60% is achieved using a modified AGNS ALWR design type is based on having a staildard plant
facility whereas a cost reduction of-70% is achieved using design for a particular family (e.g., passive 600 MWe
a modified SRS facility. The annual operating costs for this PWR), and both ALWR design types have functionally
plant is also expected to be -$30 million per year. identical structures and equipment. A brief description of

someof the major structures and equipment that fall into this
category are noted below:

4.1.2 Initial lWR at SRS
• full-size, zero-leakage, reactor containment buildings

The object of Strategy 1 is to demonstrate that weapons- • reactor plant equipment including reactor vessel, _team
grade plutonium can be burned in MOX fuel, using generators (PWR only) reactor coolant/recirculation
commercial light water reactor technology. Such a demon- pumps, valves, and associated piping
stration would prove that utility-owned LWRs can be used • auxiliary/reactor buildings
to eliminate weapons-grade plutonium while, at the same • engineered safeguards equipment for reactor inventory
time, generate electric power to helpmeet consumer needs, control, decay heat removal, and containment heat re-
Phase 1of this strategy involvesconstructing and operating moval
an LWR at SRS to demonstrate the plutonium fuel burning • diesel generator._for onsite power supply
concept. As envisioned, theplutonium fuel burner wouldbe • turbine buildings
an advanced light water reactor (ALWR), which could be • turbine plant equipment including turbine/generator,
either a passive design plant in the 600 MWe range or an maincondense,, and mainfeedwater and condensate sys-
evolutionary design plant in the 1200 MWe range, terns

• main and auxiliary electrical switchyards
The new generation of ALWRs includes both pressurized • AC and DC plant electrical systems
water r?.actor (PWR) and boiling water reactor (BWR) • cooling towers and associated water handling systems
plat,ts, either of which can be passive or evolutionary in • fire protection systems
ten'ns of design. The major differences between these two • auxiliary boilers
design types can be summarized as follows: • storage tanks for condensate and reactor water

• fuel handling and rad waste systems
• The passive plant uses simple safety systems thatare es-

sentially non-active. This is the so-called "walk away For the purposes of this report, it is assumed that a passive
safe" design that does not require operator action for an 600 MWeALWR plant wouldbe built and operated at SRS.
indefinite period of timefollowing an accid,_,._.Someof Furthermore, it isassumed that theplant will bea PWR (i. e.,
the support systems for safety systems that are active in Westinghouse AP-600) as more detailed information is
conventional and evolutionary plantscan be installedand available for this plant than any of the other ALWRs.
maintained as nonsafety-related in the passive plant. Ex- However, most of the general information on cost, fuel
amples of such systems include cooling water, HVAC, loading, etc. should also be applicable toGeneral Electric's
AC power, and diesel generators. Passive ALWRs are 600 MWe Simplified BWR (SBWR)plant.
designed togenerate power in the600 MWerange, which
is approximately one-half theoutput that their evolution- The initial plant would, most likely, have an initial fuel load
ary counterparts produce, that consists of 2/3-core slightly enriched uranium fuel

• The evolutionary plantuses active safetysystems tomiti- assemblies and 1/3-core MOX fuel assemblies (in keeping
gate accidents. Although these systems are similar to with past MOX fuel experience). A typical PWR requires
conventional plants, they haveadditional built-in redun- 1/3of thecore to be replaced with freshly reloaded fuel each
dancy and diversity. The evolutionary plant addresses time the reactor is refueled after the initial cycle of

the "walk away safe" concept by using digital, software- operation. Section 3.2 notes that a 600 MWe plutonium-
driven instrumentation and controls to preclude the ne- burning PWR, operating at 75% availability, would require

a 17.9 MT reload batch of MOX fuel per year if refueling
cessity for operator action for an indefinite time follow-

were done each year. Although plant economics typically
ing an accident. Hardwired controls are provided as a favor a longer fuel cycle such as 18months, the amount of
backup to allow operators to intervene in the event of fuel reloaded each cycle can be expressed in terms of an
computer malfunction, annual consumption rate. For an AP-600 plant, operating at
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80% availability _°,the reload batch would be a factor of 1.07 the grid, the prevailing bulk power sales rate might be in the
higher than the plant discussed in Section 3.2 and the range of$52.50/MWh.
consumption rate would be approximately 19.1 MT of
MOX per year. The discharge batch fuel from each cycle's Reference 10 gives costs of 0.615C/kWh for fuel and
refueling (i.e., 19.1 MT MOX) would be stored underwater 0.1 C/kWh for decommissioning in 1990 dollars. Reference

in a spent fuel pool, until assembly decay heat became low 11 shows fbted O&M costs of $60/kWe per year and
enough to allow long-term dry storage of the fuel. variable O&M costs of 0.6 mills/kWh, also in 1990 dollars.

Based on the plant generating 4.17 x 106 MWh of usable

The AP-600 is designed to have a gross electrical output of power per year, these O&M costs convert to 1.5C/kWh.
630 _e. 9 Using a cost estimate of $1,765/kWe _°, the Adding ali of the above costs, converting the total to
completed cost ofthe AP-600 plant is expected to be$1,112 $/MWh, and subtracting the result from the co-generation
million in1990 dollars. The following is a breakdown of the and bulk power sales rates, yields return rates of
different cost elements. $10.35/MWh and $30.35/MWh, depending on the fraction

of power output sold.

1990 $/kWe Summarizing the cost information presented thus far, the
AP-600 demonstration plant is expected to have a com-

Vendor's Overnight Cost' 1,370 pleted cost of $1,112 million and net rate of return from
Owner's Cost 156 electricity sales that is between $10 and $30 per MWh, ali in

First-Of-A-Kind Engineering 41 1990 dollars. These values have been developed specifi-

Interest During Construction 198 cally for the AP-600 design plant. However, they should

Total 1990 $/kWe Completed Cost 1,765 generally be in the range of values for other 600-MWe
passive design plants such as the SBWR. Table 4.1
summarizes the above information for a single AP-600 and[* Based on plant being built "overnight"; includes

contingen_Jies but assumes no significant time delay in includes similar information for multiple AP-600s as well as
construction] a 1200 MWe evolutionary plant.

The AP-600 reactor, among others, was recently reviewed 4.1.3 Spent Fuel Management at SRS
in Reference 20. Vendor's overnight costs were estimated Without Reprocessing
by EPRI and reported to be $1,475/kWe (in 1989 dollars).
This is sufficiently close to the above Westinghouse Mixed oxide fuel discharged from LWR operation for
estimate ($1,370/kWe in 1990 dollars) as to lend it disposal without reprocessing would be managed using
credibility. However, we have notattemptedtoestimatethe procedures analogous to those for commercial reactor
impact of DOE orders on the price of the AP-600. This fuels) 2 The zircaloy-clad PuCh-UCh fuel assembled into
reactor was designed to con_'orm to NRC standards. What PWR rod bundles typically 8-1/2-inch square cross section
more would be required by DOE orders is uncertain, and 12-1/2 ft length, would be stored underwater in the

reactor pool for a time (assumed about five years) necessary

Assuming a 35-MWe station service load for equipment to allow cooling to acceptable heat outputs. The assemblies
essential to keeping the plant running, the net electrical would then be placed into dry storage until shipment to a

output available for use locally or on the grid is 595 MWe. geologic National Waste Repository. A flow diagram for
With an availability factor of 80%, the plant would generate this process sequence is shown in Figure 4.4.
4.17 x 106 MWh of usable power per year of operation. This
is based on 595 MWe being generated during 80% of the The dry storage facility would be one of two types, (1) nn
8,760 effective hours/year that the plant is expected to be on underground air-cooled concrete-shielded vault similar to
line at full power. Reference 9 notes that the average U.S. that provided for interim storage of DWPF glass waste
end-use price paid for electricity is 6.69C/kWh canisters _3,or (2) an above ground unit utilizing concrete
($66.90/MWh), which means that the annual output from storage casks similar in concept to that projected for the
the plant has a value approaching $280 million. If just a Monitored Retrievable Storage facility for commercial
fraction of this output were sold offsite, it might only be spent fuels, t2 In either case, auxiliary capability would be
worth $32.50/MWh, which is the rate currently paid to provided to receive and unload fuel transport casks and to
co-generators of small blocks of power (see Appendix C). transfer the spent fuel to the Repository. Because no
However, ii"the entire plant output of 595 MWe were sold on provisions for disposal of the MOX fuel are included in the
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Table 4.1. Comparison of Passive and Evolutionary Plant Output and Costs

Passive Design Evolutionary
Sin21eAP-600 Twin AP-600s Desien 1200MWe

Gross Output, MWe 630 1260 1200
Station Service, MWe 35 70 60
Net Output, MWe 595 1190 1140
Availability, % 80 80 75
Net Output, MWh x 106/year 4.17 8.34 7.49
1990 S/kW Completed Cost 1,765 1,608 1,634
Completed Cost, 1990 $M 1,112 2,026 1,961
Fixed O&M, 1990 $k/MWe 60 51 551
Variable O&M, 1990 Sk/MWh 6 5 5.50
Fuel Cost, 19905/MWh 6.15 6.15 7.01
Decom. Cost, 19905/MWh 1.00 1.00 1.00
Avg. Co-gen. Rate, 19905/MWh 32.50 32.50 32.50
Avg. Bulk Power Rate, 1990 $/MWh 52.50 52.50 52.50

_O&Mcost based on average of single and twin AP-600s.

first (Yucca Mountain) Repository and construction of a l" "x°.'

secondRepositorywould be required, thecapacity of thedry Capital Cost = |_,15,690_000MTHM)'I * $375M _=$60Mstorage facility would need tobe sufficient to accommodate
a total 40-year output of the LWR operation.

Projectedquantifies of spent fuel processed through interim
This cost is about equal to the cost of underground storagestorage and final disposal are based on a 600 MWe (1800
vaults for DWPF glass waste canisters (2500 canisters/

MWt) LWR design, with fuel throughputs of about 17
MTHM per year. For PWR assemblies containing 0.46 vault), in satisfactory agreement considering differences in
MTHM_*,about 37 assemblies per year would be produced spacing required for the spent fuel storage. Operating costs

somewhat greater than for other fuel-typeswere projected to
for disposal, to be packaged typically four assemblies per

accommodate potential health protection and security
repository container (1.84 MTHM) within nine assembly
packages. This approximates the projected spent fuel requirements for theplutonium-containing spent fuel.
generation of eight packages per year, based Oh_ assumed

Cost assessments to cover Repository disposal dependgeneration rate of one package per 0.5 x 1& MWh, for an
annual reactor output 4 x l& MWI_ at 80% utilization, ls'16 generally on the numbers of spent fuel packages handled.

The costs of commercial spent fuel disposal are equivalent
to about $500,000 per package_6.17,totaling, for the nineCosts of disposal without reprocessing are projected for

interim onsite storage of the spent fuel and for offsite packages per year produced by LWR operation at SRS,
transportand firmldisposition in the Repository. Provisien about $4 million per year. This projection is in agreement
of a dry storage facility with capacity for 1500 fuel with that calculated from the utility waste disposal fee
assemblies (690 MTHM) covering a 40-year reactor life assessed at 1 mill per KWhe ($1 per MWh,) of nuclear
time is projected to cost about $60 million in capital and electricity sold (e.g., 4 x 106MWI-k/yrx $1.00 = $4M/yr).

Offsite transportation costs are included in this charge.
preoperational expenditures, and about $5 million/year in
operational costs. The capital costs were based on a
Monitored Retrievable Storage-type facility with storage lt is assumed in this assessment that disposal of the low

concentrationplutonium-containing MOX fuels discharged
capacity 15,000 MTHM costing about $375 million (1990 from an SRS LWR reactor would be handled and stored at
$) .scaledin accord with the following factors:
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fromSPentcLwRFUel U_ Oxide " _TS)..... Conversion
UnderwaterStorage

(ReactorPool) 1 ¢

(Vault or Casks) ,,

¢ [ Fuel& Assemblyl, MOX FabricationI
NationalWaste

Repository
{Geologic) Onsite Offsite

Figure 4.4 LWR Spent Fuel Management
Without Reprocessing SRS Utility

LWRs

the Repository usingessentially the same procedures as for Figure 4.5. Expanded MtX Facility to Supply Onsite
low-enriched uranium fuels. Qualification of the MtX Demonstration LWR and Up to Three Offsite Utility
fuels for such Repository disposal would be required at an LWRs _.._.-
incremental cost projected at about $'i0 million. This
qualification cost estimate is considerably smaller than
indicated for a new waste form.tS Cost Estimate

The cost for a ~ 60-70 MTHM/year "greenfield" complex

4.2 Phase 2 - Using MtX Fuel in wasestimated to be $680 million. This plant is expected to
produce the fuel required for the two to three 600 MWe

Utility LWRs reactorsby operating on a three-shift basis. By operating
Followingdemonstration of the plutonium-burning reactor with threeshifts, the facilityoperating cost is expected tobe
concept, the potential exists to irradiatelargeramounts of about $60 million/yr based on 1991 300-Area operating
fuels in utility reactorsthat are in close proximity to SRS. costs.

4.2.1 Expanded MOX Fuel Plant 4.2.2 Utility LWR Use of Plutonium

The 60-70 MTHM/year fuel plant could be used to make Phase 2 of this strategy involves utility participation to
fuel for the offsite utility reactors. To denature50 MT in40 eliminate excess plutonium from the U.S. weapons stock-
years, the output required is a maximum of 69 MTHM per pile. After an ALWR is demonstrated as a viable means of
year. By operating the facility described in Section4.1.1 on burning plutonium in a MtX-type fuel at SRS, utility
a three-shift basis, the required fuel can be made. LWRs could presumably be licensed todo the same thing.In

the mid-1970s, the NRC stated its provisional views on

The flow diagramfor theprocess concept is showninFigure licensing MtX fuel for wide-scale use in utility-owned
4.5. Depleted uranium and plutonium metal is converted to LWRs. A summary of these views is provided below:
oxides. The powders are blended, granulated, pelletized,
sintered, dimensionally sized, and loaded into fuel tubes. • The subject of wide-scale use of MtX fuel in LWR fuel
The fuel tubes are then fabricated into fuel assemblies. Fuel cycles will require a fullassessment of safeguards issues

assemblies are shipped to the onsite initial LWR and to before the Commission makes any decision.
offsite utility LWRs.

4- 8 92Xo458-A
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• An environmental impact statement (EIS), including ing an amendment considerable time and expense. And,
safety, environmental, and safeguards matters, on the furthermore, the amendment may not even be granted after
wide-scale use of MOX must be prepared by the NRC going through the request process.
staff.

• Public, legislative-type hearings need to be held on the fi- Utilities are in business to make money for their investors.

nal EIS and the proposed rules related to wide-scale use, Therefore, the first step to convince a utility to go through

prior to the Commission rendering a decision. These the process to allow them to bum MOX fuel in their LWR is
to offer an incentive. A logical incentive is to offer MOXhearings may be followed by adjudicatory hearings on

particular issues should the need arise, fuel at significantly reduced cost (compared to U-235) or a
phased-in cost approach whereby the fuel is cost-free until

At the time these views were written, wide-scale use of the utility recovers its expenses from the license amendment

MOX was defined to include operating reprocessing process. At that point, the fuel might be sold based on its
facilities and fuel element fabrication plants as well as fabrication cost alone. To explain the economics of such an

operating LWRs with MOX fuel. To address the continued approach, the following example is provided.
use of MOX fuel in LWRs for experimental purposes, the
NRC noted that such use would necessarily fall short of Based on inserting a 1/3-core reload each refueling, the
wide-scale use, and amendments to operating licenses steady-state fuel cost is $7.01_lWh, (1990 dollars), which

includes a $1.00_'lWh,, waste disposal fee and makes the
would be issued without going through a full scope process actual fuel cost $6.01/MWh, for a conventional LWR _°. As
(e.g., EIS, public hearings). In fact, no limits were placed on
the number of LWRs that would be allowed to bum MOX noted above, the range of net power output from plants that

fuel. However, the NRC noted that MOX fuel fabrication might be plutonium burners is 700 to 1150 MWe. Using an
industry average availability of 70%, the annual value of

capacity was also limited at the time. fuel for the smaller plant is:

An &_;essment of what is required to amend the operating
license of an LWR to use MOX fuel is difficult to make. Fuel value =(.70)(8760 ht/year)(700 MWe)($6.01/MWh)
After the NRC wrote its views on MOX fuel in the

= $26 million per year in 1990 $
mid-1970s, the U.S. policy changed to defer indef'mitely
reprocessing commercial LWR fuel. Although that decision
was overturned in the 1980s, the price of uranium enrich- Similarly, the annual value of fuel for the larger plant is:
ment dropped to where using plutonium in a MOX fuel was Fuel value =(.70)(8760 hr/year)(1150MWe)($6.01/MWh)
not economically favorable. In addition, the NRC has not
issued any additional notices on licensing MOX fuel for = $42 million per year in 1990 $LWRs since 1975.

Aside from any risks associated with obtaining a license

A best estimate of how utility-owned LWRs might request a amendment, the economics of the weapons-based fuel
license to bum weapons-grade plutonium in MOX fuel offers a strong incentive for a utility to pursue a course to
assumes that any LWR that uses MOX fuel is within several license its LWR(s) to bum MOX. The utilities most likely to
hours travel time from the SRS MOX fuel fabrication plant, pursue such an amendment process operate large multiple
The proximity restriction limits exposure to any attempt to units. The incentive would be greater than at a utility
divert the weapons-based fuel for terrorist purposes. Limit- operating one small unit. In addition to costs incurred during
ing the distance between the fuel plant and the LWR user the license amendment process, a utility that successfully
makes the issue of safeguards easier to address. LWRs that obtained an amendment would have to substantially up-
meet the distance requirement from SRS are in the range of grade its guard force to alleviate NRC safeguards concerns.
700 MWe (Robinson) to 1150 MWe (Vogtle) net power. This aspect strengthens the argument that a utility with

Aside from the safeguard issues, it is assumed that an EIS multiple LWRs on a site would more likely get involved
has to be prepared as a pre-requisite to any license with MOX fuel than a utility with one uniton a site.
amendment. The EIS would be followed by a series of

In regards to MOX fuel usage, the Section 3.2 calculation
public hearings at locations surrounding the LWR that that a 600 MWe LWR operating at 75% availability will
requests the amendment. Additional hearings would likely require 17.9 MTofMOX fuel per year can be used to obtain
be held in Washington, DC, involving the NRC, DOE, and estimates for the example plants described above. A 700
the Atomic Safety & Licensing Board. Preparing an EIS and MWe LWR operating at 70% availability will use
attending various hearings would cost the licensee request-
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5. Strategy 2 - Energy Park Use of Plutonium Fuel

5.1 Initial LWR at SRS summarizes and compares the passive and evolutionary
ALWRplantoutputsandcosts.

The object of Strategy 2 is to create a government-owned
energy complexthat wouldeliminateexcess weapons-grade AppendixC derives an average rate of 3.25C/kWhthat area
plutonium by denaturingitin MOX fuel, using commercial utilities are willing to pay to small co-generators (i.e.,
light water reactor (LWR) technology. The initial plant generation is typically less than 1 MWe). Most of these
would be used toprove the technology and generateelectric co-generators produce power for their own use and sell the
power at the same time. Phase 1 of this strategy involves excess back to the utilities. In contrast, the government-
constructing and operating a MOX fuel fabrication facility owned energy complex would produce power in the several
and LWR at SRStodemonstrate the plutonium fuel burning thousand MWerange and couldprovide a substitute for new
concept. As envisioned, the plutonium fuel burner wouldbe plants that utilities will have to build to meet future load
an advanced light water reactor (ALWR), either a passive growth. Florida and Virginia-Carolina subregions of the
design plant in the 600 MWe range or an evolutionary southeastU.S.areexpectingtoincreasegenerationcapacity
design plant in the 1200 MWe range, by approxhnately 13,000 MWe from 1990 to 20017 This

projected increase does not include any new generation to
Note that Section 4.1.2 provides a much more complete replace existing older plants that might have to be retired
description of the initial LWR; however, the cost informa- during that time period.
tion is summarized here for convenience. For a singleplant
in the 600-MWe range (passive design AI.WR), the Ifanenergycomplexweretobebuiltbythegovernment,the
completed cost is expected tobe $1,112 million and electric amount of power it could produce would save utilities the
power sales are estimated to produce a net rate of return in expense of licensing, constructing, and operating new
the range of $10 to $30 per MWh, ali in 1990 dollars. The plants. The value of power produced by the complex would
initial plant was assumed tobe an AP-600 onlybecause very most likely be worth more than the current rate of
little information was available for other plants such as the 3.25C/kWh that area utilities pay to small co-generators,
passive SBWR and the evolutionary designs, who are not structured to provide significant blocks of

power to meet increased load. A best estimate for selling
bulk power over the grid is in the range of 5C/kWh to

5.2 Additional Reactors at SRS 5.5¢/kWh,given that the average end-useprice in the U.S. is
6.69C/kWh. Based on anticipated power needs for the

Phase 2 of this strategy involvesconstructing and operating southeast U.S., it seems reasonable to expect that plum-
additional advanced reactors, beyond the initial plant, to nium-burning LWRs in the complex would be able to more

: eliminate ali excess plutonium in the weapons stockpile, than offset their cost of construction and operation.
These units could be additional ALWRs or, perhaps, other
advanced reactor concepts such as theadvanced liquid metal For the 600 MWepassive plant, the completedcost for more
reactor or the MHTGR if these concepts become attractive units decreases from $1,112 million to $977 million per
enough to compete both technically and economically with individual unit. However, the 1200MWe evolutionary plant
ALWRs. For the purpose of the cost analysis, the additional shows virtually no decrease) The completed cost per unit
reactors are assumed to be ALWRs because these designs for multiple plants built on the same site should decrease
are sufficiently developed tohave confidence in thecost and even more compared to the above estimates. This reduction
schedule. As the other advanced concepts progress through would result from shared facilities and economies realized
the design certification process, it will be possible to by constructing identical units on the same site.
evaluate their viability to include the energy park,

Section 4.1.2 shows a fuel usage rate of 19.1 MT of MOX
As envisioned, these additional plants would be grouped peryear for a single600 MWepassive ALWR.This is based
within a government-owned energy complex. The power on scaling up the fuel usage estimate from Section 3.2 to
output from this complex could be distributed to utilities in account for greater plant availability. Usage estimates for
the southeast U.S. by "wheeling" the power over the grid the 1200MWe evolutionary plant are scaled up in a similar
and selling it off at prevailing bulk power rates. Table 4.1
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fashion to 35.8 MT of MOX fuel per year for each plant of
this size.
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6. Summarized Costs for Plutonium Denaturing Strategies

6.1 Individual Component Costs specified in OMB CircularA-94 foranalyzing government
projects.

Table 6.1 summarizes the cost data given in the previous
sections of the report. Reactor-related costs given in The undiscountedcost is thesum of the electricity sales less
Sections 4 and 5 have been escalated from 1990 dollars to thesum ofthecapital and operatingcosts over the lifetimeof
1992 dollars, assuming an escalation rate of 4.5% per year. the project.
In some cases, values were rounded for convenience and to
reflect uncertainties. The costs and revenues are those Discountingis a method for evaluating the measurable costs
which would be borne and received by DOE. and/or benefits of programs and projects when they are

distributed over time. lt takes into account the timevalue of

money anti some measure of the riskinvolved. The present

6.2 Life Cycle Costs value(PV)isdefinedasthevaluetodayofasumofmoneyin
the future, a future value (FV), and is expressed as:

A simple life cycle cost analysis is performed for Strategy 2
using the costs given in Table 6.1. A summaryof theresults PV = FV/(I+d)*
is given in Table 6.2.

where: d is the discount rate

The largest uncertainty is associated with the cost of the n is the number of years in the future.
MOX facility to be constructed at SRS. We have elected to
use the capital cost estimate of $200 million for Building As shown on Table 6.2, the weapons-grade plutonium can
235-F. be denatured in the SRS Energy Park (Strategy 2) at a net

cost of- $700 million (10% discount rate) or a net profit of
The 'analysis was done assuming a 6-year construction $1.1 billion (5% discount rate). These results show that the
period followed by a 40-year operating period. For Case excess plutonium stockpile can be denatured with essen-
5.2,costs are displaced by 10years relative to Case 5.1 for a tially zero net cost if Strategy 2 is followed. If the
totalperiod of 50 years, proliferation concerns of Strategy 1 can be overcome, the

potential for net profit could be even larger.
One year's operating costs were included during the last
year of construction to account for pre-startup operating
costs.

The net present value (NPV) is given for discount rates of
0% (undiscounted), 5%, and 10%. The latter is the rate



Strategies for Denaturing the Weapons-Grade Plutonium Stockpile

Table 6. l. DOE Costs and Revenue

Phase 1 Phase 2

(Incremental to Phase 1)

..... Additional Reactors Use of

Demonstration Enerl_y Park Utility Reactors

Number of Reactors 1 2 a

Capital and other Pre-startup

MOX Plant:

Existing SRS Building 200 0 0

Greenfield Facility 680 0 0

Reactors 1,200 2,200 b

Initial Core (2/3 LEU) 55 110 b

Spent Fuel Storage 70 40 b

Spent Fuel Disposal 60 O b

Operating

MOX Plant: Existing SRS Building 30 30 30

Reactors 95 100 b

Spent Fuel Storage 5 5 b

Spent Fuel Disposal 5 10 b

Revenue

Electricity c

Amount, millions MWh/yr 4.2 8.4

Sale Price, $/MWh 57 57

Annual Revenue, Millions $/yr 240 480

Fuel Sales to Utilities d

a - The fuel could be irradiated in any number of reactors.
b - The costs to DOE would be the incremental costs of licensing, etc.
c - The utility would receive ali revenue as before.
d - The payment for the fuel would depend on incentive needed to attract participation.
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Table 6.2. Life Cycle Costs
(40-year operating life, no D&D costs)

Basis:

Strategy 5.1 5.1 & 5.2

MOX Plant SRS Mod. SRS Mod.

I .

Initial Core 2/3 LEU 2/3 LEU

Reactor 1 at SRS 3 at SRS

SpentFuel Storage at SRS at SRS

SpentFuel Disposal Repository Repository

Electricity Sales, $/MWh 57 57

Costs and Income 5.1 5.1 & 5.2
ii .i

Capitaland OtherOne-time 1,600 3,900

Operating 5,500 11,500

Electricity Sales 9,600 28,800
• ....

Total Life Cycle, Net Present Value * 5.1 5.1 & S.2
, i ii , , i L II

Undiscounted 2,500 13,400

5%DiscountRate -100 1,100

10%DiscountRate -700 -700

*Positive values indicate that income exceeds expenses
......

92xo45a-^ 6-3



Strategies for Denaturing the Weapons-Grade Plutonium Stockpile

7. Recommendations

The proposed use of advanced LWR technology with a 6. Preparation of a de'tailed spent fuel disposal plan in-

plutonium fuel cycle provides a reliable and cost-effective eluding life cycle costs and schedules for a disposition
option for denaturing the excess weapom-grade plutonium of mixed oxide fuel in a Repository.
stockpile. Because this concept will also help to advance the 7. Estimation of environmental releases for normal and
nuclear industry through demonstration of evolutionary or off-normal operations of the plutonium fuel burner fa-
passive safe features, it has the potential to attract consider- cilities.
able, broad-based support, lt also provides the U.S. 8. Definition ofprogram-levelrequirementsearlyinFY

government with an opportunity to exercise world leader- 93 to guide the above studies. These requirements
ship in the area of disarmament and the establishment of the would be refined during the year.
terms for peaceful co-existence. Additionally, the concept 9. Preparation of cost estimates and level 1 schedules for
is optimized if a national policy for reprocessing of nuclear the program, and generation of major system acquisi-
fuels and actinide burning is adopted, tion documentation.

It is recommended that activities be initiated early in FY 93 It is further recommended that contacts with reactor vendors
to enable DOE to make a major systems acquisition of a and utilities be initiated to investigate the interest and level

plutonium-burning ALWR and the supporting facilities by of commitment for a venture of this type. lt is envisioned
the end of FY 93. Such activities would include: that a project team would involve the three organizations as

follows:

I. Detailedquantificationoftheplutoniumand an iso-

topiccontentsofthestockpiletosizetheMOX fuel

fabrication plant and address radiation dose and _ ]_
criticality issues.

2. Selection of the least-risk, least-cost fuel fabrication • Vendor (or group of ven- • Reactor and Balance

flow sheet based on an evaluation of alternative proc- dors) of Plant Designs
esses.

3. Evaluation of MOX fuel fabrication faci!izJes options, • Utility (or group of utili- • Electrical Sales Com-
such as, greenfield facilities and/or existing DOE fa- ties) mitment
cilities. Development of pre-conceptual designs, cost
estimates, and level 1 schedules. • DOE • Project Management

4. Specification of reactor core design (fuel content and Coordination and
fuel assembly dimensions, reactor face map, reactor overall Project
thermal hydraulics). Specification of the first core Funding
and equilibrium fuel cycle. Determination of

denaturization rote. Of course, the NRC would also need to be closely associated
5. Performance of core-dependent safety analyses for with the project team to assist in coordination of the overall

the plutonium-burning ALWR and comparison to the licensing process. Using this approach, it would be possible
previous GESMO analysis and to the safety envelope to involve ali interested parties in a coordinated effort to
in ALWR SAR submittals to the NRC_ advance the nuclear industry and denature plutonium at the

same time.
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Appendi× A. Tritium Target Technology

The target technology necessary to produce tritium under A.2.2 Getter-Barrier and Silicon-Carbide

conditions anticipated in a plutonium-burning LWR has Technologies
been demonstrated on a laboratory scale but not yet on a

production scale, This appendix traces the current and Other high-temperature target technologies currently being
projected technologies that could be used for tritium developed on laboratory scales include a getter-barrier
production, target and a silicon-carbide encapsulated lithium-aluminate

microsphere. The getter-barrier target is a conceptual target
proposed for high-temperature, light-water reactors. This

A.1 Heavy Water - Produdion target consists of lithium-aluminate pellets and an associ-

Reactor Target Technology ated zirconium getter contained in an aluminized stainless
steel tube with weld enclosures on both ends. Neither the

The Savannah River Site, working within the DOE Nuclear fabrication of the aluminized tubing nor the irradiation and
Weapons Complex, has developed, demonstrated, and extraction behavior of the target have been established,
successfully proven tritium production and extraction except for limited laboratory scale testing. Furthermore,
processes using low-temperature, aluminum-lithium alloy corrosion of the aluminized coating may be a significant
target technology. However, this technology is not readily problem if that coating is exposed to high-temperature
extrapolated for usein a power reactor, because corrosionof water.
aluminum alloy cladding limits the cooling water tempera-

ture to approximately 200°C. Even if developments Production scale demonstrations of the silicon carbide

eliminated the corrosion concerns, tritium retention in the encapsulated lithium-aluminate microspheres are also lack-
target is limited at approximately 400°C. Moreover, the ing, although, recent work with that target technology has
melting temperature of aluminum alloys (600°C to 660°C) provided promising results. This target was developed for
would piace significant restrictions on reactor operations high-temperature, gas-cooled reactors and extrapolation of
because of anticipated response to postulated accidents, that technology toa plutonium-burning reactor is not direct.

However, the microsphere technology should provide a
technique for placing a target material, with high-tempera-

A.2 High Temperature Target ture tritiumcontainingcapabilities, inside a stainless steel

Development tubing. This stainless steel tube would contain the very
limited quantities of tritium that would be released to the
tube if any of the microspheres were fractured during target

A.2.1 Aluminum Can Technology fabrication. Clearly, the stainless steel microsphere target
technology has not been demonstrated, but the potential use

This target, which consists of lithium aluminate pellets of the target in the plutonium-burning reactor will be further
encapsulated in an aluminum can, has been used for tritium established as additional data from the MHTGR target
production in helium-cooled reactors. Tritium extractions development studies become available.
for such targets has been accomplished at SRS with limited

success. However, this target also suffers from the Tritium extraction for any of the lithium aluminate targets
temperature limits imposed by the melting temperature of does not provide a direct interface with the existing tritium
aluminum. 'The temperature restriction is not eliminated, extraction facilities at SRS. New facilities will be required,
and may even be lowered because of aluminum reactions but the interface between those facilities and the existing
with surrounding metals if the aluminum can target is extraction and purification facilities should be readily
further encapsulated in magnesium or stainless steel, established.
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Appendix B. Burning Plutonium in Energy Park with
Reprocessing and Actinide Burning

This stralegycombines theuse of plutonium to fuel several Therefore, fast reactors can be used to b_,rnthe actinides
ALWRs in an energy park with reprocessing and actinide discharged from LWRs. (Note that while the actinide
burning to maximize the utilization of fissile materials (i.e., content of discharged fuel from a plutonium-fueled LWR
plutonium and uranium) as well as to reduce the time would be different than that from a conventional LWR, the
requirements for waste containment. The strategy includes concept of actinide burning is unchanged).
three phases:

Although the concept is attractive,preliminary cost esti-
1. MOX fuel fabricationplantandALWR mates are very high. Pigfordt has shown that chemical
2. Reprocessingand actinide burning facilities processing to separate elements could multiply the total
3. Additional advanced reactors to form an energy park volume of radioactive wastes, including low-level waste by

a factor of 10, making the economics unfavorable.
Two primary options are being evaluated for actinide
consumption, integral fast reactor (IFR) and a linear In this proposed strategy, spent LWR actinide waste is used
accelerator concept, Accelerator Transmutation of Waste to produce fuel elements for the IFR. Fuel will be
(ATW). Either of these options would be appropriate for manufactured and shipped to an onsite IFR for irradiation.
this strategy, but for illustrative purposes the IFR has been Aftertransmutation, the fuel assemblies will be returned for
chosen for this discussion. With simple modifications, the chemical reprocessing, completing the cycle. Figure B.1
ATW could be easily substituted,and a portionof thepower shows the SRS fuel cycle for IFR fuel.
from the energy park would be used to operate the
accelerator.

B.1 Fuel Fabrication
The separated waste streams from irradiated LWR fuel can
be divided into two categories; fission products and The metal fuel for this concept consists ofcast U-Pu-MA-Zr
actinides. Actinides axeproduced inLWRs through neutron alloy where MA represents metal actinides. The expected
capturereactions. The plutonium isotopes make up a large compositionofthealloy about20 wt % plutonium, 10wt%
majority of the actinides produced during irradiation of zirconium, and 10 wt % actinides with the balance in
LWR fuel. lt is common to refer to the non-plutonium depleted uranium. Typical IFR fuel elements are expected
actinides as "minor actinides", simply because so much less tobe about 0.2 inches in diameterand about 3-1/2 ftlongand
of them is produced. As opposed to the fission products, aremanufactured by injection casting. Returned plutonium
most of which have half-lives less than 100 years, the and actinide metals can be burned in a fast ceactor without
actinides have very long half-lives, lt is the actinides that breeding additional plutonium. Test assemblies of U-Pu-Zr
are responsible for the l0,(X)0-yeardecay period for which a metallic fuel have demonstrated excellent steady state
National Waste Repository is to be designed. If theactinide performance during irradiation.2 However, the effect on
isotopescan be converted to short half-life fission products, cladding reactions from relatively high concentrations of
the demands on the waste repository are greatly reduced, metal actinides has not been evaluated completely.
because waste would only need to be isolated for several
hundred years. Fuel fabrication, shown inFigure B.2, will be done remotely

ina hot cell because of gamma-emitting actinide elements.
A means of converting the actinides to fission products is to Uranium and actinide elements may be separated from
burn them inareactor. However, a thermal spectrum reactor ALWR fuel rods and converted to metals by chemical or
(water or graphite-moderated) is not conducive to actinide pyroprocessing techniques. The depleted uranium, pluto-
burning because the ratio of neutron capture to fission for nium, and actinide metal will be alloyed with zirconium ina
the actinides in the thermal energy range favors the capture graphite crucible ina vacuum furnace. The molten alloy is
event, which simply creates higher actinid "s. In contrast, a injection cast underargon pressure into quartz tubes. After
fast reactor is ideally suited for the task. As neutron energy cooling, the quartz tube is broken, and the pins are ready for
increases, the fission to capture ratio increases; in fast assembly into fuels rods. The cladding material may be
reactors, actinide fission is more probable than capture, either austenitic or ferritic stainless steel. Each casting
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produces up to l00 pins thatare about l4 inches long.Figure concept for reprocessing is to partition the long-lived
B.3 is a schematic diagram of the casting operation, actinides from the fission products to a level so low that the

fission product waste needs to be isolated from the
The IFR fabrication facility will be built adjacent to the environment for<1000 years. At this time, thedesign basis
MOX fuel plant. Major additions to this building will plant would use aqueous technology that exists or is
include the hot cell to contain the injection casting and fuel developed enough toensure successful operation. Although
assembly operations, pyrochemical technology is attractive because of the

smaller plant size, reduced effects from high radiation, and
Preliminary capital cost estimates for an IFR fuel facility (to smaller operating staff, the technology is not sufficiently
support a 1400 MW generating capacity) using the developed to ensure that long-lived actinide isotopescan be
pyroprocessing technique and injection casting is -$97 efficiently removed to allow the wastes to decay in <1000
million) This estimate includes construction costs of the years. Inaddition, a waste form for pyrochemical processes
building,engineering and construction services, andprocur- must be developed and certified to be acceptable for long-
ing and installing equipment for reprocessing, fabrication, term storage in a repository. If design of the reprocessing
waste packaging, and interim storage. Operating and facility does not begin within the next 10years, pyrochemi-
maintenance costs are estimated tobe about$90 million per cal processes may have been developed enough to be the
year? These costs include process and support personnel, preferred technology.
process consumables, utilities, and allowances for spare
parts and equipment. As stated below, the reprocessing Figure B.4 shows the flow of material through the reproc-
scheme envisioned in this appendix is aqueous rather than essing plant. Spent Al.WR fuel would be stored in a basin
pyrochemical. No attempt has been made to strip out the for one to five years prior to transfer to the reprocessing
reprocessing costs, facility. The assemblies would be sheared to expose the

oxide fuel before dissolution in nitric acid. Recovery and
purificationof uranium and plutonium would use theproven

B.2 Reprocessing Plant PUREX solvent extraction technology. Plutonium and
uraniumwould be coextracted and separated in a first cycle

A reprocessing plant capable of recovering the actinides of solvent extraction in a combination of centrifugal
from three LWRs (600 MWe) and one IFR must have a contactors and mixer-settlers to maximize decontamination
capacity to process about 75 metric tons per year of heavy from fission products. The uraniumsolution from the f'u'st
metals (MTHM/yr) or 300 kg of heavy metals per day. The cycle wouldbe concentrated by evaporation and purified by

IFR

Lw s l
Metal-Fueled

(u-1u-MA-Zr)

Chemical Metal [ Injection Cast 1 Fuel

Reprocessing _ Casting _-_
(Purex) Pins Assembly

PWR(Pu)
Returns

Figure B.1. SRS Fuel Cycle Using Injection Casting for IFR Fuel
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Figure B.2. Flowchart for IFR Fuel Fabrication
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a second cycle of solvent extraction in centrifugal contac- nology. Plutonium metal would be sent to fuel fabrication
tors. The purified uranium solution would be precipitated tbr the IFR.
with ammonia solution and the solids roasted to oxide for

recycle to the ALWR fuel fabrication facility. The The aqueous waste solutions from the PUREX process and
plutonium solution from the first cycle would be adjusted any other aqueous waste streams that contain actinides
andpurifiedbytwoadditional cycles of solventextractionin would be combined and evaporated before recovering
centrifugal contactors, The purified plutonium solution transplutonium actinides, neptunium, and residual pluto-
would be concentrated, precipitated with oxalic acid, and nium by the TRUEX solvent extraction process under
the oxalate would be roasted to the oxide. The oxidecan be developmentatArgonneNationalLaboratory. The TRUEX
recycled to fuel fabrication for the ALWRs or reduced to process recovers >99.99% of ali actinides leaving only
metal with calcium using standard pyrometallurgical tech- fission products in the waste solution. The waste solution

Top Hat

- : Mold Pallet

Ii

i 1
i i

Mold Preheater I Quartz Molds

i 'J

Argon Pressurization r] vacuum SystemI _

C] rq
r-] r-I
rq r]
[-1 r]
r-] r,]

Furnace Pressure Chamber

Figure B.3. Cross Section of the Alloy Preparafion/Injecton Casting Furnace

B-4 92XO458-A



Strategiesfor Denaturing the Weapons-GradePlutonium Stockpile

LWR IFR

Fuel
Receipt

¢ ,
Shearor
Declad

¢
I-- -" Dissolve _ Claddingto To ALWRSolid Waste Fuel Fabrication

I

I _LWR or ABR _ I U3Os,PuO2I
U, Pu Roasting

I PUREX _ Precipitation _ to Oxide

I _ Wastes liquid _PuO_I waste

I I Reduction
I Evaporation _ to Metal

I _ liquid
! waste Pu

I [ TRU Metal to IFR

L.. lD] TRUEX _ Precipitation Fuel Fabrication

l FissiOnPrOducts _ I

TRU ReductionEvaporation & Roasting to
Denitration Oxides Oxides to Metal

Waste

Storage

Figure B.4. Reprocessing Flow Diagram
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from the TRUEX process is evapora,z_lfurther,denitratod, PRISM reactor modules and the LWR discharge fuel
and transferred to waste storage tanks. The fission products actinides are used as feed material, it would take approxi-
wouldbe eventually vitrif'mdin a DWPF-Iike facility (ffnot mately two power blocks (930 MWe) to consume the yearly
in the DWPF itself). The combined actinides would be actinide discharge from one 1000MWeLWR. Thisconcept
precipitated, roasted to oxide, reduced to metal, and requires minimum modifications and analysis from the
transferred to fuel frhrication for the IFR. current advanced liquid metal reactor concept.

Reproce_ing the metal alloy IFR fuel requires the fuel The minor actinides can be disposed of much more
cladding tobe shredded and the alloydissolved in nitricacid efficiently if the plutonium in the Al.WR discharge is
containing fluoride or some other catalyst to ensure safe recycled to the AL,WR feed stream, and only the minor
dissolution. Once in nitric acid solution, IFR fuel can be actinides are sent to the IFR. Argonne National Laboratory
processed through the last two cycles of plutonium solvent has proposed conceptual designs that are fueled only by
extraction or sent directly to the TRUEX cycle to recover minor actinides. Since U-238 is fertile, its presence in
plutonium along with the other actinides. The recovered reactor fuel leads to the production of plutonium and other
actinides would be converted to metal as before for actinides. Therefore, the fuel for minor actinide burner
refabrication into IFR fuel. The short-lived fission and reactors contains no U-238. This type of core l_'esents
reaction products, again, wouldbe sent to the waste tanks for challenges in maintaining low sodium void worths and
eventual vitrification, burnup reactivity swings, two very important safety

considerations in fast reactor design. Purdue University has
The reprocessing plant would be state-of-the-art with proposed using a two-region core; the inner region would be
solvent extraction in remote canyon-like facilities and fueled by minor actinides while the outer would contain
subsequent processing in shielded cells to minimize radia- conventional fast reactor fuel assemblies (plutonium
tion exposure to the worker,s. Operations would also be fueled). This configuration solves many of the safety
automated as much as possible to minimize human error, problems associated with a minor actinide fueled core.
The reprocessing plant would have state-of-the-art in-line However, the fuel and associated fuel cycle for such a
and at-line instrumentation for process control, reactor are purely conceptual at this stage, and would

require a significant developmental effort before a serious
If the above aqueous processwere tobe chosen within eight evaluation could be made.
yearsto demonstratepartitioningwith actinideburning,a
large portionof the expensecould be savedby using Conslluctionofanactinideburnerreactorwouldnotneedto
portionsof the existingH or F Canyonfaci!itiesat SRS. beginuntilsometimeafterstartupof theAL,WR(s).Thisis
After sevenor eight years, thesecanyonfacilities are importantbecauseit providesadditionaldevelopmenttime
expectedtoshutdownandres.tartexpense,wouldprobably for the advancedtechnologiesrequiredfor the burner
precludetheirusefulnessto thedemonsr,'ation, reactors.TheactinideswouldbeseparatedfromtheALWR

dischargefuelandstoreduntilenoughhasaccumulatedfora
This proposedreprocessingFlantis notsufficientlywell startupacdnideburnercoreor untilburnerconslructionis
developedto attemptmaestimateofthe co_t_, completed.Thelengthof tim.:thiswill requireisafunction

of the numberand size of the ALWRs, the size of the
actinide burnerreactor,and whetherthe burnerfuel is

B.3 Actinide Burning in lnteg,,al Fast limitedtominoractinidesonly.

Reactor 'rbe costof anactinideburnerreactorwouldbedependent
Actinideburningin a fast reactorrequiressomedesign on the size and type of reactor,fuel cyclechoices,etc.
changes from the standardLMR, which is designed tobreed General Electric estimates the cost of electricity from a {_
plutonium in blanket assemblies. In an actinide burner PRISM plant(burning standard fast reactorplutonium fuel)
reactor, the blanket region is removed, resulting in a wouldbe approximately 38 mills/kWh, slightly higher than
homogeneous core with a breeding ratio less than 1. The that fromartALWR. General Electric also claims that costs
reference US DOE advanced liquid metal reactor concept for a dedicated burner using actinide fuel including pluto-
utilizes the General Elec_c PRISM (Power Reactor, nium would be only a modest increase over the standard
Innovative Small Module) design, in conjunction with the design. Costs for a minor actinide burner (no plutonium in
IFR pyroprocess being developed at Argonne Nat;.onal the fuel)cannot be estimated at this time, because so much
Laboratory. A PRISM plant consists of three 465 MWe research and development and design work remains to be
power blocks, each cf which contains three modular performed.
reactors. If the blanket assemblies are removed from the
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B.4 Additional Reactors at SRS wouldbe fed to the DWPF glass melter. The decontami-

(with Reprocessing) nated salt solution, stored as necessary to allow residualradionuclide decay, would be processed to "saiL;tone" as in
Phase 3 of this strategy involves constructing and operating current operations. A flow diagram for this .sequence is
additional ALWRs, or other advanced reactor concepts shown in Figure B.5. Alternative processing, based on acid
beyond the initial plant, to eliminateexcessplutonium in the waste handling with waste solutions fed directly to the
U. S. weapons stockpile. Because spent MOX fuel melter, could also be utilizzd.
reprocessing is ex|x_cted in this phase, most of the recovered
plutonium would be recycled back into these reactors. As Reprocessing of ALWR fuels from a representative 3-reac-
envisioned, the group of _va_ed reactors would be located tor operation would gene,rate an alkaline slurry of HLW.

! within a government-owned energy complex. Because this Assuming solids content of 122 lbs oxide/MTHM 4, the
phase is almost identical to Strategy 2, Section 5.2 (and wastes from 8.4 MTHM fuel could be immobilized at 28 wt
Section 4.1.2) should be referred to for additional details. % within the 3650 lbs glass contained in a DWPF canister,

i provided heat generation limits on the canister were not

i exceeded. After six years of aging, however, the wastesB.5 High-Level Waste Management f_om 8.4 MTHM would generate about 15,000 watts decay

1 at SRS with Reprocessing and heat, and, limiting canister heat generation to specificationsabout 1000 watts/canister, would require reducing waste
+ Actinide Burning concentration in the glass equivalent to about 0.5 MI'rIM/

canister. At this level, three-reactor ALWR operation (51

B.5.1 Waste From LWR Fuel MTI-tM/yr) would generate about 100 waste glass canisters
per year. Continued operation of the DWPF, with modifica-

Reprocessing MOX fuel as an alternative to direct disposal tions to accommodate feed streams from alternative salt
generates a liquid high-level waste (HLW) similar to but processing operations, would be feasible at these canister
containing greater fi_ion product concentration than the production rates.
defense HLW historically generated in SRS operations. The
SRS waste currently stored onsite in large steel tanks wilt be The glass waste canisters that are produced would be stored
processed to a solid glass waste form in the Defense Waste for an interim time in vault facilities analogous to the Glass
Processing Facility (DWPF). Disposition of the HLW Waste Storage Facility that is provided for existing wastes.
produced by onsite ALWR operation would depend on the Capacity for up to about 40(X) canisters would be required
timing of stap.up of reactor operation and the volume of assuming interim storage over the projected 40-year life-
waste generated. With one year cooling of fuel before time of the reactors.
processing and five-year cooling oi liquid HLW before

conversion to glass, most of the ALWR waste would be Providing waste processing facilities in thr" chemical
generated aiter the projected completion of processing for processing canyon to replace DWPF feed preparation in the
the existing waste inventory atx_ut the year 2010. The tank farms would be undertaken as part of a general upgrade
relatively small volumes of ALWR waste could, therefore, of the canyon facilities to support LWR fuel reprocessing.
require providing new processing facilities, as appropriate, The cost of new waste handling facilities is estimated to be

$I00 million. Incremental operating cost of the wastefor the downsiz_t operations supporting new waste genera-
tion. For purposes of this report' it is assumed that DWPF management facilities is projected at $30 million per year.
feed preparation facilities, inchading new liquid waste
storage tankage, would be available for ALWR wastes in Upgrading DWPF facilities, with input feed material

conjunction with refurbishing a chemical reprocessing streams from the canyon facilities would cost $100 million
in capital expenditures. Continued operation of the DWPF,canyon, but that the DWPF could be m(xlified to accommo-

| date solidification of the wastes, using the existing glass costing currently about $150 milliorgyr tc) support annual
melting capability, output of 400 canisters, is projected at $75 million/year for

the I(X)canister output of the three I_.WRoperation at SRS.

In a typical feed preparation tlowsheet, neutralized waste lncrcmenud additions to theGlass Waste Storage Facility to

from the chemical repr_e.ssing would be centrifuged to accommodate a 40-year reactor output of 4000 canisters
_parate sludge from soluble .salt and the rem,fining .solution would cost about $80 million.

[ would be. prcx:essed to remove _)luble fission producLs
' (Cs-137) by ion exchange. Both centrifuged sludge trod a Fc,e paymenLs to cover offsite transport and repository

cesium-loaded waste fraction recc)vered by ion-exchange disl_)sal of the glass waste canisters are projected at
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FigureB.5. SpentFuelReprocessingwith ActinideBurning

$300,000 percanister correspondingto unit costs currently B.5.2 Wastes from Actinide Burning in

assessed forglass waste canisters producedfromexisting Liquid Metal Reactors
chemical-processedwaste, assuming a two-repository op-
eration. The repositorycosts supportingthreeLWR opera- An IFRgenerating4000MWt (1400 MWe) power should
tion at SRS is estimatedto be $30 million/yr,considerably be capableof burningthe approximately30 kg/yroutputof
greaterthanprojectedcosts of $14 miUion/yrfor disposalof minoractinides (MA) generatedby a three-unit600 MWe
equivalentquantitiesof spent fuel without reprocessing,as ALWR operation. The reference IFR loaded with 15
calculatedfromthecommercialspentfueldisposal fee. The MT/year of a metallic fuel with nominal composition
differenceis due to the restrictionson heatloadallowed for (depleteduranium,27%, plutonium,10%zirconium)would
canisters of the DWPF design. Canistersof special design requirereplacementof 2-3% of thecore actinides(1/3 MA)
(smallerdiameter)topermitgreaterheat loadscouldbe used annually.
to reduce the repository disposalcosts forHLWproduced
by chemical processingof the LWRfuel.
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High-level waste resulting from the IFR actinide burning References
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IFR, an incremental 75 glass waste canisters would be Integral Fast Reactor (IFR) Fuel Cycle", presented at

produced annually, the International Conference on Fast Reactors and Re-
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Appendix C. Calculation of Co-Generation Electric Rate

Based on a phone conservation with the South Carolina Average Rate = {60hr/week[4.12¢/kWh+.33(l.24
Public Service Commissiont , the following tableof electric e/kWh) + .66(1.44 e/kWh)]
rates,paid by South Carolinautilities to smallco-genera- + 108 br/week(2.96 e/kWh)}/168
tots, was developed, br/week

= 3.86 e/kWh(summeronly)
Duke Power's peak rates are in effect 16 hours per day,
Monday through Friday, all year long. There is no By pefformingasimilarcalculation, the average winterrate
difference between summerand winterrates and thepeak canbe shown to beequalto3.81 e/kWh. The yearlyaverage
rate is adjusted by the capacity credit rate (i.e., adds on to is just the simple averageof the summerand winterrates of
peak rate). Therefore, the average electric rate can be 3.84 e/kWh.
computedby weight averaging the peak and off-peakrates
as shown below: South CarolinaElectric& Gas (SCE&G)summer ratesare

in effect from June throughSeptemberand the peak rate
AverageRate -- [80br/wk(3.13 ¢/kWh+l.17 e/kWh runsl2 hoursperday,Monday throughFdday. Winterrates

+ 88 hr/wk(2.32 e/kWh)I/168 hr/wk are ineffect from OctoberthroughMay and the peakrate is
= 3.26 e/kWh (yearly) valid 12hoursperday, Monday throughFriday. Using the

same weight,averagingtechniquesfromabove, the average
CarolinaPower&Light (CP&L)summerratesare ineffect summerratecan beshownto be2.71 e/kWhand the average
from AprilthroughSeptember, inclusive. The summer rate winter rate is 2.63 e/kWh. Applying weight averaging to
remainsconstantthroughout,but the premiumrate(capacity these rates yields a yearlyaverage rateof 2.66 e/kWh.
credit)varies. FromJune throughSeptember,thepremiums
1.44e/kWh, but fromOctober throughMay the premiumis The overallaverage of Duke Power,CP&L, and SCE&G is
only 1.24 e/kWh. Peak rates arein effect 12hoursperday, 3.25e/kWh.
Monday through Friday. Using weight averaging, the
average summer rate is:

References

1. Telephone Conver_tions with Randy Erskine of the
South Carolina Public Service Commission on Elec-
uricRates for Co-Generators, June 5,1992, and July 9,
1992.

Type of Rate Rate in C/kWh
CP&L SCE&G

I. Energy Credit t

A. Summer

1. Peak 3.13 4.12 2.55
2. Off-Peak 2.32 2.96 2.03

B. Winter

1. Peak 3.13 4.12 2.26

2. Off-Peak 2.32 2.96 2.06

II. Capacity Credit

A. Summer 1.17 1.44 1.39

B. Winter 1.17 1.24 1.39

1-Basic rate on- or off-peak
2-Premiumrate added to peak only
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