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the following report. The more commonly found terms and abbreviations which are
appropriate to the System 80 +™ station design and Plutonium Disposition Study are
compiled below as a convenient reference for the reviewer. In the interest of practical
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application, not every possible scientific term or abbreviation is listed.
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EXECUTIVE SUMMARY

Under contract from the Department of Energy, ABB-CE has been furthering the study
of the System 80 + reactor to dispose of mission quantities of excess weapons grade
plutonium, by fabricating it into fuel assemblies suitable for insertion in the System
80 + reactor, irradiating the fuel to produce electric power, and discharging the spent
fuel in a condition similar in activity and plutonium isotopic content to uranium-fueled
LWR spent fuel. This has been named the Spent Fuel Option, to distinguish it from
other options of disposition.

The initial phase of the study, completed and reported in May, 1993, together with
similar studies by other reactor vendors, was the basis for the Technical Review
Committee Report, issued by the DOE in July, 1993. This report concluded that the
fission option would increase the proliferation resistance of the excess weapons grade
plutonium in three ways: by diluting it with other materials; by isotopically diluting the
plutonium by nuclear transmutation; and by creating a built-in radiation protection
barrier due to the generation of fission products. Although each reactor concept
studied and each endpoint alternative would provide this desired increase in the
proliferation resistance, the study showed that the Spent Fuel Option appeared to be
the most effective way to achieve that goal. Furthermore, the evolutionary LWRs,
specifically System 80+, had significant advantages ovzr other concepts in
technological readiness, schedule, plutonium throughput 2::1d econo:mics.

The initial phase of the study was also the source of another assessment report, by the
National Academy of Sciences, which was issued in February, 1994. This report
confirmed the findings of the DOE report, and recommended that, for the long-term
disposition of the excess weapons plutonium, the technologies of vitrification with
high-level waste, and use of the material as fuel in existing or modified nuclear power
plants, were the most promising. In this report, it was specifically mentioned that the
C-E System 80 reactors, which were originally designed for 100% plutonium fuel
operation, were particularly suitable for the mission. The System 80 +, which retains
the plutonium-affected features of System 80, along with features meeting the EPRI
guidelines for increased safety, reliability and operability, therefore remains the reactor
of choice for the plutonium disposition mission.

The continuation of the study, which is the subject of this report, focused on the
application of the System 80 + plant to the plutonium disposition mission under four
scenarios. In addition, variations in the defined parameters of the evaluation, including
an increase in plant capacity factor from 75% to 87%, and an increase in plant life
from 40 years to 60 years, both of which are believed to be justified on the basis of
the System 80 + design features and the level of industrial experience, were studied.
In every case, the mission goals of plutonium throughput, discharged isotopic content,
and electric generation were successfully accomplished. Table ES-1 summarizes the
results of the study.
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The licensed power level of the System 80 + reactor with uranium fuel is 3914 MWt,
With MOX fuel, wherein the mission quantities are still in a conceptual stage, and the
level of fuel management analysis has not reached the detailed stage that is available
for uranium cores, the assumed power level of the System 80 + with MOX fuel has
been set about 3% lower, to 3800 MWt. It is quite conceivable that when the details
of the mission are established, additional fuel management analysis can be performed
that would allow an increase in the power output to the licensed System 80 + level.
In any event, since the plutonium disposition mission is in most cases completed before
the reactor has reached the plant life limit, continuing operation of the unit with
uranium fuel at the licensed maximum power level is assumed.

Estimates of the safety analysis of System 80 + that would result with MOX fuel have
been made, on the basis of the preliminary safety parameters affected by the presence
of plutonium in mission quantities (6.7 wt. % weapons plutonium oxide in depleted
uranium). No threat to the performance of the reactor under normal operation, Design
Basis Events or Severe Accident events, that would indicate a potential licensing
concern, has been identified. This conclusion confirms earlier studies, performed under
the Generic Environmental Statement on Mixed Oxide fuel program (GESMO).

Preliminary estimates of a MOX fuel fabrication facility were made. A facility capable
of 50 Metric Tons of Heavy Metal (MTHM/yr) output of delivered fuel, about 120
assemblies of the System 80 + design, was selected as the base case. The expansion
of the output to as much as 100 MTHM/yr was made possible by the addition of extra
sintering furnaces; this would also require two shift operation. The facility
construction schedule, which is dependent on the front-end licensing process, allows
the completion of the facility in time to produce the fuel for the System 80 + reactors
(each taking about 100 MTHM of fuel for a full core load), which are to be placed into
operation approximately two years apart. The fuel process is very similar to one now
in operation at Los Alamos, in the TA-55 area, on an experimental basis. However,
brief comparisons with world-wide experience, notably in Europe, indicate that the
process would benefit considerably, in cost of product and in safeguards and security,
by detailed refinement based on the experience of others.

The System 80+ MOX fuel loading consists of a fuel pellet, containing 6.7 wt. %
weapons-grade plutonium in oxide form, admixed with up to 2.5% erbium oxide, with
the balance depleted uranium oxide. The remainder of the fuel is identical to
commercial uranium oxide fuel, in terms of design, structure, and assembly processes.
A full core loading of 241 assemblies is loaded into the core, and will reside in the core
without refueling for 3.5 to 4 years, depending on the capacity factor, until the desired
burnup has been reached. During that residence period, the fuel assemblies will
undergo two or three shufflings to assure more uniform burnup and control of local
power distribution. At the end of this residence time, the spent fuel is removed to the
fuel storage pool, and replaced with an entire fresh fuel loading. There is no difference
between the initial core and the reload cores. Upon completion of the mission, the
core is reloaded with uranium fuel to run for the balance of the plant life.
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Conceptually, this is the simplest fuel management plari. Other plans involving batch
reloads of one-half, one-third or one-quarter of the core have been found to work, and
may be shown to have some advantages over the four-year core, when detailed fuel
management calculations are made.

There are no technology needs for System 80 +. It has a rating of 7, the final level of
technology readiness, on the Omberg and Walter scale. This is backed up by the
CESSAR System 80+ Design Certification (FSER released by the NRC with no open
items) and the successful operation of three System 80 reactors at Palo Verde Nuclear
Generating Station. The MOX fuel technology needs are limited to the completion of
fabrication and irradiation of qualification fuel. There is considerable experience with
MOX fuel, as it is being used commercially in Europe. All of the experience indicates
that there are no essential differences between the performance of MOX fuel and
uranium fuel.

Operation of System 80+ with MOX fuel will be very similar in nature to operation
with uranium fuel. Apart from the fuel management differences, the only noticeable
differences would be in the receipt of fresh fuel, and in some of the operating
characteristics of the reactor. Fresh fuel will be received with remote handling, and
stored under water. This is recommended to increase the safeguards and security, and
as a precaution against the possible radioactivity of the fuel due to the decay of Am34',
Reactor operating characteristics will be different because of small changes in the
reactivity coefficients, in the reactivity worth of soluble boron and in control rod worth.
These can be accommodated by crew training, and possibly by some revision to
Technical Specifications. The fuel management differences may actually result in
smoother, shorter outages for the times when the fuel is shuffled only and not
replaced.

Reactor licensing readiness is assessed at a level of 5 on the Omberg and Walter scale.
The System 80+ Final Safety Evaluation Report (FSER), with no open items, was
released by the NRC staff in February, 1994, for review by the ACRS and NRC
Commissioners, prior to the issuance of the FSER for Design Certification. Since
System 80 + was specifically designed for the accommodation of all-plutonium cores,
and no safety parameters associated with MOX fuel have been identified that would
require the addressing of new safety questions, the licensing readiness assessment is
deemed to be justified. The licensing plan for MOX fuel in System 80 + will be based
on the existing license application and evaluation, with submittal of revised analysis in
a few areas affected by the different reactor parameters, and modification of sections
of the Safety Analysis Report as appropriate.

Because System 80+ as designed is directly applicable to the plutonium disposition
mission, the cost and construction schedule can be based on commercially derived
information with a high level of reliability. Construction quantities are based on
material takeoffs from design drawings, with adjustments based on experience with
similar plants. Vendor quotations were used for major equipment. Pre-engineering,
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erection and construction management were all estimated based on existing designs
and experience. As System 80+ is a commercial product, the cost estimates have
been exposed to a considerable level of review and justification. Similarly, the
construction and licensing schedules are based on comimercial experience. A
construction schedule of 48 months from first concrete to fuel load is considered to
be achievable, but aggressive. The overall schedule from project initiation to first unit
commercial operation is 80 months. A second unit, where needed, is slipped by about
two years off this schedule to allow for levelizing construction crew workloads, and
to allow the fuel facility time to fabricate the required initial cores. This results in a
considerable saving of costs and fuel facility requirements.

Safeguards and security is a primary issue for the plutonium disposition mission.
Efforts to reduce the exposure of Category 1 materials to vulnerable situations must
be minimized. The deployment of a special purpose reactor and fuel fabrication facility,
complying with the applicable regulations, will ensure the best protection of the
weapons material. The area of major concern is the fuel fabrication facility.
Collocation of the fuel fabrication facility and the reactor within the same security
fence offers the best protection in this regard. Once the weapons material is in the
fuel assemblies and in the reactor facility, the safeguards and security concerns are
quite similar to those of uranium LWR fuel. The configuration, weight and
inaccessibility of the fuel assemblies, and their activity once irradiated, are considered
to be adequate deterrents to unauthorized use.

The environmental, health and safety issues attendant to the plutonium disposition
mission are of major concern to the fuel fabrication facility. Techniques for handling
plutonium are well known and are adaptable to a high volume fuel production facility.
Once the plutonium is encapsulated in the fuel assembly the issues are essentially no
different than for uranium fuel. Additional concerns from the reactor, including waste
streams, personnel exposure, criticality and carryover of plutonium, should be
negligible.

Tritium can be produced in specially designed target rods that fit into fuel rod and
poison rod lattice locations in the fuel assembly. Target development, which was
begun under the Light Water Tritium Target Development Program, needs to be
completed. Both plutonium and uranium are acceptable as driver fuels for the tritium
production mission. The concurrent missions of tritium production and plutonium
disposition can be accomplished, but fuel management differences and a reduction in
core power level needed to accommodate the tritium targets will limit the plutonium
throughput and burnup.

Public and political acceptance of the plutonium disposition mission is recognized as
a problem that must be dealt with effectively from the start. The debates in the public
forum are likely to be sharper, simply because of the involvement of plutonium,
although there are no new technical reasons why this should be so. In fact, the
deployment of a plutonium burning reactor and fuel facility on a government
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reservation should be the safest course to take based on public acceptance. Multi-
lateral agreements, with the nations of the Former Soviet Union and others, that resuit
in the disposition of foreign weapons material as well as our own, could even result in
positive acceptance attitudes, where previously there were only negative feelings.

The most challenging aspects of the plutonium disposition mission are wrapped up in
the public and political acceptance, which then influence the DOE decision making
process, the subsequent programs and allocation of resources. The chief advantages
offered by the System 80+ application to the mission are in its readiness for
deployment, the existence of a commercial infrastructure (except for the MOX fuel),
the economic advantages of saleable electricity, and the ability to carry out the mission
safely, promptly and effectively. These advantages should be very instrumental in
countering the challenges of acceptance.
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1.0 INYRODUCTION
1.1 Technical Synopsis of Study from Inception to Present
1.1.1 Program Background

The historic arms agreements between the United States government and the
government of the former Soviet Union set an accelerated pace for greater stability
between the two super powers. The Intermediate-Range Nuclear Forces (INF) Treaty,
signed in 1987, and the Strategic Arms Reductions Treaty (START), signed in 1991,
provided the framework for the dismantlement and destruction of thousands of
intermediate-range and intercontinental nuclear ballistic missiles. In addition, the
Presidential directive signed by President Bush in 1991, called for the unilateral
elimination of all forward-deployed tactical, short-range nuclear weapons.

Though the aforementioned treaties and directive required the destruction of nuclear
missiles and their accompanying launch systems, the actual warheads and associated
fissile materials from the missiles were excluded from destruction or disposal. In part,
the justification for this approach was based on the lack of information, research and
consensus toward identifying the most effective approach toward the management and
disposition of the surplus nuclear materials. Currently, the United States has three
potential options for dealing with excess plutonium: 1. Long-term storage above
ground; 2. vitrification with high-level waste; and, 3. fission in a nuclear reactor.

As part of the U.S. effort to evaluate technologies offering solutions for the safe
disposal or utilization of the surplus nuclear materials, the fiscal year 1993 Energy and
Water Appropriations legislation, provided the Department of Energy (DOE) the
necessary funds to conduct multi-phased studies to determine the technical feasibility
of using reactor technologies for the triple mission of burning weapons grade
plutonium, producing tritium for the existing, smaller weapons stockpile and generating
commercial electricity. DOE limited the studies to five advanced reactor designs.
Among the technologies selected is the ABB-Combustion Engineering (ABB-CE) System
80+. The DOE study, currently in Phase ID, is proceeding with a more detailed
evajuation of the design's capability for plutonium disposition.

The initial study, completed and submitted in May, 1993, focused on the three
requested alternatives for disposition of the excess weapons-grade plutonium: spiking,
spent fuel and destruction. The spiking alternative required that the fuel be irradiated
as quickly as possible to create a radiation barrier to diversion. The spent fuel
alternative, through longer irradiation, would convert the plutonium into a spent fuel
form similar to the commercial spent fuel already being stored in the U.S. and the
Newly independent States of the former Soviet Union. The destruction alternative
would accomplish maximum destruction of the total amount of plutonium, including
all isotopes, within the allotted 25 year mission time frame.
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1.1.2 Initial Study Resuits

It was demonstrated that a single System 80 + plant, taking seven years from initiation
to start of operation, could accommodate a full Mixed Oxide (MOX) fuel loading, in
excess of that required to maintain criticality, and "spike" 100 MT of weapons Pu in
15 years of operation. That single System 80 + plant could also fulfill the Spent Fuel
alternative for 100 MT Pu in 80 years of operation - equivalent to the design life of
System 80 +. A two-unit plant, also with a seven year schadule to start of operation,
would be able to halve these operating times: 7.5 years for spiking and 30 years for
spent fuel. The destruction alternative, with 4 units deployed, resulted in a net Pu
destruction of 61% of the 100 MT in the given time limit. None of the LWR designs
in the study was able to fulfill the destruction mission requirement.

The life cycle cost of System 80 + applied to the aiternatives was estimated. For the
spiking alternative, a cost (total discounted life cycle costs over the useful life of the
facility) of $2,483 M resuited. For the spent fuel alternative, a negative cost, or net
revenue, of $3,196 M resulted, the best of all designs in the study. The destruction
alternative cost was also negative, at $3,172 M.

The tritium production capability was also estimated. The basic conservative, flexible
design of System 80+ allows it to accommodate tritium targets without any
significant redesign, using the targets developed under the DOE Light Water New
Production Reactor program. Goal quantities of tritium could be produced with 32
target rods per assembly. In this case, the power rating of the plant would have to be
reduced to 3410 MWt in order to preserve core desigh margins.

The fabrication of MOX fuel for System 80 + is mechanically similar to that for uranium
fuel, with the consideration of the added safeguards and radiological hazards attendant
to the Pu material. MOX fuel fabrication facilities have been designed and constructed
in the U.S., such as the Hanford Secure Automated Fabrication line, but not placed in
operation. In Europe, where Pu recycle is practiced commercially, fabrication facilities
that bracket the throughput quantities desired for the spent fuel alternative with
System 80+ exist, giving confidence that there would be no technical limits to
fabrication of MOX fuel.

1.1.3 Eollow-on Studies

Additional studies were authorized by the DOE by modifications to the original
contract. The objective of these modifications was to continue the work initiated
under the original scope of work, to pursue some of the identified uncertainties in more
detail, concentrating on the Spent Fuel alternative, and with less emphasis on the
tritium aspects. These tasks are covered in this report. The mission requirements
were revised, to include a base case of 50 MT Pu to be put into the spent fuel mode
in 25 years from the start of the program (including design and construction), with
alternatives of 50 MT Pu over the life of the plant, 100 MT Pu in 25 years, and 100
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MT Pu over the life of the plant. The program evaluation requirements, including cost,
licensing status and safeguards evaluation, were also put on a more systematic basis.

An additional modification has been added to the workscope, to study existing ABB-CE
reactors for their capability to undertake the Pu disposition mission. This work is to
be covered in a later final report.

1.14 ABB-CE System 80+ Overview

The System 80+ nuclear plant design was derived from Combustion Engineering's
System 80 nuclear steam supply system. Currently, there are three System 80 units
operating at the Palo Verde, Arizona nuclear plant and four units under construction
in the Republic of Korea (ROK). In the ROK, two additional System 80 units have been
ordered for 1994.

The System 80 + Design Team is currently working together to develop and license the
System 80 + standard nuclear plant design. System 80 + is an Evolutionary Advanced
Light-Water Reactor (ALWR) plant designed to produce a net 1297 MWe. The reactor
is a pressurized water reactor (PWR) type and the reactor coolant system is a
traditional Combustion Engineering two loop arrangement. However, one of the most
unique features the System 80 + carries forward from its predecessor, the System 80,
is its specific design to run on a mixed oxide (MOX) core that uses plutonium as the
only fissile material. Indeed, the System 80 and System 80+ are the only reactor
designs in the world designed for an all plutonium core.

The System 80 + ALWR has been under development and licensing since 1986, as a
part of the Department of Energy's Design Certification Program. The plant has been
designed to conform with the ALWR Utility Requirements Document (URD). The URD
is a comprehensive set of design criteria established by utilities, to assure that the next
generation of nuclear plants apply the lessons learned from the first generation. The
System 80 + standard design offers substantial improvements in safety, economics,
constructability, operability and maintainability. These high design standards assure
that System 80 + deployment will be a relatively low risk venture.

System 80+ will be one of the first two ALWR designs to be preapproved by the
Nuclear Regulatory Commission (NRC), under its new licensing process for future
plants (IOCFR52). System 80+ is scheduled by the NRC to receive its Final Design
Approval (FDA) by August, 1994, There are no open items remaining to be resolved.
Only documentation and procedural steps remain. Following a public rulemaking
proceeding, the NRC Commissioners will issue a formal Design Certification for the
System 80 + standard design.

As an ALWR, System 80+ has also received recognition from the scientific

community. Ina 1992 report issued by the National Academy of Sciences (NAS), the
Academy concluded the reported safety levels of the more advanced reactor designs
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were indistinguishable from the greatly improved safety levels of the large, evolutionary
ALWRs such as the System 80+. The same report also concluded that large,
evolutionary ALWRs (System 80 + ) will provide the most economical electricity and be
available for deployment well ahead of the other designs and without the need for
testing and demonstration programs.

In January, 1994, the NAS also released a preliminary report providing
recommendations to the U.S. government on options for the management and
disposition of excess weapons grade plutonium retrieved from the dismantled nuclear
arsenal. The study was commissioned by the then National Security Advisor to
President Bush, General Brent Scowcroft. The NAS Committee, in the section
discussing reactor options for plutonium disposition, singled out the ABB-CE System
80 and System 80+ designs "with the inherent capability to handle a full core of
Mixed Oxide (MOX) fuel”. Further, the recent study acknowledges the System 80 +'s
departure from existing reactor designs by placing greater emphasis on passive safety
features.

1.2 Definition of Commercial Power System Basis for PDS

The ABB-CE System 80 + nuclear plant is an Advanced Evolutionary Pressurized Water
Reactor. For the reference mission of dispositioning 50 MT of excess weapons grade
plutonium within a time period 25 years after contract award, two System 80 + units,
and a MOX fuel fabrication facility having an annual capacity to deliver 50 MTHM of
fuel, approximately 120 MOX fuel assemblies, are required. Construction of the two
units will take place with a two year slip between the first and second units.
Simultaneously, construction of the MOX fuel fabrication facility, and qualification
testing of the MOX fuel to confirm the acceptability of the as-fabricated components,
will be carried out. Fuel loading for the first System 80 + unit will be at month 74, and
the unit will be placed into commercial operation 80 months after contract award, with
the second unit at month 98. The two units will operate at 3817 MWt each (reactor
power of 3800 MWt and pump heat of 17 MWt), producing 1256 MWe saleable
power. This power level is 3% less than the System 80 + design maximum level of
3931 MWt; the reduction being assumed at this stage to allow flexibility in loading and
fuel management to meet the mission requirements.

Each reactor will be loaded with 241 fuel assemblies. The MOX fuel facility, producing
120 fuel assemblies per year, will be in operation prior to the first fuel load. Should
the MOX fuel facility experience a delay in operation, a supplemental source of fuel
assemblies will be needed to complete the first cores of both units, a total of 482 fuel
assemblies. The TA-55 area of Los Alamos National Laboratory has been identified as
a potential source of this supplemental fuel, after facility upgrades have been
accomplished. Other possibilities include European sources, where MOX fuel is
currently being made on a commercial basis. The full core load of 241 fuel assemblies
will contain about 6.7 MT of excess weapons grade plutonium, tails uranium, and erbia
as a burnable poison.
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For the reference case, a single core loading will remain in the reactor for about 4
years, producing full power at a 75% capacity factor, with shutdowns for reshuffling
the fuel and other plant maintenance. The burnup characteristics of the plutonium and
the erbia are such that the reactivity rundown over four years is very gradual, enabling
the fuel to remain in the core over that time period without introducing reload
assemblies. At the end of the four year period, the entire first core is unloaded, and
replaced with a fresh core identical to the first core. Each reactor operates in this
fashion to consume a total of four MOX cores each, thereby disposing of about 53 MT
of excess weapons grade plutonium. The final MOX core is removed from the second
unit at Year 24. The average burnup of the MOX fuel is 42,200 MWD/MT upon
discharge, and the Pu-240 content is 23% of total Pu.

Studies have been made of the expected capacity factor of System 80+ plants in
commercial operation. Based on data from existing System 80 plants, and the
expected improvements in operation and maintenance due to the System 80+
modifications, an annual capacity factor of 87% is anticipated. In this event, the fuel
residence time for the same burnup as above is reduced from 4 years to 3.5 years, and
the final MOX core is removed from the second unit at Year 23 instead of Year 24.

Upon removal of the MOX fuel from the reactor, it is placed in the Spent Fuel Storage
Pool for a period of 10 years, before shipment off-site to a repository. The first
shipment occurs in Year 21 (for the reference 75% capacity factor case), and
shipments of approximately 120 assemblies annually follow thereafter, until the final
shipment is complete in Year 35. Regardless of shipment off-site, there is sufficient
spent fuel storage capacity to accommodate all of the spent fuel generated.

After the final MOX fuel is removed from the reactor, it is reloaded with UO, fuel for
the remainder of the plant life, and run as a commercial power reactor. System 80 +
is designed for 60 year operation. The two-unit plant will therefore be expected to
operate until the end of Year 68. During the UO, fuel operation, the power level would
be increased to the design maximum level of 3931 MWt (1297 MWe of saleable
power) as currently being licensed.

1.3 System 80+ Licensing Status

In 1987, ABB-CE began the process of submitting the Combustion Engineering
Standard Safety Analysis Report - Design Certification (CESSAR-DC) to the NRC in
support of an evolutionary standard plant Design Certification review. The design
review of CESSAR-DC by the NRC staff has been completed without any open
technical issues and the NRC staff issued an advance copy of the Final Safety
Evaluation Report (FSER) to the NRC Commission in February 1994. The FSER is
scheduled to be released in June 1994 upon completion of an ACRS review as well as
administrative review. Following issuance of an FSER and FDA, a rulemaking process
which may involve a hearing will be initiated for a standard design certification. This
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. process is expected to take more than one year. The following table summarizes the
licensing milestones.

s 80 + Li ing Mil
First submittal 11/87

CESSAR-DC docketing 5/91

Draft SER 9/92
FSER to Commission and ACRS 2/94
FSER issuance 6/94
FDA (Final Design Approval) 8/94
Design Certification 12/95

AS indicated in the above table, the System 80 + Standard Design is in the final stages
of licensing review by the NRC and once the FSER is issued in June 1994, the
remaining task associated with Design Certification primarily relates to administrative
review rather than technical design review. Additionally, the System 80 + Standard
Design was specifically designed for maximum fuel management flexibility and can
accommodate plutonium fuel loadings up to and including all-plutonium-reactor
operation with relatively minor modifications. Accordingly, a licensing status of 5 (per
Section 3.5 of UCRL-ID-113055) is assigned to the System 80+ Standard Design.

. 1.4 Reference Case and Alternatives
The cases evaluated are summarized in Table 10.4-1.

The base case (50 MT over 25 years) is discussed in other sections (2.0 through 9.0)
with annual cycles at a capacity factor of 75%. This section discusses the results of
analyzing the other required alternatives (A1, A2, A3) also with annual cycles and at
75% capacity factors. In addition, results are presented for additional alternatives,
described above, that will either provide more energy extraction (more revenue) and/or
shorter time to accomplish the mission.

The alternatives are compared to the base case in Table 10.4-2. The first three
required alternatives differ only in the number of units necessary to accomplish the
mission. Alternatives 2 and 3 relax the time to perform the mission and show that the
number of units required is half that of the Reference case and Alternative 1 resulting
in lower plant cost to accomplish the respective missions.

The deployment strategies are illustrated in Tables 10.4-3 through 10.4-5 for
Alternatives 1 through 3, respectively. The deployment strategies for the additional
cases are illustrated in Tables 10.4-6 through 10.4-8 for Alternatives Rc, A2L, and
A2cL, respectively.
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Alternative Rc is presented as a variation of the base case operating with a capacity
factor of 87% and a plant life of 40 years. The increase in plant life from 40 years to
60 years is illustrated in two cases, A2L and A2cL. Alternative A2L shows the effect
of modifying case A2 with a longer plant life; resulting in longer time to burn
commercially available uranium fuel. With the increase of the capacity factor to 87%
and the increase plant life, the results are shown in alternative A2cL.
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2.0
2.1
2.1.1

2.1.1.1

JECHNICAL DESCRIPTIONS

Reactor and Reactor Cooling System
Mechanical and Neutronic Design. Performance
BReference System 80+ Reactor Design

The System 80+ standard PWR design is used as the reference design for the
plutonium burner concept evaluated in this study. The System 80 + design has several
advantages for this application, which include the following:

System 80+ was specifically designed for maximum fuel management
flexibility and can accommodate plutonium fuel loadings up to and including
all-plutonium-reactor (APR) operation with relatively minor modifications.

The System 80+ design is based on the proven System 80 design in
operation at the Palo Verde Nuclear Generating Station {PVNGS). The
evolutionary improvements in the System 80+ design are based on
extensive plant operating experience, industry and regulatory feedback, and
integrated design analyses using probabilistic risk assessment (PRA).

The System 80 + design conforms with the EPRI Utility Requirements for
Evolutionary Advanced Light Water Reactors.

The System 80 units currently under construction in Korea include numerous
evolutionary features of the System 80+ design (e.g., ring-forged reactor
vessel, greater design margins for major components, improvements to
safety systems) and represent an active program of procurement,
manufacturing and construction.

The System 80 + reference design described in CESSAR-DC has completed
extensive review by the NRC covering all regulatory requirements for new
plant designs. The design successfully addresses all current US regulations
and policies. The NRC staff has completed its review without any open
technical issues and issued an advance copy of the Final Safety Evaluation
Report (FSER) to the NRC Commissioners in February 1994. The FSER is
scheduled to be released in June 1994 upon completion of administrative
review as well as ACRS review.

Basic technical characteristics of the System 80 + design are included in Appendix C
of this report. The reference System 80 + design described in CESSAR-DC has a core
power rating of 3914 MWt (reference UO, core design) and a corresponding thermal
rating of the nuclear steam supply system (NSSS) of 3931 MWt, which includes the
thermal input of the reactor coolant pumps. The reference System 80+ NSSS
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components consistent with this power rating are maintained for the plutonium burner
design. However, the core power rating is reduced for the fuel cycle applications in
this study (i.e., core power of 3800 MWt for the plutonium disposition fuel cycle, and
core power of 3410 MWt for the tritium production fuel cycle). In these applications
the core power is limited in order to maintain the same level of core thermal margin as
the reference UO, fuel cycle. Additional fuel managment analysismay open the way
to increasing these ratings.

The pertinent characteristics of the System 80 + reactor which provide for plutonium
disposition fuel cycles are unique design features of the fuel assembly, control element
assemblies (CEAs) and the reactor internals which increase control rod coverage of the
core. Although the reader is referred to a more general description in Appendix C of
this report, these features are briefly summarized below:

. The core is comprised of 241 fuel assemblies, each assembly having a
16x16 fuel rod array with five large structural guide tubes {(each guide tube
occupies 2x2 fuel lattice locations), as shown in Figure 2.1.1-1. The four
outer guide tubes are for CEA fingers (or elements), while the center guide
tube is for in-core instrumentation. The in-core instruments are bottom-
entry and therefore do not interfere with the upper internals design for CEA
guidance.

J The control element assemblies have either 4- or 12-element arrangements,
as illustrated in Figure 2.1.1-2. The large CEA element design (for the 2x2
guide tube) provides a higher degree of mechanical ruggedness and
increased absorber surface area per element than in PWR designs where the
control rod fingers occupy a single fuel rod lattice location. The 12-element
CEA mechanical design with B,C neutron absorber is further shown by
Figure 2.1.1-3.

o The 12-element CEA has the unique characteristic of inserting into five
adjacent fuel assembilies, as illustrated by Figure 2.1.1-4. This characteristic
is made possible by the upper guide structure design of the reactor internals
which provides continuous guidance for each individual CEA element into
the fuel assembly guide tube, while providing adequate flow area for primary
coolant exiting the core. The upper guide structure, illustrated in Figure
2.1.1-5, is a rugged, all-welded structure and protects each CEA element
from flow forces and dynamic loads associated with seismic events and
design basis accidents.

. The CEA pattern for the reference System 80+ design, shown in Figure
2.1.1-6, consists of forty-eight (48) full-strength 12-element CEAs, twenty
(20) full-strength 4-element CEAs, and 25 part-strength 4-element CEAs, or
a total complement of ninety-three (93) CEAs. The pattern using 12-
element CEAs enables coverage of adjacent fuel assemblies by CEAs, so
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that a large portion of the fuel assemblies (213 of 241 assemblies) contain
either four or two CEA elements. This provides a high degree of core
shutdown worth through distribution of CEA elements over the core. The
12-element CEAs are used in shutdown banks. The 4-element full strength
CEAs are used in regulating banks. The 4-element part-strength CEAs
(which contain Inconel absorber) are provided for rodded maneuvering.

System 80+ is designed to accommodate plutonium fuel in the form of PuO,-UO,
mixed-oxide (MOX). The mechanical characteristics of MOX fuel are similar to those
of UO, fuel. The nuclear and irradiation characteristics of MOX fuel for lower fissile
plutonium loadings characteristic of commercial LWR fuel reprocessing are established
based on early evaluation (e.g., the US Generic Environmental Statement on Mixed
Oxide Fuel in LWRs issued in 1974) furthered by the experience in commercial fuel
recycling outside the US.

The System 80 + reference design, when configured with the CEA pattern shown in
Figure 2.1.1-6 for UO, fuel loading, can accommodate MOX fuel loadings up to the
level of self-generated recycle (SGR) without modification. SGR is defined as the
amount of plutonium generated by the reference UO, fuel cycle. This would allow
approximately one-third of the feed fuel assemblies to contain MOX fuel, while the
remaining feed assemblies would contain UO, fuel. Design modifications to
accommodate higher loadings of MOX fuel, including all-plutorium-reactor (APR)
operation, are described below.

2.1.1.2 Design Modifications for APR Operation

Utilization of commercial MOX fuel at the SGR and APR levels has been extensively
investigated for the System 80 design (Refs. 2.1.1-1 through 2.1.1-5). The early
design studies showed that design modifications are required for PWR systems to
accommodate large loadings of MOX fuel. These modifications include additional
control rods to provide required shutdown margin, equipment modifications to
accommodate higher soluble boron concentrations, core and spent fuel cooling
equipment sized to accommodate the higher decay heat loads associated with
irradiated MOX fuel, design of the reactor vessel and internals to tolerate a greater fiux
of high energy neutrons than arises in uranium fueled operation, modifications to the
radwaste systems to accommodate higher tritium activity in the primary coolant, and
design of fuel storage and fuel handling facilities to safely accommodate MOX fuel.

Table 2.1.1-1 summarizes the basic impact of APR operation on PWR plant system
design requirements. The System 80 design was specifically developed to
accommodate MOX fuel loadings up to and including APR. Consequently, design
requirements for APR operation were incorporated in the basic systems of the System
80 NSSS, or design provision made which facilitate modifications for APR operation.
These system features to enable APR operation have been preserved in the
evolutionary System 80+ design. The summary below describes physical effects of
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MOX fuel operations at the APR level and the accommodation of these effects in the
System 80 + APR design.

Irradiated MOX fuel exhibits higher long-term decay heat generation rates
for APR operation are higher by approximately twenty percent than for UO,
operation one day after shutdown and continue to diminish more slowly with
time. This higher heat load must be accommodated in the design of plant
cooling systems. For the System 80 + design, the higher heat loads are
accommodated in the following systems:

. Shutdown Cooling System (SCS)
. Spent Fuel Pool Cooling System (SFPCS)
. Component Cooling Water System (CCWS)

Higher soluble boron concentrations are required in the primary coolant due
to lower reactivity worth of B'° with MOX cores. For APR operation the
required soluble boron concentrations are approximately doubled relative to
UO, operation. For the System 80+ design, the higher soluble boron
requirements for APR operation are accommodated by increasing the soluble
boron concentration in the Safety Injection System (SIS) and In-containment
Refueling Water Storage Tank (IRWST). An attractive alternative to
increasing thesoluble boron concentrationis thhe use of boric acid enrichedin
the B'° isotope.

The tritium concentration in the primary coolant is substantially higher for
APR operation than for UO, operation. This results from the higher
operating concentrations of soluble boron causing increased tritium
production by the B'°(n, 200H? reaction. The resulting tritium buildup in the
primary coolant is approximately seventy percent higher for APR operation
in comparison to UO, operation. For the System 80+ design the higher
tritium levels are accommodated in the design and operation of the liquid
and gaseous radwaste systems, and provision of a tritium removal system
for APR operation.

The rate of high energy (>1 MeV) neutron irradiation of the reactor vessel
and internals is increased by approximately six percent for APR operation in
comparison to UO, operation. This is due to an increase in the number of
prompt neutrons emitted in plutonium fission and a slightly higher average
energy of the fission neutrons. The higher neutron fluence levels are not
sufficient to require additional design and materials controls of the System
80 + reactor vessel and internals.

Gamma emission rates are higher by approximately twenty percent for APR
operation compared to UO, operation. This leads to correspondingly higher
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heating rates which are accommodated by the design of the reactor
internals.

) Radioactive decay of plutonium isotopes (and small quantities of americium)
in fresh MOX fuel requires provision of shielding in the fuel receipt, handling
and inspection area. The ? fuel is stored under water for this reason, and
to aid in the safeguards and security considerations.

o The relative individual control rod worth is reduced by twenty-five to thirty
percent for APR operation in comparison to UO, or SGR operation. The
control rod requirements for APR operation are accommodated in the System
80 + design by incorporating an extended CEA complement. The extended
CEA complement is achieved starting with the reference ninety-three (93)
CEA pattern, shown in Figure 2.1.1-6, and modifying the CEA pattern by
utilizing the eight (8) spare CEA nozzles provided in the reference System
80+ design, and by utilizing full-strength (B,C absorber) CEAs in all
locations. The resulting extended CEA pattern for APR operation is shown
in Figure 2.1.1-7. This pattern provides coverage of 221 of 241 fuel
assembly locations by the full-strength CEAs. Because of the high
shutdown worth of the reference System 80+ CEA pattern, and the
modifications to increase the number and strength of CEAs, the extended
CEA pattern provides the necessary shutdown requirements for APR
operation. Core maneuvering is more restricted for APR operation due to the
elimination of part-strength CEAs and rodded operating restrictions
associated with shutdown worth and safety margins. Normal operating
capabilities for startup, shutdown, power operations, and power level
changes are not significantly affected, however.

2.1.1.3 Safety implications of APR Operation

The evaluation of commercial MOX fuel utilization for the System 80 design included
fuel management and safety analyses for fuel cycles transitioning from UO, operation
to equilibrium SGR or equilibrium APR operation. Table 2.1.1-2 gives the
characteristics of comparative equilibrium cycles for UO,, SGR and APR operation. The
safety related physics characteristics for these fuel cycles are summarized in Table
2.1.1-3.

The parameters in Table 2.1.1-3 show trends in the core physics characteristics with
higher loadings of plutonium. These trends are expected based on the nuclear
properties of Pu?®*® in comparison to U?**, A major effect of increased plutonium
loadings is stronger thermal absorption in the fuel which alters various core physics
parameters. In particular, the reactivity worth of soluble boron and controf rods are
reduced, and the prompt neutron lifetime () is reduced. The delayed neutron fraction
(B,y) is also reduced with increased plutonium loading. The change in these parameters
is relatively small from UO, to SGR operation (since U?*® reactions are predominant)
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and greater for APR operation (where Pu?*® reactions are predominant). Consequently,

the required soluble boron concentrations are approximately doubled for APR operation
in comparison to UO, or SGR operation, and the extended CEA complement is required
for APR operation.

Moderator temperature coefficient (MTC) and fuel temperature coefficient (FTC) are
affected to a lesser extent with higher plutonium loadings. MTC is more negative at
beginning-of-cycle (BOC) conditions for SGR or APR operation. For end-of-cycle (EOC)
conditions the MTC for APR operation is comparable to that for UO, operation, while
the MTC for SGR operation is more negative. FTC becomes slightly less negative with
the higher plutonium loadings.

Basic safety implications of the core physics characteristics for APR operation are
summarized below.

. The effective delayed neutron fraction (B,,) and prompt neutron lifetime (¢°),
which are important to short term power transients, are decreased for APR
operation. While this result in itself would appear to have an adverse effect
upon short period transients such as a rod ejection accident, the overall
consequence is mitigated by the lowered reactivity worth of the ejected rod
and a reduced sensitivity of the core power distribution to local reactivity
perturbations. These mitigating effects are a consequence of the strong
thermal absorption properties which reduce the thermal diffusion length of
the MOX fuel lattice.

CEA ejection analyses previously performed for SGR and APR operations of
the System 80 design at full power and hot zero power initial conditions
have shown acceptable consequences in all cases (i.e., comparable to
results expected for UO, operation). For the System 80 and System 80 +
designs the control rods allowed to be inserted in the core when the reactor
is critical are of the 4-element type. The insertable reactivity worths of 4-
element full-strength CEAs are small in comparison to B,,, so that the core
power transient is small in comparison to the local power transient. The
core power transients associated with the CEA ejection events for APR
operation were, in fact, predicted to be self-limiting below the power
conditions which would be expected to result in a reactor trip, despite the
lower values of B, ¢, and fuel temperature coefficient. The more
favorable results analyzed for APR operation are a consequence of a less
adverse initial power distribution, reduced ejected CEA worth, and reduced
response of the core power distribution to the reactivity insertion.

. For events with decrease in primary coolant temperature, the negative
moderator temperature coefficient associated with UO,, SGR or APR
operation results in a positive reactivity insertion. The positive reactivity
insertion results in a power increase transient which is opposed by the
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negative fuei temperature coefficient and may, for larger cooldown events,
result in a reactor trip. The extended CEA pattern for APR operation is
provided to offset the reduced individual CEA worth in order to provide
adequate scram worth for the most limiting cooldown events. It is noted
that cooldown events are more limiting near end-of-cycle (EOC) for the
equilibrium cycles due to the more negative MTC values at EOC, as shown
in Table 2.1.1-3. The CEA worth increases as a function of burnup for
plutonium fuel cycles (as shown in Section 2.6), thus providing higher scram
worth for the most limiting postulated cooldown events near en-of-life.

For events associated with reduced reactor coolant flow or reduced heat
removal the consequences are characterized by a decreased margin to
departure from nucleate boiling (DNB). The plutonium content of the fuel
does not affect the consequences of such events to any significant degree.

The consequences for loss of coolant accidents (small LOCA or large LOCA)
are not expected to be significantly affected by the plutonium content of the
fuel. A potential difference for APR operation is in the requirement to
prevent post-LOCA boric acid build-up during the long-term emergency
cooling. APR operation requires a higher concentration of soluble boron in
the safety injection system and the in-containment refueling water storage
tank (IRWST) for System 80+. However, the specification of enriched
boron eliminates thhis concern. System 80 design indicates that operator
response time to provide hot-leg injection flow during long-term cooling
based on standard procedures (i.e., several hours after the event) is
sufficient for the most limiting postulated large LOCA.

2.1.1.4 Design Features for Utilizing Weapons-Grade Plutonium

The System 80+ design for utilizing weapons grade plutonium is based on the
reference design modified for APR operation. Specifically, the extended CEA pattern
and plant system requirements as described in Section 2.1.1.2 are implemented in the
design. Additional features are provided based upon consideration of the higher fissile
content of weapons-grade plutonium (versus plutonium from commercial reprocessing)
and specific mission requirements in the DOE Plutonium Disposition Study
Requirements Document. Major requirements include:

Disposition of weapons-grade plutonium; reference case and alternatives,
see Section 1.4;

The fuel cycle design for plutonium disposition, is designated as Spent Fuel
(the requirements for this design are described separately in Sections 2.7.4
following);
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In all cases, the design should produce electric power and be capable of
producing tritium. Recommended changes to optimize the design for tritium
production should be included.

These requirements lead to several practical considerations, reflected in the design
objectives for this study:

The reactor design should be capable of accommodating large loadings of
weapons-grade plutonium. This would favor a large core size and the
capability for APR operation utilizing weapons-grade feed plutonium in order
to accomplish the plutonium burning mission with realistic constraints on
capital investment.

The reference reactor design and features for APR operation should be based
to the maximum extent on proven technology, proven operating experience
of the reference design, and assurance of licensability based on substantial
completion of NRC licensing review of the reference design as a new plant
design. These considerations are essential in order to realistically meet the
schedule for design, construction, startup and disposition of the reference
case: 50 MT of weapons-grade plutonium within a 25 year period. |f
authorization to proceed is granted in October 1994, the mission will be
completed by October of 2018.

The reference design should have the flexibility to accommodate the required
fuel cycle for spent fuel and the requirement for tritium production operation
without major in-service modification of plant systems and reactor design
features. The design differences for these modes of operation should be
limited to fuel assembly design details and core operating power level.

The additional System 80 + nuclear design features which address the requirements
and design objectives for utilizing weapons-grade plutonium are described below.

Mixed-Oxide Fuel Design

Table 2.1.1-4 shows relative concentrations of plutonium discharge isotopes
for a reference 18-month U0, fuel cycle of the System 80 + design (average
discharge burnup of approximately 48 GWD/MTU). This provides a basis of
comparison of differences of feed fuel for the weapons-grade plutonium
burner versus a "commercial-grade"” plutonium burner (i.e., using
reprocessed plutonium from UO, discharge fuell. Secondly, it provides a
basis for comparing the discharge plutonium isotope ratios for the weapons-
grade plutonium burner (i.e., Spent Fuel Alternative) with those of the
reference UO, fuel cycle characteristic of the System 80 + design.
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The feed fuel concentrations of plutonium isotopes, particularly Pu?*® and

Pu*°, are a principal consideration in the utilization of weapons-grade
plutonium in the nuclear design. The effects of basic differences between
the weapons-grade and commercial-grade plutonium on the safety-related
physics parameters were evaluated for the fuel cycle alternatives developed
in this study and are summarized in Section 2.6. The results indicate that
safety-related characteristics of APR operation do not change significantly
for utilization of weapon-grade plutonium fuel compared to use of
reprocessed plutonium from commercial LWRs.

The specifications for the weapons-grade plutonium are expected to vary
relative to the values in Section 2.6.3. These may include variations in the
concentration of the Pu?*® and Pu®*® isotopes, presence of small
concentrations of Pu®*', Pu?*?, Am?*', etc. These variations are of less
significance to the core nuclear design than to the fuel fabrication process,
however, and can be accommodated without significant modification of the
core and fuel cycle designs described below for the System 80 + plutonium
burner.

The fuel design used is mixed-oxide (MOX), consistent with reference
System 80+ design for commercial APR operation. Based on the design
objective of providing as high as practical loading of weapons-grade
plutonium in the core, the APR design utilizes MOX feed fue! in the form of
Pu0,-U0,-Er,0,, with the followiiig characteristics:

¢ Weapons-grade plutonium comprising approximately 6.7 wt% of the
heavy metal (HM);

e Uranium tails (0.2 wt% U?®® tails assay) comprising the balance of the
HM;

e Erbium burnable poison admixed in the form of natural Er,0, in the
metal-oxide with typical concentrations of 1-2 wt% of the MOX fuel.

The loading of approximately 6.7 wt% weapons-grade plutonium in the
System 80+ APR design enables 100 MT of the material to be loaded in
approximately fifteen (15) full cores. The use of uranium tails and erbium
burnable poison facilitates the nuclear characteristics for reactivity and
power distribution control with the high plutonium fissile loading, in an
analogous fashion to design applications for higher burnup, higher
enrichment UO, fuel cycles.

The use of uranium tails in the fuel is desirable in order to minimize fuel
material costs and the additional fissile content in the fuel (i.e., essentially
eliminate the effects of U?*®), It is also desirable from the standpoint of
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reducing the uranium tails inventoried at DOE uranium separation facilities.
Howver, the presence of U*** prolongs the depletion of Pu?*® over lifetime
due to its fertile characteristic (i.e., conversion to Pu?** by neutron
absorption reactions). The presence of U?*® provides beneficial effects on
the nuclear design characteristics, however, including partially offsetting the
low B,, of Pu?*® and providing for a more gradual change in core physics
parameters over lifetime. The i.otope characteristics of the plutonium in
discharge MOX fuel at end-of-life were evaluated to be similar to those of
plutonium in discharge UO, fuel, as shown in Table 2.1.1-4. In particular,
the relative concentration of Pu®*® in the discharge plutonium is
approximately twenty-three percent in both cases.

The use of erbium as a burnable poison in the MOX fuel is an innovative
design application for the plutonium burner, which provides substantial
benefits for accommodating high concentrations of Pu*®. Erbium is a rare
earth, similar in chemical and metallurgical properties to gadolinium. Like
gadolinium, erbium is comprised of several natural occurring isotopes. The
natural abundancies and depletion chain of erbium are illustrated in Figure
2.1.1-8. Er'*” is the primary neutron absorber. The energy-dependent
neutron absorption properties of Er'®” include a large double resonance in the
vicinity 0.5 ev, as shown in Figure 2.1.1-9. This enhances the thermal
neutron absorption of erbium (i.e., providing a non-1/v absorption
characteristic), and provides the additional characteristic of improving the
negative fuel temperature and moderator temperature coefficients due to the
location of the resonance at the high end of the thermal energy sp:ectrum.
In contrast to gadolinium, erbium has a slower depletion characteristic as a
burnable poison, releasing reactivity gradually over a longer period of fuel
burnup.

Erbium has been extensively used in TRIGA (Ref. 2.1.1-8) to provide a more
negative fuel temperature coefficient for the high enrichment uranium fuel.
ABB-CE has more recently developed the application of erbium as a burnable
poison for PWRs, in the form of Er,0, admixed with enriched UO,. This
application was developed and is in commercial operaton as an optimized
burnable poison design for 18- and 24-month U0, fuel cycles (i.e., the cycle
lengths currently in operation for all US ABB-CE plants). For extended UO,
cycle lengths the erbium burnable poison design shows major advantages of
improving thermal margins (reducing power peaking over long cycle lengths
by distribution of the required burnable poison over a large number of fuel
rod locations) and providing a negative moderator coefficient at beginning-
of-cycle (enabling high total loading of erbium to control excess reactivity
with higher UO, enrichments). The ABB-CE erbium burnable poison design
has completed irradiation demonstrations in two operating ABB-CE plants
and is scheduled for full batch implementation by 1994. The design has
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been generically approved by the NRC for Er,0, concentrations up to 2.5
wt% in enriched UO, (Ref. 2.1.1-7).

The application of erbium burnable poison offers key benefits for the System
80 + plutonium burner design, analogous to the benefits provided for longer
U0, fuel cycles. These include the following:

¢ The admixture of Er,0, in MOX is analogous to its use in UO, fuel and
provides the capability to accommodate high fissile plutonium loading.
Since the erbium poison is admixed homogeneously in the fuel it
provides the ability to control a large amount of excess reactivity, while
precluding the possibility of loss of this reactivity control by any
mechanism, including misoperation or mechanical disassembly of the
fuel.
» The 0.5 ev neutron absorption resonance of Er'® overlaps significantly
with the 0.3 ev resonance of Pu?*®, as shown by Figure 2.1.1-9. This
enhances the neutron absorption worth of erbium burnable poison in
comparison to use of purely 1/v absorbers, such as B'’, which have
significantly diminished reactivity worth in the presence of a high loading
of Pu?®®, Consequently, the required reactivity holddown for 7 wt%
loadings of weapons-grade plutonium in the MOX is provided with low
concentration of Er,0, (each wt% of Er,0, corresponds to approximately
6%Ap reactivity holddown at full power conditions).

e The iong-term re=zctivity control characteristics and ability to vary the
distribution ot the erbium concentration over the fuel lattice provide a
high degree of flexibility for control of power distribution over lifetime,
in order to minimize peaking factors and provide a high degree of
thermal operating margin.

Fuel Assembly Design

The fuel assembly design for the MOX fuel designs described above is
based on the reference System 80+ 16x16 fuel assembly design. The
analyses of fuel depletion show that it is desirable to include a limited
number of Al,0,-B,C burnable poison rods in the fuel lattice. The reference
tuel assembly designs for the System 80 + plutonium burner concept are
based on the use of PuO,-UO,-Er,0, MOX fuel rods. Fuel assembly design
arrangements for the System 80 + Plutonium Burner core design are shown
in Figure 2.1.1-10. The basic fuel assembly types shown in this figure are
designated O-shim, and 12-shim arrangements.
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The 0-shim fuel assembly arrangement contains 238 fuel rods, which is the
maximum number of fuel rod locations provided in the standard System
80+ 16x16 assembly design.

The 12-shim fuel assembly arrangement incorporates twelve Al,0,-B,C
burnable poison rods in the fuel lattice. Each 12-shim fuel assembly
contains 224 fuel rods and 12 non-fuel burnable poison rods. The Al,0,-B,C
burnable poison rods are located in a standard arrangement used in ABB-CE
UO, fuel assemblies, as shown in Figure 2.1.1-10. Unlike standard ABB-CE
application, which have the burnable poison rods permanently fixed in the
fuel lattice, 12-shim design for the plutonium burner application has the
Al,0,-B,C burnable poison rods contained in non-structural guide tubes
within the fuel assembly (each non-structural guide tube occupies 1x1 lattice
locations). The burnable poison rods are designed to be
insertable/removable by removing the upper end fitting of the fuel assembly
in order to access the burnable poison rods. Such operations would be
required infrequently, however, and would not be on the critical path of fuel
cycle operations. Removing and replacing the upper end fitting of the ABB-
CE fuel assembly design is a simple operation, but requires use of special
tools in a controlled area of the spent fuel pool. Therefore, mishandling of
the burnable poison rods would be precluded during normal core loading and
offloading operations.

Table 2.1.1-5 includes a summary of fuel assembly design parameters and
fuel cycle characteristics for the MOX fuel design for the Spent Fuel
Alternative. The System 80 + Plutonium Burner fuel cycles represented in
these tables use O-shim and 12-shim fuel assembly designs in 80 and 160
core locations, respectively. The inclusion of Al,0,-B,C burnable poison rods
in the fuel cycle design serves the following purposes:

e The Al,0,-B,C burnable poison rods supplement the long-term reactivity
holddown of the erbium burnable poison and facilitate the design for a
gradual, negative rundown characteristic of the fuel k,, with burnup;

e The Al,0,-B,C burnable poison rods can be selectively removed prior to
fuel load in later cycles (e.g., fourth annual cycle for Spent Fuel
Alternative or Plutonium Destruction Alternative) in order to remove the
residual reactivity holddown. This feature adds flexibility for fuel
management and achieving cycle length near end-of-life;

» Target rods for tritium production can be substituted for the Al,0,-B,C
in any operating cycle (except near end-of-life) in order to provide tritium
production capability. This capability would exist in all cases (as
specified by the DOE Requirements). The evaluation of tritium
production (see Section 9.1) indicates that substitution of the tritium
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production target rods, which contain Li®, can be accommodated at
different times in life due to similarity of the reactivity holddown
characteristic relative to the Al,0,-B,C burnable poison design (note that
both Li® and B'° have a 1/v thermal neutron absorption characteristic).

To meet contract quantity tritium production requirements set forth in DOE
guidance, multiple System 80 + Plutonium Burner units would be required
to meet the required tritium production rate capability using the core designs
described in Table 2.1.1-5 or 2.1.1-6. However, Table 2.1.1-6 describes a
Tritium Production core design which provides the capability for meeting the
specified tritium production rate with a single System 80 + Plutonium Burner
unit. This design uses a 32-shim assembly arrangement, as shown in Figure
2.1.1-11, for accommodating either Al,0,-B,C burnable poison rods or target
rods for tritium production. The tritium production capability is described in
more detail in Section 9.1.

Core Thermal Rating

Table 2.1.1-7 summarizes the core thermal parameters for the System 80 +
Plutonium Burner design in three modes of power operation. The core
designs for which these modes of power operation apply are described
below:

e UO, Fuel Cycle. This mode of power operation applies for the reference
System 80 + UO, fuel cycle design, which is an 18-month cycle length
design using Er,0,-UO, burnable poison. Other UO, fuel cycle designs
with cycle lengths ranging from 12-months to 24-months are also
available for this mode of power operation. The core power level is
3914 MWth, consistent with the reference System 80+ design
described in CESSAR-DC.

e Plutonium Disposition. This mode of power operation applies for the
Spent Fuel Alternative described in Section 2.6, using the PuO,-UO,-
Er,0, MOX core design features described in Table 2.1.1-5. In this
mode of power operation the core power level is limited to 3800 MWth
in order to maintain the same core thermal operating margins as in the
reference System 80+ design, accounting for the displacement of fuel
rod locations by Al,0;-B,C burnable poison rods or target rods.

o Tritium Production, This mode of power operation applies for the single-
unit Tritium Production core design described in Table 2.1.1-6. The core
and fuel cycle design is based on PuO,-UO,-Er,0, MOX fuel, with the
capability to accommodate 32 target rods per fuel assembly. (An
alternate Tritium Production design using enriched UO, fuel in lieu of
MOX fuel is also possible, and is analyzed in Section 9.1) The core
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power rating for this mode of operation is limited to 3410 MWth in order
to maintain the same core thermal operating margins as in the reference
System 80+ design, accounting for the displacement of fuel rod
locations by target rods or Al,0,-B,C burnable poison rods.

2.1.1.5 Soluble Poison Study
Introduction

The use of mixed-oxide (MOX) fuel affects a number of safety and performance-related
PWR core parameters to a degree which increases with the level of plutonium loading.
The basic effects include reduced control rod worth, reduced soluble boron worth,
increased prompt fission neutrons, and increased inventory of transuranic isotopes in
the fuel. Due to higher reactivities associated with plutonium usage, the soluble born
concentration in the primary coolant must be increased. This, in turn, necessitates an
increase in the boron concentration in the various soluble poison storage tanks (i.e.,
the BAST, IRWST, and SITs), as well as an increase in the size of the normal soluble
poison source tank (the BAST). Consideration must also be given to the sizing of other
CVCS and engineered safety features (ESF) components.

A study was conducted to determine the impact of the required boron concentration
increase on the System 80 + design, and to evaluate the use of boric acid enriched in
B'® as the soluble poison. The use of enriched boric acid has been evaluated for
commercial operating plants (References 2.1.1-8 and 2.1.1-9), and many potential
benefits have been identified. These potential benefits include reduced waste water
generation, improved coolant chemistry control, reduced corrosion potential, and the
elimination of heat tracing. As part of its plutonium disposition study activities, ABB-
CE determined to evaluate the potential benefits of enriched boric acid for the System
80+ design, and to establish the form of soluble boron (natural, or enriched, boric
acid) to be applied in subsequent System 80+ plutonium disposition design and
analysis studies.

Natural Boric Acid

Utilization of commercial MOX fuel at the SGR and APR levels has been extensively
studied for the System 80 design (References 2.1.1-1 through 2.1.1-5). These early
design studies showed that certain modifications are required for PWR systems in order
to accommodate large loadings of MOX fuel. In particular, the soluble boron worth,
which is an inverse function of the core absorption cross section, is smaller in APR
cores than in SGR and UO, cores (see Table 2.1.1-8). The implications of this
reduction are primarily related to the CVCS Boric Acid Storage Tank (BAST), which
provides the normal source of reactivity control during core life, as well as shutdown
margin for maintenance and refueling operations, and the Safety Injection System,
which provides an auxiliary reactivity control system in the event of an accident.
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The reduced soluble boron worth necessitates maintenance of a higher concentration
of boric acid in the various plant storage tanks, which in turn affects the sizing and
design of certain components. For the System 80 design it was determined that the
boron concentration in the various tanks would have to be increased from the 4000
to 4400 ppm range for UO, and SGR cores, to a 5800 to 6200 ppm range for an APR
core, in order to compensate for the reduced soluble boron worth. Since System 80 +
is based on the System 80 design, a similar increase in stored boron concentration
would be necessary for the plutonium disposition plant(s) assuming the use of natural
boric acid as the soluble poison. Consequently, an investigation was performed to
identify those changes required to the System 80 + design described in CESSAR-DC
to accommodate this increase in stored boron concentration.

Temperature Requirements

Table 2.1.1-9 presents solubility data for boric acid (H;BO,) in water. The factor for
converting boron concentrations in ppm to weight percent boric acid is roughly 1750
ppm/wt %. Hence, the maximum concentration of 6200 ppm boron required for APR
operation (see above) is equivalent to a 3.54 wt % boric acid solution. From Table
2.1.1-9, the saturation temperature for such a solution is approximately 51°F. To
allow for typical instrument channel accuracy (+4°F), plus a margin for corrective
actions, a minimum temperature of 60°F would be required for all piping and
components containing concentrated boric acid solutions (5800-6200 ppm boron). For
a System 80 + plutonium disposition plant using natural boric acid, this would include
the Refueling and Spent Fuel Pools and associated cleanup/heat removal systems, the
In-containment Refueling Water Storage Tank, the Safety Injection Tanks, and the
CVCS Boric Acid Storage Tank and Holdup Tank.

Appendix 3.11A of CESSAR-DC specifies the environmental design data for normal,
as well as accident, conditions for System 80 + structures and components. Per Table
3.11A-1 of the appendix, the containment vessel, nuclear annex/subsphere, and spent
fuel pool area minimum temperatures are 60°F, 55°F, and 40°F, respectively. With the
exception of the Boric Acid Storage Tank and the Holdup Tank, these three areas
house all of the components and associated piping discussed above as requiring a
minimum temperature of 60°F to avoid boric acid solubility concerns for a plutonium
disposition plant. The Boric Acid Storage Tank and Holdup Tank are housed in the
plant yard for System 80 +, and are presently designed to be maintained at a minimum
temperature of 60°F, and 40°F, respectively (see CESSAR-DC Table 9.3.4-4).

While the presently-specified System 80 + nuclear annex/subsphere, spent fuel pool
area, and CVCS Holdup Tank minimum temperatures do not meet the 60°F requirement
necessary for plutonium disposition, there should be no significant capital cost or
operating expense increase as a result of implementing a minimum temperature
requirement of 60°F. Such a requirement would be placed on the various building
ventilation systems, and the Holdup Tank recirculation line heat exchanger. Neither the
heating coils for these HVAC systems, nor the Holdup Tank recirculation heat
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exchanger, have yet been specified or sized. However, since the areas served by these
HVAC systems are normally occupied for maintenance/inspection activities, it is typical
practice to size and operate the HVAC heating coils to ensure a 60°F minimum ambient
temperature. Similarly, although a 60°F minimum temperature will result in a slightly
larger Holdup Tank recirculation line heat exchanger than a 40°F requirement, the cost
impact over the life of the plant is negligible since water pumped to the Holdup Tank
is typically at a temperature much greater than 60°F.

. Sizing Requi

Table 2.1.1-10 presents preliminary physics data for the plutonium disposition mission
for the four-year cycle, and also for the suggested alternative equilibrium cycle. The
data is based on recent studies, and updates information contained in the Phase |
report (Reference 2.1.1-10). This data was used in conjunction with ABB-CE's
computer code TANKSIZ to assess whether the CVCS tank volumes presently specified
in CESSAR-DC are adequate for plutonium disposition. TANKSIZ is a computer
program intended for use in determining the minimum storage requirements for the
CVCS tanks in a PWR utilizing boric acid recycle.

Per Section 9.3.4.2.2 of CESSAR-DC, the System 80+ CVCS tanks are sized as
follows:

- The Boric Acid Storage Tank is sized to permit one back-to-back shutdown
to cold shutdown (i.e., two consecutive shutdowns to Technical
Specification Mode 5), at the most limiting time in core cycle, with the most
reactive control rod withdrawn, followed by a boration to refueling
conditions (Technical Specification Mode 6).

- The Holdup Tank is sized to store all recoverable reactor coolant generated
by one back-to-back shutdown to cold shutdown, and subsequent startup,
with the most reactive control rod withdrawn, at 90% core life.

- The Reactor Makeup Water Tank capacity is based on providing dilution to
allow total recycle. The tank also provides dilution for a back-to-back
shutdown and subsequent startup at 90% core life.

Utilizing the physics data of Table 2.1.1-10 and System 80 + parameters specified in
CESSAR-DC as input, the ABB-CE proprietary computer code TANKSIZ was run to
determine the minimum CVCS tank volumes necessary to meet the design basis criteria
listed above for a plutonium disposition plant. Computer cases were run assuming the
use of natural boric acid for both the four-year core, and equilibrium cycle fuel
management schemes. The results of these runs indicated that while the Holdup Tank
and Reactor Makeup Water Tank presently specified in CESSAR-DC are adequately
sized for plutonium disposition assuming either a four-year core, or an equilibrium
cycle, the presently specified Boric Acid Storage Tank is only adequately sized for a
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plutonium: disposition plant utilizing an equilibrium cycle fuel management scheme. For
the four-year core management scheme, the Boric Acid Storage Tank useful volume
would need to be 325,000 gallons, an increase of 30% over the presently-specified
volume.

In addition to determining the impact of the plutonium disposition mission on the CVCS
tank sizes, an investigation was also conducted to determine the impact of a 6200
ppm boron solution on the trisodium phosphate (TSP) baskets in the Holdup Volume
Tank (containment sump). For post-accident iodine control, as well as to minimize
corrosion of stainless steel equipment inside containment, the pH of the recirculated
containment spray solution must be maintained at a minimum value of 7.0 based on
a reference temperature of 77°F. This pH control is accomplished via granular TSP
stored in baskets in the Holdup Volume Tank. These baskets become immersed in the
recirculated containment spray solution which collects in the Holdup Volume Tank
during a LOCA, thereby raising the pH of the recirculated solution.

Presently, a volume of 926 cubic feet of TSP is required in the Holdup Volume Tank
for the System 80+ plant. This volume is based on a maximum allowable boron
concentration of 4400 ppm in the containment spray solution, the maximum expected
volume of containment spray solution (the combined IRWST, RCS, SIT and associated
piping normal operating volumes), and a purchased TSP purity of 92%. For margin,
the basket volume in the Holdup Volume Tank has been increased to 1243 cubic feet.
For the 6200 ppm boron solution required for a plutonium disposition plant utilizing
natural boric acid, a minimum TSP volume of 1534 cubic feet would be necessary,
neglecting any design margin. Such a volume is beyond the capacity of the current
TSP basket design; and, due to limited space in the Holdup Volume Tank, it is doubtful
that a basket with adequate margin could be designed to accommodate such a volume.

RCS Chemistrv Requi

Finally, primary coolant chemistry-related issues were addressed. The natural acidity
of the soluble poison, boric acid, is balanced by the addition of alkalinity in the form
of lithium hydroxide. Using the critical boron concentration values of Table 2.1.1-10
in conjunction with the EPRI PWR primary coolant water chemistry recommendations
for pH control (Reference 2.1.1-11), estimates were made of the RCS lithium
concentrations at the beginning of cycle (BOL) for both of the two studied fuel
management schemes. The EPRI primary chemistry guidelines recommend a minimum
primary coolant pH of 6.9, so long as the primary coolant lithium concentration does
not exceed 2.2 ppm. Because of fuel cladding and Alloy 600 corrosion concerns,
operation with lithium concentrations greater than 2.2 ppm is recommended only after
completion of a plant-specific fuel and materials review, as well as development of a
fuel surveillance program.

The EPRI guidelines provide tables of required lithium concentration to achieve a
specified pH given the RCS boron concentration and average coolant temperature.
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Table 4 reproduces the EPRI table applicable to the System 80 + design. Using Table
2.1.1-11 and the BOL critical boron concentrations from Table 2.1.1-10 for the two
fuel management schemes, the following BOL lithium concentrations can be
determined for a plutonium disposition plant utilizing natural boric acid:

(1) For a System 80 + plutonium disposition plant operating under the four-
year core fuel management scheme, the initial (BOL) lithium concentration
would need to be >4.0 ppm in order to achieve the minimum recommended
pH of 6.9.

(2) For a System 80+ plutonium disposition plant operating under the
equilibrium cycle fuel management scheme, the initial (BOL) lithium
concentration would need to be ~ 2.8 ppm in order to achieve the minimum
recommended pH of 6.9.

While both of these BOL lithium concentrations exceed the EPRI-recommended
maximum of 2.2 ppm, the fuel cladding and Alloy 600 corrosion concerns associated
with elevated lithium concentrations should be minimized for the System 80 + plant.
First, Alloy 600 has been replaced with Alloy 690 in most of the plant, and Alloy 690
has shown no susceptibility to the Alloy 600 corrosion concern {(PWSCC) linked to
elevated lithium concentrations. The second concern, accelerated fuel cladding
corrosion, is thought to be caused by further concentrating conditions within the core
region, such as thick oxide coverage or heavy crud deposits. Out-of-core tests indicate
lithium concentrations of greater than 70 ppm are necessary for accelerated cladding
corrosion. Careful primary coolant chemistry control should minimize oxide coverage
and crud deposition in the core region for a new plant, thereby eliminating conditions
associated with lithium-induced fuel cladding corrosion. However, because of the
limited operational data with greater than 2.2 ppm lithium, the use of natural boric as
the soluble poison would warrant careful corrosion monitoring during plutonium
disposition plant operation.

Enriched Boric Acid

Given the potential problems associated with the use of natural boric acid as the
soluble poison for the plutonium disposition plant (e.g., insufficient TSP basket volume,
and elevated lithium concentrations for pH control), an investigation was performed to
assess the mitigating effects of using enriched boric acid. This investigation focused,
of course, on the System 80+ design changes discussed above as necessary for
plutonium disposition using natural boric acid. The results of this investigation are
presented below. In addition, the enriched boric acid vendor (Eagle-Picher) was
contacted in order to assess the cost differential associated with switching to enriched
boric acid. This information is also presented below.
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As noted in the discussion on natural boric acid, the present System 80 + TSP basket
design for pH control of the recirculated containment spray solution is based on a
maximum stored boron concentration of 4400 ppm. If the total boron concentration
in the plutonium disposition plant soluble poison storage tanks were reduced to 4400
ppm from the 6200 ppm value required using natural boric acid, while maintaining the
same reactivity control (i.e., same concentration of B'?), the presently sized TSP
baskets would be adequate for the plutonium disposition mission. To achieve this
reduction in total boron concentration (6200 to 4400 ppm) would require a boric acid
enrichment to ~30% B'°. Enrichments to higher B'® concentrations would result in
lesser TSP volume requirements, and potential size reductions in the present TSP
basket design.

An additional benefit of enriching the boric acid to 30 atom percent B'® (maximum
stored boron concentration of 4400 ppm) would be to eliminate the 60°F minimum
temperature requirement for all piping and components containing concentrated boric
acid solutions. Although the 60°F requirement is expected to have minimal cost impact
on the present System 80+ design if natural boric acid is utilized (see previous
discussion), and additional considerations may even invoke a 60°F requirement (e.g.,
habitability and thermal transient concerns), elimination of this requirement from a boric
acid solubility perspective places the System 80+ UO, and plutonium disposition
plants on an equal footing. The primary concern becomes equipment freeze protection,
and not boric acid precipitation.

BAST Sizing Eff

For the four-year core fuel management scheme it was determined that the Boric Acid
Storage Tank (BAST) useful volume wouid need to be increased by 30% to 325,000
gallons if natural boric acid were utilized in the plutonium disposition plant. The reason
for this increase, as evidenced by Table 2.1.1-10, is the small difference between the
estimated RCS refueling boron concentration (6710 ppm) and the BAST stored boron
concentration (5800-6200 ppm). Since RCS boron concentration adjustments are
accomplished by feed and bleed, this small difference results in a much greater volume
of boric acid when borating the RCS to the refueling concentration.

The use of enriched boric acid by itself will not minimize the increase in required BAST
volume. This is because any decrease in the required RCS refueling concentration
through the use of enriched boric acid will be accompanied by a proportional decrease
in the required BAST concentration. The result is that the two concentrations remain
relatively equal, thereby requiring a large volume of boric acid to achieve the RCS
refueling concentration. However, the use of boric acid enriched to B'° concentrations
of greater than 30 atom percent would permit storage of solutions in the BAST with
more reactivity control (i.e., greater B'® concentrations) than presently stored. Such
storage could reduce the required BAST volume for the plutonium disposition plant,
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although ABB-CE has not yet investigated this issue. Potential areas of concern
regarding such boric acid storage involve new operating transients which may require
boric acid makeup system redesign and/or additional operational guidelines.

RCS Chemistry Effect

Table 2.1.1-11 indicates that in order to comply with present EPRI recommendations
(Reference 2.1.1-9) regarding minimum pH (6.9) and maximum lithium concentration
(2.2 ppm), the RCS operating boron concentration must not exceed ~ 1440 ppm. Table
3 specifies the BOL RCS operating boron concentration (assuming natural boric acid)
as 2410 ppm for the four-year core fuel management scheme, and 1775 ppm for the
equilibrium cycle fuel management scheme. To reduce these values to the 1440 ppm
maximum recommended by the EPRI guidelines, the boric acid would need to be
enriched to approximately 25 atom percent B10 for the eqilibrium cycle plant, and
approximately 35 atom percent B10 for the four-year core design. Selection of greater
enrichments would permit operation at higher RCS pHs, potentially reducing primary
system corrosion.

Enrichment Costs

Finally, as a means of addressing economic considerations, three enrichments covering
the range between natural boric acid (~ 20 atom percent B'°) and fully enriched boric
acid ( ~ 99 atom percent B'°) were selected for cost analysis. The specific enrichments
selected were 30 atom percent B'® (30%), 60 atom percent B'° (60%), and 95 atom
percent B'® (95%). Costs for these three enrichments have been estimated based on
Eagle-Picher cost and technical data ($2.30 per gram of B'® for 95% enriched boric
acid, and $1.25 per pound of natural boric acid), and are provided below.

Boric Acid Enricl . P I
Natural $1.25
30% $23.13
60% $87.33
95% $162.15

This cost data, however, presents a skewed picture of the true cost of enriched boric
acid. Since the amount of boric acid required to achieve the same reactivity control
decreases as the B'® enrichment increases (i.e., the amount of acid is inversely
proportional to the enrichment), a more appropriate comparison should focus on the
total boric acid cost per plant. For simplicity, ABB-CE has calculated the cost on a per
gallon basis. This is reasonable because the use of enriched boric acid has a negligible
impact on the overall primary coolant volume (i.e., the RCS, CVCS, SIS and IRWST
volumes are independent of the soluble poison form). The true boric acid cost data is
therefore presented below. For calculational purposes, this data assumes a constant
coolant B'® concentration of ~ 1225 ppm.
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Boric Acid Enric - Salon Caol
Natural $0.38
30% $4.67
60% $8.91
95% $10.70
Conclusions/Recommendations

The use of natural boric acid as the soluble poison for plutonium disposition does not
appear technically feasible. Neglecting the economic penalties associated with a
minimum temperature increase for certain fluid-handling portions of the plant, and an
increase in the required Boric Acid Storage Tank (BAST) volume, it is doubtful that
adequate pH control of recirculated containment spray solution could be accomplished
for a System 80 + plutonium disposition plant utilizing natural boric acid (containment
spray solution of 6200 ppm boron). In addition, utilization of natural boric acid would
require plant operation at lithium concentrations greater than currently recommended
by EPRI guidelines in order to achieve a minimum recommended RCS pH.

The use of enriched boric acid, however, while requiring a much larger capital
expenditure (approximately $10 M), would eliminate most, if not all, of the problems
associated with natural boric acid. Enrichments to 30 atom percent B'® and greater
will eliminate any minimum temperature requirements resulting from boric acid
solubility concerns, as well as reduce the recirculated containment spray maximum
boron concentration to an acceptable limit (4400 ppm) for pH control. In addition,
enrichments to 30 atom percent B'® and greater could reduce the required BAST
volume through storage of solutions with more reactivity control (i.e., greater B'
concentrations) than presently stored. Enrichments to 35 atom percent B'? and greater
will permit RCS operation within the chemistry limits recommended by the Electric
Power Research Institute for the two plutonium disposition plant fuel management
schemes studied by this report.

For the reasons discussed above, ABB-CE considers an enrichment to 35 atom percent
B'° to be a minimum acceptable requirement for the plutonium disposition plant boric
acid. For conservatism, ABB-CE recommends an enrichment to 40 atom percent B'°,
and will utilize this value in future plutonium disposition study activities.

2.1.1.6 Plant Design for 60-year Lifetime

Observations of significant environmental degradation of the cyclic behavior of
materials in LWR environments are primarily related to high strain ranges, siow strain
rates, high oxygen contents of LWR primary water environments, high sulfur contents
of carbon and low alloy steels, and low flow rate conditions. The absence of any one
of these conditions is sufficient to preclude any significant environmental degradation
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of the fatigue behavior of materials exposed to typical PWR primary coolant
environments,

Since System 80 + components are not exposed to high oxygen content environments
at elevated temperatures, and no carbon or low alloy steel is directly exposed to the
primary coolant, no significant environmental degradation of the cyclic behavior of
System 80 + components will occur.

Therefore, the existing System 80 + fatigue curves are applicable to the 60 year design
life of System 80 + components because:

1) the RCS, including all primary components, core support and internal
structures, and pressurizer surge line, are either stainless steel clad materials
or wrought stainless steel construction;

2) the primary system water chemistry controls require control of dissolved
oxygen content in the primary system prior to operation above 160°F; and

3) no carbon or low alloy steel materials are exposed to the primary coolant
environment.

The System 80 + fatigue analysis concluded that a 60-year life was attainable, with
adequate margin, and thus the extended life was included as a design feature.

The impact of the MOX core on the reactor vessel (RV) shift in the Reference Nil-
Ductility Transition Temperature (RT,,,) is expected to be negligible. The predictions
of the shift in RT,,; of the System 80+ RV beltline materials are based on the
procedures described in NRC Regulatory Guide 1.99. Based on these procedures the
maximum calculated shift in RT,,; at %-thickness over a 60-year design life is 77°F
(including a conservative 50°F margin). The corresponding value for the beltline girth
weld is 94 °F (including a 56°F margin). The damage (fast, E> 1 MeV) fluence at the
RV inner surface, assuming 60-year operatiori with a MOX core, is estimated to be
approximately 4% greater than the System 80+ UO, core. The calculated shift in
RT\or is essentially the same as calculated for the UO, core. The MOX core does
present a slighly harder spectrum with, at most, 15% higher fraction of fast neutrons
and 6% higher fraction of epithermal neutrons. These small differences are expected
to have a negligible impact on the end-of-life RT,,, shift. Consequently, no lifetime
impact on the RV due to the MOX core is anticipated.

References
2.1.1-1  "Assessment of PWR Plutonium Burners for Nuclear Energy Centers,"

Technical Information Center, US Energy and Research Development
Administration, CO00-2786, June 1976.

457-2.wp2(J:9341) 2-22



PLUTONIUM DISPOSITION STUDY

Combustion Engineering, Inc. TECHNICAL DESCRIPTIONS

l 2.1.1-2

2.1.1-3

2.1.1-4
2.1.1-5

2.1.1-6

2.1.1-7

2.1.1-8

2.1.1-9

2.1.1-10

2.1.1-11

A. J. Frankel, P.C. Rohr and N. L. Shapiro, "PWR Plutonium Burners for
Nuclear Energy Centers,” ABB Combustion Engineering, TIS-4847, ANS/CNA
Joint Meeting, Toronto, June 1976,

R. L. Hellens, "Problems in Recycie of Plutonium in Pressurized Water
Reactors,” ABB Combustion Engineering, TIS-3283, ANS Winter Meeting,
Miami, October 1971.

R. L. Hellens and N. L. Shapiro, "Plutonium Fuel Management Options in
Large Pressurized Water Reactors," ABB Combustion Engineering T1S-3779,
ANS Winter Meeting, San Francisco, November 1973.

C. K. Anderson and R. H. Klinetob, "Plutonium Burning Light Water Reactor
Concept,” TIS-7016, ANS Topical Meeting on Technical Bases for Nuclear
Fuel Cycle Policy, September 1981,

"TRIGA LEU Shrouded Fuel Cluster Design", UZR-14A, IAEA TECDOC-233.

"Methodology for Core Designs Containing Erbium Burnable Absorbers,"
CENPD-383-P, October 1990, and CENPD-382-P, Supplement 1-P, February
1992.

J. A. Battaglia and J. Roesmer, "Utilization of Enriched Boric Acid in
Pressurized Water Reactor Plants," Westinghouse Electric Corporation, EPRI
PWR Primary Water Chemistry and Radiation Field Control Seminar,
Berkeley, March 1988.

W. B. Rodill, "Feasibility Study on Enriched Boron for Surry Power Station,
Units 1 and 2 (Revised)," Virginia Power, EPRI PWR Primary Water
Chemistry and Radiation Field Control Seminar, Berkeley, March, 1988.

"DOE Plutonium Disposition Study, PU Comsumption in ALWRs," Contract
No. DE-AC03-93 SF19682. A Final Report by ABB Combustion Engineering,
Windsor, Connecticut, May 15, 1993.

"PWR Primary Water Chemistry Guidelines: Revision 2," Electric Power
Research Institute, NP-7077, Palo Alto, California, November 1990.

457-2.wp2(J:9341) 2-23




Plant Cooling System

Chemical and Volume Control System (CVCS)

Safety Injection Systems

Control Element Assembly (CEA) Complement

Fresh Fuel Handling and Storage Facility

Spent Fuel Storage Facility

Radwaste System

(2)

(1)

(2)

(1)

(1)

(1)

(1)

(2)

(1)
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Increased Core Decay Heat Removal Capacity for
Plant Cooldown and Safety

Accommodation of Increased Long Termn Decay
for Spent Mixed-Oxide Fuel

Increased Maximum Soluble Boron Concentrations
in Primary System and CVCS Components

Increased Capacities for CVCS Processing and
Waste Water Holdup

increased Maximum Soluble Boron concentration
in IRWST and Safety Injection Tanks

Increased Number of CEAs to Accommodate
Reduced Individual CEA Worth

Shielding of Gamma and Neutron Sources from
Fresh Mixed-Oxide Fuel

Increased Storage Capacity due to Lower Average
Discharge Burnup and Potentially Longer Storage
Time

Accommodation of Altered Reactivity
Characteristics of Mixed-Oxide Fuel in Conjunction
of Uranium-Oxide Fuel

Addition of Tritium Removal System to
Accommodate Higher Tritium Production Rate in
Primary Coolant
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JABLE 2.1.1-2
Equilibrium Equilibrium
Cycle UO, Cycle SGR
Cycle Length MWD/(MWd/t{metal)) 11,400 11,400
Average UO, Feed Enrichment 3.29 3.62
Average Mixed Oxide Feed Enrichment - 3.05
{w/o Fissile Pu)
Number of UO, Assemblies 241 157
Number of Mixed Oxide Assemblies Cc 84
Core Plutonium Inventory (Total Pu)
Beginning-of-Cycle 421.2 Kg 2228.1 Kg
End-of-Cycle 740.0 Kg 2148.9 Kg
Core Plutonium Inventory (Fissile Pu)
Beginning-of-Cycle 336.9 Kg 1205.6 Kg
End-of-Cycle 561.8 Kg 1233.7 Kg
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Equilibrium
Cycle APR

11.400

4.57

241

8439.1Kg
7824.4 Kg

4279.9 Kg
3829.0 Kg
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IABLE 2.1.1-3
Equilibrium Equilibrium
Cycle UO, Cycle SGR
Beginning of Cycle Reactivity (CEAs Withdrawn, No
Dissolved Boron), p
Hot Standby 0.137 0.122
Full Power, No Xenon 0.121 0.103
Full Power, Equilibrium Xenon 0.101 0.081
Dissolved Boron Requirements
PPM Dissolved Boron for Criticality - CEAs Withdrawn
BOC Hot Standby 1589 1820
BOC Full Power, No Xenon 1400 15639
BOC Full Power, Equilibrium Xenon 1170 1208
Requirement for Refueling (5% Subcritical) 1955 2383
inverse Boron Worth (PPM/% ap)
Full Power BOC 116 149
Full Power BOC 101 130
Moderator Temperature Coefficient (10™* ap/°F)
Full Power BOC -0.69 -0.95
Full Power EOC -3.24 -3.73
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Equilibrium
Cycle APR

0.083
0.064
0.055

3189
2450
2100
4203

383
331

-1.00
-3.10
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Equilibrium Equilibrium Equilibrium
Cycle UO, Cycle SGR Cycle APR
Fuel Temperature Coefficient (10 AP/°F)
Full Power BOC -1.24 -1.08 -1.01
Full Power EOC -1.25 -1.17 -1.09
Neutron Kinetics Parameters
Prompt Neutron Lifetime (usec)
Beginning-of-Cycle 21.3 17.0 6.8
End-of-Cycle 24.8 19.5 7.9
Effective Delayed Neutron Fraction
Beginning-of-Cycle 0.00625 0.00567 0.00442
End-of-Cycle 0.00546 0.00518 0.00447
Available Control Rod Worth
Total (%ap) 13.8 13.5 12.6"
Net® (%ap) 10.2 9.9 9.8"

(a) APR core with extended CEA complement
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JABLE2.1.1-4

SYSTEM 80+ UO, EQUILIBRIUM CYCLE

NSSS THERMAL RATED POWER
NUMBER OF FUEL ASSEMBLIES

FEED BATCH ASSEMBLIES
FEED ENRICHMENT, wt%
FEED U, MTU

CYCLE LENGTH, months
CYCLE LENGTH, EFPD
AVERAGE CAPACI!TY FACTOR, %

AVERAGE DISCHARGE BURNUP, GWD/T

DISCHARGE CHARACTERISTICS
Pu, kg

Pu238/Pu

Pu239/Pu

Pu240/Pu

Pu241/Pu

Pu242/Pu
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241

80
4.20
34.98

18
476
87

47.8

389.8
0.018
0.627
0.232
0.154
0.070
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JABLE 2.1.1-6
SYSTEM 80+ PU BURNER MOX CORE DESIGN CHARACTERISTICS

Power Level
Core 3800 MWi(th)
Power Density 95.5 kW/liter

(1)
(1)

Average Linear Power
Maximum Linear Power

Core Dimensions

Active Core Length
Equivalent Core Diameter

Fuel Assemblies

17.7 kW/m (5.40 kW/ft)
41.7 kW/m (12.7 kW/ft)

3.81 m (150 in)
3.65 m (143.6 in)

Number 241
Dimensions 202.7 mm x 202.7 mm
(7.972 in x 7.972 in)
Array 16x16
O-Shim Assembly
Number Fuel Rods 236
12-Shim Assembly
Number Fuel Rods 224
BPR Guide Tubes'? 12

BPR Guide Tube®®
Outside Diameter 11.2 mm (0.440 in)
Thickness 0.91 mm (0.032 in)
Material Zircaloy-4

Fuel Rods

Outside Diameter 9.7 mm (0.382 in)
Cladding Thickness 0.64 mm (0.025 in)
Fuel Sintered Pellet Material UO,-Pu0,-Er,0,

Cladding Material Zircaloy-4

Lumped Burnable Poison Rods {BPR)
Number per 12-Shim Assembly 12
BPR Outside Diameter 8.7 mm (0.344 in)
Cladding Thickness 0.64 mm (0.025 in)
BPR Absorber Material Al,0,-8,C
BPR Cladding Material Zircaloy-4

m Based on 0.975 average energy deposition fraction in the fuel.

@ Non-structural guide tubes allow removal of BPRs for later cycles.
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TABLE 2.1.1-5 (Cont.)
SYSTEM 80+ PU BURNER MOX CORE DESIGN CHARACTERISTICS

Control Element Assemblies (CEAS)

Number CEAs in Core 101
- 12-element Assemblies 48
- 4-element Assemblies 53

CEA Rod Outside Diameter
Cladding Thickness
CEA Absorber (all CEASs)

Cladding Material

Feed Fuel Batch

Number of Assemblies
0-Shim
12-Shim
Active Fuel Length
Number of Fuel Rods
Heavy Metal Feed
Uranium (tails) Feed
Plutonium Total Feed
Total Pu in HM
Uranium (tails) Feed Isotopes
Plutonium Feed Isotopes
Fissile Pu Feed
Fissile Pu in HM
Mixed-Oxide (MOX) Composition
Average Erbium in MOX

BPRs in Feed Fuel Batch

Number of Burnable Poison Rods
Active Poison Length
Average B-10 Loading in Poison

Cycle Characteristics

Average Capacity Factor
Cycle Length

Number of Irradiation Cycles
Average Discharge Burnup
Average Pu-240 in Discharge

2-30

20.7 mm (0.816 in)

0.89 mm (0.035 in)

B,C / Feltmetal and Reduced
Diameter B,C

Inconel 625

81

160

3.81 m (150 in)

54956

98.75 MTHM

92.08 MTU

6.67 MTPu

6.75 wt%

99.8% U-238, 0.2% U-235
93.5% Pu-239, 6.5% Pu-240
6.24 MTPu

6.32 wt%

U0,-Pu0,-Er,0,

1.6 wt% Er,0, in MOX pellets

1920
3.45 m (136 in)
0.0102 g/cm (0.026 g/in)

0.75

12-months (274 EFPD)

4

42,200 MWD/MTHM
23% of Total Pu Inventory
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Power Level
Core 3410 MW(th)
Power Density 83.2 kWi/liter

Average Linear Power'"

Maximum Linear Power'"

Core Dimensions

Active Core Length
Equivalent Core Diameter

Fuel Assemblies

17.75 kW/m (5.41 kW/ft)
41.7 kW/m (12.7 kW/ft)

3.81 m (150 in)
3.65 m (143.6 in)

Number 241
Dimensions 202.7 mm x 202.7 mm
(7.972 in x 7.972 in)
Array 16x16
32-Shim Assembly
. Number Fuel Rods 204
TR Guide Tubes® 32

TR Guide Tube*®
Outside Diameter 11.2 mm (0.440 in)
Thickness 0.91 mm {0.032 in)
Material Zircaloy-4

Fuel Rods
Outside Diameter
Cladding Thickness
Fuel Sintered Pellet Material

9.7 mm (0.382 in)
0.64 mm (0.025 in)

Cladding Material Zircaloy-4
Target Rods (TRs)

Number TRs in Core® 7712

Number TRs per Assembly 32

Target Rod Outside Diameter 8.7 mm (0.344 in)

m Based on 0.975 average energy deposition fraction in the fuel.

(2)

' 3)

Non-structural guide tubes allow insertion/removal of TRs.

Burnable Poison Rods (BPRs) can be substituted for TRs if fue! is not to be
used for production in any cycle.
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Control Element Assemblies (CEAS)
Number CEAs in Core
- 12-element Assemblies
- 4-element Assemblies
CEA Rod Outside Diameter
Cladding Thickness
CEA Absorber (all CEAS)

Cladding Material

Feed Fuel Batch
Number of Assemblies
Active Fuel Length
Number of Fuel Rods
Heavy Metal Feed
Uranium Metal Feed
Plutonium Metal Feed
Uranium Feed Isotopes
Plutonium Feed Isotopes
Pu-239 Concentration
Mixed-Oxide (MOX) Composition
Average Erbium in MOX

Core Operating Cycles
Average Capacity Factor
Cycle Length
Number of Cycles
Average Discharge Burnup
Average Pu-240 in Discharge

(4)

101

48

53

20.7 mm (0.816 in)

0.89 mm (0.035 in)

B,C / Feltmetal and Reduced
Diameter B,C

Inconel 625

241 {Full Core)

3.81 m (150 in)

49164

89.04 MTHM

82.37 MTU

6.67 MTPu

99.8% U-238, 0.2% U-235
93.5% Pu-239, 6.5% Pu-240
7.00wt% Pu-239 in HM
U0,-Pu0,-Er,0,

1.2 wt% Er,0, in MOX pellets

0.75

12-months (274 EFPD)
4(4)

42,200 MWD/MTHM
23% of Total Pu Inventory

Contract quanitities of tritium can be made in the first cycle of operation.

It is likely that tritium will fall below contract quantities in succedding

cycles, however, this has not been analyzed.
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Parameter vo, Pu-Bnr H>-Prod
Core Thermal Output, MWth 3914 3800 3410
NSSS Thermal Output, MWth 3931 3817 3427
Percentage Reference NSSS Power 100% 97.10% 87.18%
Hot Leg Temperature, °F 616. 609.5 604.
Steam Pressure at SG outlet, psia 1012. 1014. 1023.4
Total Steam Flow, Mibm/hr 17.66 17.08 15.15
Minimum Steam Quality .9975 .9975 9975
Feedwater Temperature, °F 450 447 437
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JABLE 2.1.1-8
Equilibrium  Equilibrium  Equilibrium
Cycle UO2 Cycle SGR Cycle APR
Beginning of Cycle Reactivity (CEAs Withdrawn, No
Dissolved Boron), p
Hot Standby 0.137 0.122 0.083
Full Power, No Xenon 0121 0.103 0.064
Full Power, Equilibrium Xenon 0.101 0.081 0.055
Dissolved Boron Requirements
PPM Dissolved Boron for Criticality - CEAs Withdrawn
BOC Hot Standby 1589 1820 3189
BOC Full Power, No Xenon 1400 1539 2450
BOC Full Power, Equilibrium Xenon 1170 1208 2100
Requirement for Refueling (5% Subcritical) 1955 2383 4203
inverse Boron Worth (PPM/% Ap)
Full Power BOC 116 149 383
Full Power BOC 101 130 331
Moderator Temperature Coefficient (10 Ap)
Full Power BOC -0.59 -0.95 -1.00
Full Power BOC -3.24 -3.73 -3.10
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‘ TABLE 2.1,1-9
BORIC ACID
SOLUBILITY IN WATER
Temperature Parts H,BO, Pounds Boric
per 100 Parts Acid per U.S.

°C °F Wt. % H3BO, H,O by Weight Gallon of Water
0.0 32.0 252 2.59 0.216
5.0 41.0 2,98 3.07 0.256
10.0 50.0 3.49 3.62 0.302
16.0 59.0 4.08 4.25 0.355
20.0 68.0 4.72 4.95 0.413
256.0 77.0 5.46 5.78 0.481
30.0 86.0 6.23 6.64 0.552
35.0 95.0 7.12 7.67 0.636
40.0 104.0 8.08 8.79 0.728
45.0 113.0 9.12 10.02 0.830
. 50.0 122.0 10.27 11.45 0.944
55.0 131.0 11.556 13.06 1.074
60.0 140.0 12.97 14.90 1.223
65.0 149.0 14.42 16.85 1.379
70.0 168.0 16.75 18.69 1.5626
75.0 167.0 17.41 21.08 1.7156
80.0 176.0 19.10 23.61 1.914
85.0 185.0 21.01 26.60 2,151
90.0 194.0 23.27 30.33 2.444
95.0 203.0 25,22 33.73 2.707
100.0 212.0 27.63 37.99 3.039
103.3 217.9 29.27 41.38 3.301
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JABLE 2.1.1-10
PRELIMINARY PHYSICS DATA FOR PLUTONIUM DISPOSITION CORE
Cycle Length 4-Year Core Equilibrium Cycle
274 EDPD 274 EFPD

10600 (MWD/T) 10600 (MWD/T)
Hot Full Power Critical Boron (ppm)
BOL no rods, equilibrium Xe 2410 1775
EOL no rods, equilibrium Xe 360 1175

Cold, Critical Boron {(ppm*)
BOL WRSO, no Xe, k = .95 4120 3220
EOL WRSO, no Xe, k = .95 1185 2340

Refueling Boron Concentration (ppm*)

BOL no rods, no Xe, k = .95 5710 4765
‘ EOL no rods, no Xe, k = .95 2770 3900

Core Exposure (MWD/T)

BOL 0 17345

EOL 44200 27945

(ppm*) = best estimate + 10%

Note: This table assumes the use of natural boric acid.
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2.1.2 Cooling Under Normal QOperations. Design Accidents
2.1.2.1 Introduction

The following sections describe the System 80+ Reactor Coolant System. This
description would apply for either UO, or MOX fuel operation.

The functions of the Reactor Coolant System (RCS) are:

A. To transfer energy from the reactor core to the steam generator where steam
is produced for use in the turbine generator;

B8 To serve as the secondary barrier to the release of fission products from the
reactor core to the environment;

C. To provide sufficient cooling during all normal plant evolutions and expected
transients to preclude significant fuel damage;

D To circulate reactor coolant of the required chemistry to minimize corrosion
and boron concentration for reactivity control.

The major safety role of the RCS is to act as a barrier against the release of fission
products (Function B). High quality materials manufactured to withstand system design
pressures coupled with stringent compliance to operating procedures help to ensure
system integrity, thereby, preventing the release of fission products from the system.

2.1.2.2 RCS Description

i System Description

The major components of the System 80 + Reactor Coolant System are a reactor vessel,
two parallel heat transfer loops, each containing one steam generator and two reactor
coolant pumps (RCPs) and a pressurizer connected to one of the reactor vessel hot legs.
All components of the RCS are located inside the containme : building. The RCS also
includes interconnecting piping to auxiliary systems and instrumentation necessary for
operation and control.

The Reactor Coolant Pumps (RCPs) circulate water during normal operation through the
reactor vessel and the steam generators. The reactor coolant is heated as it passes
through the reactor vessel by energy produced from the fissioning fuel in the core and is
cooled in the steam generators as it gives up heat to the secondary system. Feedwater
ertering the shell side of the steam generators absorbs heat from the primary system
forming steam. The reactor coolant also serves as a neutron moderator in the core and
contains a soluble neutron absorber (boron) for reactivity control. Except for some local
boiling in the hottest channels in the core, the reactor coolant is maintained in a
subcooled condition by maintaining a high system pressure.

System pressure is controlled by the pressurizer where steam and water are maintained
in thermal equilibrium. Steam is formed by energizing immersion heaters in the
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pressurizer, or is condensed by the pressurizer spray to limit the pressure variations
caused by contractions or expansion of the reactor coolant.

The average temperature of the RCS varies with power level as the fluid expands and
contracts, changing the pressurizer water level.

The charging pumps and letdown control valves in the Chemical and Volume Control
System (CVCS) are used to maintain a programmed pressurizer water level. A
continuous but variable letdown purification flow is maintained to keep the RCS chemistry
within prescribed limits. A charging nozzle and a letdown nozzle are provided on the
reactor coolant piping for this operation. The charging flow is also used to alter boron
concentration or correct the chemical content of the reactor coolant.

Other RCS penetrations are the pressurizer surge line in one hot leg; the four direct
vessel injection nozzles for the safety injection system; two return nozzles to the
shutdown cooling system, one in each hot leg; two pressurizer spray nozzles; vent and
drain connections; and sample and instrument connections.

Overpressure protection for the reactor coolant pressure boundary (RCPB) is provided by
four spring-loaded ASME Code safety valves connected to the top of the pressurizer.
These valves discharge to the in-containment refueling water storage tank (IRWST),
where the steam is to be released under water and is condensed and cooled.
Overpressure protection of the IRWST is provided by venting to the containment if there
is a pressure buildup in the IRWST or by vacuum breakers should the IRWST pressure
drops below atmospheric pressure. Overpressure protection for the secondary side of
the steam generators is provided by spring loaded ASME code safety valves located in the
main steam system upstream of the steam line isolation valves.

ii. Major Interfaces
The major interfaces of the RCS are:
A. Reactor and Core System
The reactor vessel in the RCS encloses the reactor and core system and
provides support for the reactor core. The RCS also transfers heat from the
reactor core through the steam generators to the secondary system.
B. Reactor Building, Containment, Containment Isolation System:
The RCS components are located inside the containment building. The
containment heat removal system is designed to meet the RCS heat loads
requirements during normal operation. Containment isolation valves

associated with the RCS are closed for required design basis events
(feedline break, LOCA, steam generator tube rupture).
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C. Shutdown Cooling System (Section 2.3)

The shutdown Cooling System (SCS) is used in conjunction with the main
steam and main or emergency feedwater systems to reduce the
temperature of the RCS in post shutdown periods from the hot shutdown
operating temperature to the refueling temperature. Reactor coolant flows
out of the SCS nozzles, located on the reactor vessel outlet (hot leg) pipes
and is circulated through the SCS heat exchangers by the SCS pumps.
The return to the RCS is through the Safety Injection System (SIS) direct
vessel injection (DVI) nozzles.

. Safety Injection System (SIS) (Section 2.3):

The SIS is designed to provide core cooling in the ::nlikely event of a loss-
of-coolant accident (LOCA). The borated safety injection water of the SIS
is delivered to the core region (i.e., inside the reactor vessel) through four
DVI nozzles located on the reactor vessel.

Safety Depressurization System (Section 2.3)

The Reactor Coolant Gas Vent System (RCGVS) function provides a safety-
grade means of venting non-condensible gases from the pressurizer and
reactor vessel upper head. The RCPVS is used for venting during system
startup, shutdown or post accident operations. The Rapid Depressurization
(RD) function, or bleed function, provides a manual safety-grade means of
quickly depressurizing the RCS when normal and emergency feedwater are
unavailable to remove decay heat through the steam generators.

Chemical and Volume Control System

The CVCS provides functions relating to the day-to-day operation of the
RCS. The CVCS is designed as a non-safety-related system and as such
is not required to perform any accident mitigation or safe shutdown
function.

. Main Steam Supply System:

The two steam generators in the RCS, using heat generated in the reactor
core and carried by the primary coolant to each steam generator, produce
steam which is supplied to the Main Steam Supply System.

. Component Cooling Water System:

The CCWS provides cooling water to each reactor coolant pump (RCP) and
pump motor.
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. Sampling System:

The sampling system provides a means of obtaining remote liquid samples
from the RCS for chemical and radiochemical laboratory analysis. Typical
analysis preformed includes corrosion product activity levels, crud
concentration, dissolved gas and corrosion product concentration, chioride
concentration, coolant pH, conductivity levels and boron concentration.

J. Control and Instrumentation:

The RCS has appropriate control and instrumentation capability to manually
or automatically control the pressurizer level and |.ressurizer and RCS
pressure. Process data from the RCS is provided to the Core Protection
Calculators (CPCs) and the Reactor Regulating System (RRS).

K. Electric Power

The electric power system supplies electric power to the appropriate RCS
components, i.e, the RCPs and motor operated valves. The electrical
power system is composed of an offsite power system and an onsite
power system.

‘ 2.1.2.3 RCS Operation

The following describes the RCS operation for relevant plant states:

A.

Normal Operation
BCS Startup

The heat transfer loops and pressurizer are filied with water of the proper
chemical composition and boron concentration. The steam generator
secondary side is filled to the normal water level.

The RCS is pressurized above the minimum pressure required for RCP
operation, but below the maximum pressure at which the low temperature
overpressure protection (LTOP) relief valves may be aligned without opening;
this is also the maximum pressure for alignment of the shutdown cooling
system to the RCS. The value of this pressure may be impacted by the
plutonium core if vessel embrittiement requires higher temperatures at low
pressures. The RCS can be pressurized initially by using the charging pump
and by controlling letdown backpressure. The pressurizer heaters are used to
form a steam bubble and increase RCS pressure to a value that is sufficient for
RCP operation.
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Venting is performed to remove air from the system. Vent connections to the
RCGVS are provided on the reactor vessel upper head and the pressurizer.
One or more RCP is operated for short periods of time to force air from the
steam generator tubes.

If the RCS has been opened, e.g., for refueling operations, an RCS leak test is
conducted.

The RCS is heated up by operating one or more reactor coolant pumps to
provide heat input. During heatup, RCS pressure is manually controlled by
operation of the pressurizer heaters and the letdown control system. The
heatup rate is limited based on pressure/temperature (P/T) limit curves that are
provided to guard against brittle fracture. When pressurizer pressure reaches
the normal operating value the pressurizer level and pressure controls can be
placed in the automatic mode. After normal operating pressure and
temperature have been achieved, reactor power is increased by reducing the
RCS boron concentration and/or withdrawing CEAs.

During low power operation (i.e., < 5%), the NSSS control systems are
generally in the manual mode of operation. Above 5% power the NSSS
control systems will be placed in the automatic mode. Power escalation
proceeds to 100% power.

BCS Power Operation

This operating mode of the NSSS is defined to be greater than 5% and less
than or equal to 100% power. The reactor is critical and the primary system
is at the normally prescribed operating temperature and pressure. The plant
control systems are normallly int he automatic mode of operation. Manual
control system operation is allowed for short periods of time if the automatic
systems are unavailable. The steam produced from reactor power by the
steam generators flows through the turbine generator to produce electrical
power. The turbine bypass valves are closed. The turbine-generator is
connected to an electrical grid.

RCS Shutdown

The initial step in the transition from power operation to cold shutdown is to
shutdown the reactor by manually inserting the control banks of CEAs and/or
increasing the RCS boron concentration. Once the reacter is shutdown the
RCS is borated to the cold shutdown boron concentration using the CVCS.
The NSSS cooldown process consists of rejecting the NSSS stored energy and
reactor decay heat to the steam generators. During these operations, the
primary and secondary pressure and temperatures are controlied by bypassing
steam to the main condenser.
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2.2

The RCS pressure is gradually reduced by de-energizing the pressurizer heaters
and manually controlling the pressurizer spray valves. The reactor coolant
pumps are operated, as necessary, to maintain a uniform temperature
distribution in the primary loop and provide the necessary pressure differential
for the pressurizer spray. The cooldown rate is administratively controlled so
that it does not exceed the maximum specified rates.

Borated makeup water from the CVCS is added to maintain the pressurizer
level as the primary coolant contracts during the cooldown process. When the
reactor coolant temperature and the pressure is less than the plant specified
values, the Shutdown Cooling System (SCS) can be placed in service.

After it becomes necessary to discontinue the operation of the reactor coolant
pumps because of low system pressure, the auxiliary pressurizer spray
(supplied by the CVCS charging pumps) is then used to continue the
pressurizer cooldown.

After the RCS has been cooled down and depressurized, the pressurizer can be
vented, as required, while the SCS remains in operation. This ensures that the
RCS does not become pressurized because of the reactor decay heat
generation.

Abnormal Operation

For abnormal operation where electrical power is lost to the RCPs, natural
circulation provides adequate cooling of reactor core. The RCPs are not
required to operate following any accident and are not required to perform a
safety function. The RCPs are therefore not provided with emergency power.
Each RCP is designed to coastdown at a rate such that core damage does not
occur following a loss of offsite and onsite power. This is ensured by the
inclusion of a flywheel on the RCP which provides additional inertia to extend
the pump coastdown.

During accident conditions, a feed and bleed procedure can provide cooling for
the core and RCS. The Safety Depressurization System is used to reduce
primary pressure to enable the Safety Injection System to provide once through
cooling flow.

Infrastructure

Infrastructure consists of the organizations, personnel, material resources, and facilities
to develop, design, manufacture, and operate the plutonium disposition complex. DOE
for this study has defined the infrastructure requirements to cover only facilities.
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Outside the Reactor Complex, existing DOE facilities such as the TA-55 Area at Los
Alamos and the Advanced Test Reactor at the Idaho National Engineering Laboratory can
be directly applicable for the fuel qualification program. This program is discussed in
Section 3.2.5. Other DOE facilities such as Pantex, TX and Yucca Mountain, NV are also
key DOE facilities outside the Reactor Complex (and the scope of this study) which will
provide fuel input, and, receive output from the Reactor Complex after sufficient cooling
has taken place in the spent fuel pool. Depleted UO, can be provided from the gaseous
diffussion plant at Oak Ridge. Commercial facilities such as the ABB-CE Fuels Facility in
Hemitite, Mo. can supply hardware, material, and burnable poisons. The world wide
industrial base to support the Pu disposition mission is currently viable. An evaluation of
the industrial base to support the New Production Reactor Program was completed in
1991. Recently, firm price contracts for the Taiwan Power Corp. Lungmen Project have
been obtained. MOX fuel fabrication facilities have recently been completed or are in
progress around the world.

Transportation Issues are described in Section 2.7.

The Reactor Complex is assumed to be located at a DOE site and will thereby benefit
from the existing infrastructure such as trained personnel, security, roads, and office
space to mention a few.

The MOX Fabrication Facility (MF?) will be located within the Reactor Complex, and will
include provisions for tritium target insertion. The MF? is described in Section 2.4.

Spent fuel handling equipment and storage pools will accommodate the MOX fuel as
described in Section 2.5.

The DOE will furnish the tritium target production, processing and recovery facilities. If
the Reactor Complex is sited at Savannah River, the RTF and other tritium facilities can
be modified and used as part of the tritium recovery process.

2.3 Reactor Safety Systems
This section describes the following System 80 + principal safety systems:

Shutdown Cooling System

Emergency Feedwater (EFW) System
Safety Injection System (SIS)

Safety Depressurization System (SDS)
Containment Spray System (CSS)

Shutdown Cooling System

The Shutdown Cooling System (SCS) is a safety-related system that is used in
conjunction with the Main Steam and Main or Emergency Feedwater System to reduce
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the temperature of the Reactor Coolant System (RCS) in post-shutdown periods from the
hot shutdown operating temperature to the refueling temperature. The initial phase of
the cooldown is accomplished by heat rejection from the steam generator (SG) to the
condenser or atmosphere. After the reactor coolant temperature and pressure have been
reduced to approximately 350°F and 450 psia, the SCS is put into operation for normal
shutdown cooling to reduce the RCS temperature to the refueling temperature (120°F),
and maintain this temperature during refueling or maintenance operations.

This system comprising two separate, redundant divisions utilizes two shutdown cooling
pumps to circulate the reactor coolant, drawn from the SCS nozzles in the hot leg pipes
between the reactor vessel and steam generator, through two shutdown cooling heat
exchangers, returning it to the RCS via two direct injection nozzles. A schematic of one
of the two divisions is shown in Figure 2.3-1. The component cooling water system
supplies the cooling water for the shutdown cooling heat exchangers. During cooldown,
the SCS suction side pressure and temperature follow the RCS conditions. The discharge
side pressure is higher by an amount equal to the pump head. The temperature is
lowered by the shutdown cooling heat exchanger.

The SCS divisions are designed to be independent, each receiving reactor coolant from
a separate hot leg pipe and returning it through a separate nozzle on the RV. The design
basis for normal cooldown with both divisions operating is to reduce the RCS temperature
to 140°F within 24 hours after shutdown and to 120°F within 96 hours. The design basis
allows the failure of a single active component, but at least one complete SCS cooling
division can be brought on line from the control room. Under these conditions of a
safety-grade cooldown, the RCS temperature is reduced to 200°F within 24 hours of
shutdown.

The shutdown cooling heat exchangers are used to remove decay heat, RCS sensible
lieat, and SCS pump heat during plant cooldown following initial cooldown and during
safe cold shutdown conditions. The heat exchangers are sized to remove decay heat 96
hours after shutdown based on a reactor coolant water temperature of 120°F, a
component cooling water temperature of 100°F, and a decay heat load corresponding to
an average reactor core burnup of 2 years. The heat exchanger sizing should be verified
against the larger decay heat load expected for the MOX core.

The SCS pumps have been selected to serve both the shutdown cooling function and the
containment spray function. The pumps can provide the flow through the SCS heat
exchangers for core cooldown. With appropriate valve actions, the SCS pump could
supply the containment spray system (see Figure 2.3-1). In addition, the SCS loops are
configured such that the pumps can be tested at design flow conditions with the reactor
at power.

Additionally, the SCS is used in conjunction with the atmospheric dump valves and the

emergency Feedwater System to cooldown the RCS following a small break Loss-of-
Coolant Accident (LOCA). The SCS is also used subsequent to steam and feedwater line
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breaks and SG tube ruptures. The SCS is also designed to provide cooling to the In-
containment Refueling Water Storage Tank (IRWST) during post-accident feed and bleed
operations (described below) utilizing the Safety Injection System and the Safety
Depressurization System. The flow path for the operation is depicted in Figure 2.3-1,
requiring valve operation to realign the system for this operation.

Details of SCS design, operation, and performance are provided in CESSAR-DC Section
5.4.7.

Emergency Feedwater System

The Emergency Feedwater (EFW) System provides an independent safety-related means
of supplying secondary-side, quality feedwater to the steam generator(s) for removal of
heat and prevention of reactor core uncovery during emergency phases of plant operation.
The EFW System is a dedicated safety system which has no operating functions for
normal plant operation.

The EFW System is designed to be automatically or manually initiated, supplying
feedwater to the steam generators for any event that results in the loss of normal
feedwater and requires heat removal through the steam generators, including the loss of
normal onsite and normal offsite AC power.

Following the event, the EFW System maintains adequate feedwater inventory in the
steam generator(s) for residual heat removal and it is capable of maintaining hot standby
and facilitating a plant cooldown (at the maximum administratively controlled rate of
75°F/hr) from hot standby to Shutdown Cooling System initiation. The Shutdown Cooling
System becomes available for plant cooldown when the RCS temperature and pressure
are reduced to 350°F and 450 psia, respectively.

The EFW System is designed to be initiated with operator action following a major loss
of coolant accident to keep the steam generator tubes covered for the long term to
enhance the closed system containment boundary. Covering the steam generator tubes
post-LOCA minimizes potential containment bypass leakage, should pre-existing primary-
to-secondary leakage be present.

The EFW System shown in Figure 2.3-2, is configured into two separate mechanical
divisions. Each division is aligned to feed it respective steam generator. Each division
consists of one Emergency Feedwater Storage Tank (EFWST), one 100% capacity motor-
driven pump subdivision, one 100% capacity steam-driven pump subdivision, valves, one
cavitating venturi, and specified instrumentation. Each pump subdivision discharge
header contains a pump discharge check valve, flow regulating valve, steam generator
isolation valve and steam generator isolation check valve. The motor-driven subdivision
and steam-driven subdivision are joined together inside containment to feed their
respective steam generator through a common EFW header which connects to the steam
generator downcomer feedwater line. Each common EFW header contains a cavitating
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venturi to restrict the maximum EFW flow rate to each steam generator. The cavitating
venturi restricts the magnitude of the two pump flow as well as the magnitude of
individual pump runout flow to the steam generator.

A cross-connection is provided between each EFWST so that either tank can supply either
division of EFW. The two EFWSTs are safety grade tanks of seismic design in which
each tank contains 100)% of the total required volume of 350,000 gallons to achieve safe
cold shutdown. A normally !ocked closed, local manually operated isolation valve is
provided for each EFWST to provide separation. A line connected to a non-safety source
of condensate is also provided with local manual isolation so that it can be manually
aligned for gravity feed to either of the EFWSTs, should the EFWSTs reach low level
before Shutdown Cooling System entry conditions are reached.

Pump discharge crossover piping is provided to enhance system versatility during long-
term emergency modes, such that a single pump can feed both steam generators. Two
normally locked closed, local manually operated isolation valves are provided for
subdivision separation.

Details of the EFW System design operation and performance are provided in CESSAR-DC
Section 10.4.9.

Safety Injection. S

The Safety Injection System (SIS) is designed to provide core cooling in the unlikely event
of a Loss-of-Coolant-Accident (LOCA). The SIS limits fuel damage to maintain a coolable
core geometry, limits the cladding metal-water reaction, removes the energy generated
in the core and maintains the core subcritical during the extended period of time following
a LOCA. More specifically, the SIS assures that the criteria of 10 CFR 50.46 are met.
In addition, the EPRI ALWR Requirements Document has been used to define a Safety
Margin Design Basis for the SIS design. The Safety Margin Design Basis contains
requirements which go beyond the minimum required by the Code of Federal Regulations,
thereby providing additional safety assurance in the SIS design.

The SIS accomplishes these functional requirements by use of redundant active and
passive injection subsystems. The active portion of the SIS consists of four mechanically
separated trains, each consisting of a Safety Injection (Sl) pump and associated valves.
Each SI pump is provided with its own suction line from the In-containment Refueling
Water Storage Tank (IRWST), and its own discharge line to a Direct Vessel Injection (DVI)
nozzle on the reactor vessel. The passive portion consists of four identical pressurized
Safety Injection Tanks (SITs). Two of the four trains are shown in Figure 2.3-3.

The SIS is designed such that for breaks larger than the size of a DVI nozzle, two SI

pumps, in conjunction with the SITs, provides 100 percent of the minimum injection flow
rate required to satisfy the LOCA performance requirements. For breaks equal to, or
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smaller than the size of a DVI nozzle, each S| pump, in conjunction with the SITs, has
100 percent of the capacity to satisfy LOCA performance requirements.

Four Safety Injection Tanks (SITs) are provided inside containment and as close to the
DVI nozzles as possible. The bottom of the SIT is located above the centerline of the DVI
nozzle, and the connecting piping is as direct as possible with a minimum of bends and
elbows. The SiTs automatically discharge their contents of borated water into the RCS
if the RCS pressure drops below the SIT pressure of 610 psia as a result of a LOCA. Two
check valves in the SIT discharge piping isolate the SITs from the RCS during normal plant
operation. During startup, the operator pressurizes the SITs after the pressurizer pressure
reaches 640 psia.

The primary function of the Safety Injection (SI) pumps is to inject borated water into the
RCS if a break occurs in the Reactor Coolant Pressure Boundary (RCPB). For small break
LOCAs, the RCS pressure remains high for a long period of time following the accident,
and the S| pumps ensure that the injected flow is sufficient to meet the criteria given in
10CFR50.46. If necessary, SI pump flow is throttled to reduce RCS pressure to
conditions that allow the initiation of shutdown cooling system operation for long term
cooling. During shutdown cooling operations following a small break, the S| pumps
continue injecting into the reactor vessel downcomer to provide makeup for spillage out
the break.

Long-term cooling for large break LOCAs is accomplished by manually realigning the SIS
for simultaneous hot leg and DVI nozzle injection. The alignment of Sl pumps 1 and 2 is
maintained to inject to the DVI nozzles; the discharge of S| pumps 3 and 4 is realigned
to discharge to the RCS hot legs. Trains associated with pumps 1 and 3 are shown in
Figure 2.3-3. This provides flushing flow and the ultimate subcooling of the core for
those large break LOCAs that shutdown cooling cannot be used.

During normal operation, the S| pumps are isolated from the reactor coolant system by
motor-operated valves. During safety injection, the S| pumps deliver water from the
IRWST to the reactor vessel downcomer via DVI nozzles whenever RCS pressure falls
below pump shutoff head. During the long-term mode of operation, the S| pumps
continue to take suction from the IRWST.

The Sl pumps are sized such that for breaks, up to a double-ended guillotine break, two
SI pumps in conjunction with the SITs provide the required minimum injection flow rate
to the core. The Sl pumps are also sized such that, after consideration of spillage directly
out through the break, one S| pump, in conjunction with the SITs, will supply adequate
water to the core to match decay heat boiloff rates soon enough to minimize core
uncovery and allow small break LOCAs to meet the performance criteria. The
effectiveness of the S| pump during a steam line break is also analyzed to assure that the
pumps are adequately sized.
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The SIS is capable of injecting borated water into the reactor vessel to mitigate accidents
other than LOCAs. Safety injection would be initiated in the event of a Steam Generator
Tube Rupture, Steam Line Break or a CEA Ejection incidents. The borated water injected
by the SIS provides inventory and reactivity control for these events.

The SIS provides sufficient boron to maintain the reactor subcritical during safe cold
shutdowns assuming that the most reactive control rod remains out of the core.

The SIS is capable of providing an alternate means of decay heat removal for those
events beyond the licensing design basis in which the steam generators are not available.
The SIS, in conjunction with the Safety Depressurization System is used to provide feed
and bleed cooling of the RCS.

Details of the SIS design, operation, and performance are provided in CESSAR-DC Section
6.3

Safety ization S

The Safety Depressurization System (SDS), shown schematically in Figure 2.3-4, is
designed to perform the following functions:

A. Venting of the Reactor Coolant System (RCS)

The Reactor Coolant Gas Vent (RCGV) function provides a safety-grade means of
venting non-condensible gases and steam from the pressurizer and the reactor
vessel upper head to the Reactor Drain Tank (RDT) during post-accident conditions
for non-LOCA design basis events. In addition, the RCGV provides:

1. Safety-grade means to depressurize the RCS in the event that pressurizer Main
Spray and Auxiliary Spray systems are unavailable.

2. Means of venting the pressurizer and reactor vessel upper head during pre-
refueling and post-refueling operations.

B. Rapid Depressurization (bleed process) of the RCS

The Rapid Depressurization (RD) function, or bleed function, provides a manual
means of quickly depressurizing the RCS when normal and emergency feedwater
(EFW) are unavailable for an extended time to remove core decay hea' through the
steamn generators. This function is achieved via remote manual operator control.
When ever any event (e.g., a total loss of feedwater) results in high RCS pressure
with a gradual loss of RCS liquid inventory, the SDS rapid depressurization or bleed
valves may be opened by the operator, resulting in a controlled rapid
depressurization of the RCS. As the RCS pressure decreases, the Safety Injection
pumps start, initiating feed flow to the RCS and restoring the RCS liquid inventory.
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The RD function allows for both short and long-term decay heat removal.

In addition, the SDS piping transports the Pressurizer Safety Valve (PSV) discharge
effluent and the Rapid Depressurization Valve (RDV) discharge from the pressurizer to the
IRWST. This piping also transports the RCGV effluent from the pressurizer or the reactor
vessel to either the IRWST or the RDT. The IRWST provides a water reservoir to
condense the steam effluent and collect the RCS discharge.

As the PSV, RDV or RCGV discharge is mixed with the IRWST water, the IRWST water
temperature is increased. The Shutdown Cooling System (SCS) or Containment Spray
System (CSS) may be used to cool the IRWST should the IRWST liquid approach
saturation. Cooling of the IRWST requires manual initiation by the operator. The
realignment of the SCS or CSS by action of several valves can be seen in Figure 2.3-1.

Piping from each PSV nozzle is routed to a manifold which is part of the RCGV piping.
This piping allows the operator to direct the RCGV discharge, through parallel valve
divisions, to either the IRWST or the RDT.

A vent path is provided from the pressurizer steam space and the reactor vessel upper
head to the Reactor Drain Tank (RDT). Redundant active components are provided such
that no single active failure:

1. Prevents the establishment of a vent path between the pressurizer or the reactor
vessel upper head to the RDT; or,

2. Prevents the isolation of the pressurizer from the reactor vessel upper head.

The piping layout is designed so there are no undrainable loops in the line. The piping is
pitched downhill so that any fluid within the piping drains toward the RDT.

The RCGV piping and support arrangement on the reactor vessel upper head is designed
to minimize the time required for disassembly and reassembly during refueling operations.

Two RD flow paths are provided from the pressurizer steam space to the IRWST. Two
active valives are provided in each flow path such that no single active failure can prevent
the establishment of a vent path from the pressurizer to the IRWST, nor can a single
active failure prevent isolation of a vent path.

If normal or emergency AC power sources are available, opening the rapid
depressurization or bleed valves results in a rapid depressurization of the RCS which
allows the Sl pumps to be automatically started to refill the RCS and provide cooling of
the core.

Core decay heat removal, using the RD function, is accomplished by a once-through
cooling process in which water is injected directly into the reactor vessel downcomer via
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the Safety Injection System. Once in the reactor vessel, the cooling fluid passes through
the vessel downcomer to the lower plenum, up through the core (where decay heat is
removed) and out to the hot leg, through the surge line to the pressurizer and out through
the rapid depressurization bleed valves to the piping sparger in the IRWST where
quenching and cooling of the bleed flow is accomplished. The quench volume within the
IRWST allows a feed and bleed operation to be maintained for about thirty minutes before
external cooling of the IRWST should be initiated. IRWST cooling is provided by the
safety grade Component Cooling Water System and the Shutdown Cooling System heat
exchangers. In addition, the Containment Spray System heat exchangers may be used
to cool the IRWST.

Bleed and feed and, therefore, core cooling can continue even without the initiation of
flow through the Shutdown Cooling heat exchanger. Without IRWST cooling, the
IRWST's vent system will relieve the steam formed in the tank to the containment. The
discharged steam will be condensed by the containment cooling system and returned to
the Holdup Volume Tank via the sump gravity drains.

For a Total Loss of Feedwater (TLOFW) event in which: (1) it is also assumed that
feedwater is not restored to the steam generator secondary side; and (2) it is also
assumed that early "feed" and "bleed" for once-through core cooling is not initiated, the
Rapid Depressurization valves shall be opened no longer than 2.0 hours after the
pressurizer safety valves first lift. This will allow the RCS pressure to be reduced from
2500 psia to 250 psia prior to reactor vessel melt-through for a severe accident scenario.

Details of the SDS design, operation, and performance are provided in CESSAR-DC
Section 6.7.

Containment Spray System

The Containment Spray System (CSS) is a safety grade system designed to reduce
containment pressure and temperature from a main steam line break or loss-of-coolant-
accident and to remove fission products from the containment atmosphere following a
loss of coolant accident. Fission product removal is required so that in the event of
containment leakage, activity at the site boundary due to radioactive iodine will be
reduced. No spray additives are required.

The CSS uses the In-Containment Refueling Water Storage Tank (IRWST) and has two
independent divisions (two containment spray pumps, two containment spray heat
exchangers, two independent spray headers, and associated piping valves and
instrumentation). The system is shown in Figure 2.3-1. Post-accident pH control of the
sprayed fluid is provided using trisodium phosphate dodecahydrate that is stored in the
Holdup Volume Tank (HVT).

The CSS provides sprays of borated water to the containment atmosphere from the upper
regions of the containment. The spray flow is provided by the containment spray pumps
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which take suction from the IRWST. The containment spray pumps start upon the receipt
of a Safety Injection Actuation Signal (SIAS) or a Containment Spray Actuation Signal
(CSAS). The pumps discharge through the containment spray heat exchangers and the
spray header isolation valves to their respective spray nozzle headers, then into the
containment atmosphere. Spray flow to the containment spray headers is not provided
until a CSAS automatically opens the containment spray header isolation valves. The
spray headers are located in the upper part of the containment building to allow the falling
spray droplets time to approach thermal equilibrium with the steam-air atmosphere.
Condensation of the steam by the falling spray results in a reduction in containment
pressure and temperature.

The CS pumps are designed to be functionally interchangeable with the Shutdown
Cooling System (SCS) pumps. Though not required for normal operation or accident
mitigation, interchangeability of the pumps allows the CS pumps to back up the SCS
pumps when the CS pumps are not needed for their requisite function, i.e., during
refueling. In addition, the CS pumps and CS heat exchangers can be used as a backup
to the SCS pumps and heat exchangers to provide cooling of the IRWST during post-
accident feed and bleed operations when the steam generators are not available to cool
the RCS.

The function of the CSS pumps is to provide flow through the CS headers and CSS heat
exchangers to provide fission product control and containment atmosphere temperature
and pressure control resulting from a plant accident.

Minimum flow orifices are installed in lines running from the pump discharge, returning
back to the pump suction. These paths include a miniflow heat exchanger and ensure
that the pumps are not deadheaded if they are inadvertently run against a closed system.

The CSS heat exchangers are used to remove heat from the containment atmosphere
during and following an accident. The units are designed to reduce the containment
atmosphere pressure 24 hours after an accident to a value that is one-half of the
calculated peak pressure.

The CSS heat exchangers are used as a backup to the SCS heat exchangers for IRWST
cooling during post-accident operations when the Safety Injection System and Safety
Depressurization System are used for feed and bleed cooling of the RCS.

Details of the CSS design, operators, and performance are provided in CESSAR-DC
Section 6.5.
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2.4 MOX Fuel Facility (MF?)
2.4.1 Introduction

The primary purpose of this section is to provide information on the technology, safety
and costs of a Mixed Oxide (MOX) Fue! Facility (MF?) which may be needed in converting
weapons-grade plutonium to a suitable form for an indefinite storage after it is used as
a reactor fuel.

The general design conditions of the MF?, described in this document, are hased on well
defined specific assumptions: (a) The MOX fuel fabrication facility assumes that the
process feed material (PuO,) meets Reference 2.4.1-1; (b) for the reference case, the
MOX fuel fabrication plant should have an effective capacity of 50 Metric Tons of Heavy
Metal (MTHM), which processes about 4 tons of plutonium per year. The 50 MTHM is
sufficient to fuel two full ABB-CE System 80 + reactor cores which are replaced every
four years. Two System 80+ reactors will irradiate the 50 MT of weapons grade
plutonium in less than 25 years.

The number of furnaces (for binder removal, sintering and outgassing in the main process
area has been set at a level to process about 7 Metric Tons of plutonium per year. These
extra furnaces are sufficient to satisfy DOE Alternative 1 (Disposal of 100 MT weapons
plutonium within 25 years after project start); the DOE Alternative 2 (disposal of 50 MT
weapons plutonium over time from project start to end of plant life) and Alternative 3
(disposal of 100 MT weapons plutonium over time from project start to end of plant life)
are less restrictive than the Reference Case and Alternative 1. System 80 + plant life is
assumed to be 60 years.

Fuel development for MOX fuel fabrication and irradiation has been essentially completed
and demonstrated in previous commercial nuclear programs. In the USA, however,
experience with a commercial plutonium based fuel fabrication facility is limited to pilot
plants and/or to a laboratory scale. Also, the licensing process of a commercial mixed
oxide fuel fabrication plant has not been recently tested in the USA. As a result, the
fabrication of plutonium bearing fuels could be a schedule concern.

The information, presented in this report, provides the technical and commercial bases
for future design regarding commissioning of such MF2, Work on MOX fuel fabrication,
done in the past, has been reviewed and conceptually applied to this facility. Potential
new guidelines and criteria were developed and utilized, where appropriate.

The design, presented in this report, represents the status of US technologies of the early
1970's. This technological base will be reviewed in light of the European experience of
binderless or short binderless processes. An effort is underway in obtaining state-of-the-
art information from European MOX fuel fabrication facilities.
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2.4.2  MPF? Activities Identification and Effective Capacity
2.4.2.1 MPF? Activities

All the activities associated with the mixed oxide fuel fabrication plant are shown in
Figure 2.4.2-1. They include:

. Receipt, assay, and storage of special nuclear materials (SNM) powders

. Receipt, inspect and storage of structural material for fuel and target fabrication
. Accountability of SNM.

. Security of SNM and processes.

. Automated mixing and blending of oxide powders to appropriate specifications, and
MOX powder storage. The feed powders may include recycled scrap.

. Precompaction-granulation of the mixed UO,, PuO, and Er,0, powders to prepare
free-flowing MOX powder.

l . Pelletizing to produce UO, + PuO, + Er,O, green pellets.

. Presintering and sintering of green pellets to ..oduce sintered mixed oxide pellets
with a density between 10.1 and 10.6 g/cm?.

. Centerless grinding of sintered pellets to produce pellets with diameters of
specified limits.

o Pellet heat treatment to dry and/or to reduce the moisture and gas contents.
. Loading of fuel pellets into fuel rods (pins).
. Fabrication of lithium bearing target rods (optional for the case of tritium

production).

. Assembly of fuel (and target) rods into fuel assemblies, and storage of fuel
assemblies (Fuel and target assembly).

. Handling, packaging, and shipping of fuel assemblies.
. Confinement of all radioactive materials.
. Processing and minimizing of radioactive wastes.
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o Storage of wastes for ultimate disposal by the DOE.
. Preparation of radioactive wastes for off-site transportation and disposition by the
DOE.

The main activities of the MF? will be to produce UO,-PuO, pellets, rods and fuel
assemblies. The process starts from PuO, powder, natural or depleted uranium oxide and
structural materials required to prepare rods and fuel assemblies and ends with the
shipment of fuel assemblies to a power plant for irradiation.

2.4.2.1.1 Product Control Processes

As a part of the quality assurance (QA) program, analyses, controls, tests and inspection
procedures are made on feed materials, mixed powders, pellets, rods and fuel assemblies
to assure final product conformity with the specifications. These QA controls are "On-
line" and "Off-line". The "On-line" controls are statistical non-destructive, made on part
of the product to be controlled. The "Off-line" controls are statistical non-destructive and
destructive, made on part or the product to be controlled. Most of the controls are made
"on-line" to reduce Pu bearing material transfer, and non-destructive to limit the scrap and
waste volume.

2.4.2.1.2 Rejected Material

Beside the main Fuel and Target Fabrication activities, auxiliary processes are used for the
treatment of scraps and wastes produced during the fuel and target fabrication steps. The
choice of the process depends on the nature and Pu content of the scraps and the
wastes. The rejected material can be "clean" or "dirty".

Clean Rejected Oxide (CRO) Materials:

The CRO materials are defined as being the fraction of Pu, U and Er , mixed oxide
powders, and/or pellets rejected during testing and inspection procedures associated with
the quality assurance program. The CRO materials are clean and chemically
uncontaminated. After crushing and milling, these materials are directly recycled into the
main process (Figure 2.4.2-1).

Dirty Rejected Oxide (DRO) Materials:
The DRO materials are defined as being the fraction of Pu, U and Er, mixed oxide
powders, and/or pellets which will be chemically contaminated and which require

chemical purification. These DRO materials are considered radwaste and sent to waste
processing.
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2.4.2.2 MF? Capacity

As in any manufacturing operation, some fractions of the material produced are found to
be defective on inspection. Therefore, a fraction of the mixed oxide fuel will be rejected
during testing and inspection procedures associated with the quality control program. As
a consequence, the MF? process operations have to be supplemented with other process
operations to recover the maximum Pu quantities from scraps and dispose of the wastes.
As result of process control, material rejected and plant avaiiability play a major role to
the MF? sizing. To obtain an effective 50 MTHM output per year, the MF? should be
designed for a theoretical (nominal) capacity of about 70 MTHM per year.

The theoretical MF? capacity is estimated based on the requirements to support a nuclear
program (effective capacity). It includes fuel fabrication losses and plant availability.
Assumptions used to establish a nominal plant capacity are:

- Effective capacity : 50 MTHM per year

- CRO Materials : 7% of the effective production capacity
- DRO Materials : 1% of the effective production capacity
- Plant Availability : 70% per year

The theoretical (nominal) capacity of this facility is then {50 x 1.07 x 1.01 + 0.7] = 70
MTHM/yr.

The capacity of the MF? described in this document has a capacity equivalent to the
treatment of about 7 MT Pu per year. The plant also allows an interim storage of powder,
pellets, fuel rods and fabricated fuel assemblies. It is estimated that, during normal plant
operation, more than 90% of the Pu will be located in storage areas (PuO, feed powder,
MOX powder, CRO and DRO materials, sintered pellets, rods and fuel assembly storage
areas). These storage areas are considered vital and are designed for maximum safety and
security of the material.

2.4.3 Eacility Lavout

The general lay-out of a 50 MTHM MF? is shown in Figure 2.4.3-1. For physical
protection reasons, the plant site is subdivided into four areas: the site area (SA), the
protected area (PA), the controlled area (CA) and the vital area (VA).

The site is surrounded by an outer fence which constitutes a first physical barrier. The
parking areas are located outside this fence. The administrative and technical service
buildings are located inside the site area (SA) but outside the protected area (PA). A
physical barrier, for which surveillance and intrusion detection are provided on a
continuous basis, separates the protected area (PA) from the site area (SA). The access
to the protected area (personnel and vehicles) is through a single controlled entrance.
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Inside the protected area are located the controlled area (CA) and the vital area (VA).
These areas are provided for fuel processing and for storage of SNM at various stages of
processing.

The access area (CA) to the manufacturing building provides for labs, meeting rooms,
control rooms, personnel changing room, normal and emergency shower rooms, health
physics and mechanical rooms. It is the sole normal entry lock to the fuel material
manufacturing and handling areas.

The manufacturing building includes process and storage areas required to prepare mixed
oxide powders, pellets, rods, fuel assemblies. It also provides space to process the clean
rejected oxides (CRO) to be recycled into the main process. It is subdivided into several
small and large rooms and halls the surface area of which depends on the plutonium
materials to be treated and on the contamination risk. The process and control areas with
relatively high contamination risk are surrounded by corridors in which are located most
of the process control systems. Special physically protected areas (vital areas) are
provided for storage of PuO, powder, mixed oxide powder, sintered pellets, fuel rods and
finished fuel assemblies. The storage facilities are located so that plutonium bearing
material movements is minimized. The analytical laboratories for off-line controls are
located near the manufacturing building to minimize transfers of contaminated materials.

For a 50 metric tons of heavy metal (MTHM) plant effective capacity, two fabrication
lines are installed in the manufacturing building. Each fabrication line includes equipment
such as blender, homogenizer, granulator, press, centerless grinding machine, rod filling
and welding apparatus, storage device and on-line control equipment. Excess furnace
capacity is added, however, to meet requirements imposed by the DOE on the weapon
grade plutonium. All the process operations are mechanized. Manual operations are only
envisaged for maintenance and for limited time. After the fuel pellets are sealed into fuel
rods, hands-on operation is permissible. The fuel assemblies are prepared and controlled
with techniques actually used to fabricate uranium fuel assemblies while taking into
account possible fault conditions of MOX fuel.

The recycle of rejected material is within the manufacturing building. The area is equipped
for the recovery of the plutonium, for the treatment and the conditioning of the solid and
liquid wastes, and for the storage of the various plutonium bearing and contaminated
materials before and after treatment. This area provides also special rooms for the
depleted and natural UO, power feed material, a small workshop and UO, powder
storage. The exhaust HEPA filters relating to this process and the equipment (pumps,
tanks, etc.) required for the cooling of heating devices in the recycle processes are also
provided in this area.

2.4.4  Facility Description

The MF? is designed and constructed for the production of mixed oxide (U + Pu) 0, fuel
assemblies, and for the fabrication of lithium bearing target rods. The facility is also
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designed for the recovery of plutoniurn from unirradiated scrap materials. It consists of
various areas such as offices, laboratory, maintenance and manufacturing floor space,
located in adjacent buildings. Auxiliary facilities include electrical substation, gas supply,
cooling tower and effluent waste storage.

The exterior walls and roof of the buildings are designed to withstand wind and seismic
loads of the selected site. All exterior and interior joints are caulked to make an air-tight
structure.

The process building includes reinforced concrete storage areas and process areas. The
storage areas are used for storage of Uranium, Erbium and Plutonium powders, mixed
oxide (MOX) powder, fuel pellets, fuel rods, and finished fuel and target assemblies. A
basement is provided in the rejected material recycling area. It houses the dirty scrap
recovery operation, and waste storage area and waste treatment area. The walls, ceilings
and concrete floors of the building are coated to provide a smooth surface that can be
easily decontaminated and cleaned.

Processing and movement of oxide powders and pellets witnin processing area is done
remotely within shielded enclosures. In this report shielded enclosures are identified as
Glove Boxes (GB).

In order to provide appropriate separation of functions and improve ventilation control, the
plant is divided into work areas with each area subdivided into rooms in accordance with
their respective functions, namely:

a. Office Area is considered a clean area and it is separated from all other
facilities. It contains the security and surveillance area, the reception area,
office area, lunchroom, and support facilities.

b. Service Area contains change rooms, shower facilities, laundry, health physics
laboratories, and manufacturing support facilities.

c. Analytical Lab Area contains rooms for chemistry, metallurgical, radiological
analyses, emission spectroscopy and mass spectroscopy, and support facilities.

d. Maintenance Area (mechanical/maintenance rooms) equipped with glove boxes
for equipment maintenance is located near the central corridor and near the
process area.

e. The Process Area is subdivided into dry blending, pellet fabrication and
inspection, rod fabrication and inspection. All plutonium processing is done in
glove boxes. After fuel pellets are sealed in the fuel pin (rod), contact operation
(hands-on) may be permitted depending upon the activity level of the fuel rod.
(Material recovery from rejected material and scrap is performed in a separated
process areas.)
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Fuel Assembly Area is subdivided into areas for assembly of rod in fuel bundle,
and for inspection and storage of assembled fuel bundles. This is a hands-on
operation similar to commercial uranium fabrication operation.

Only one main personnel entrance is provided to the process areas; however there are
many emergency "exit only" doors to the main coridor. This corridor is shielded and
serves as an escape route in an emergency. The emergency doors are sealed to prevent
inflow/outflow of air. There is one unloading and loading dock. The unloading and loading
dock (receiving and shipping) is provided with airlocks and security and surveillance
systems. All emergency exits are alarmed and protected by the surveillance system.

The main characteristics of the MOX process anc fuel assembly areas are:

Separation of the various process functions in different rooms with associated
glove boxes (shield containers) for the powder and pellets handling and loading.

Glove boxes made of stainless steel, since it is conducive to decontamination.
Glove boxes can easily be disassembled.

Minimization of Plexiglas used in a glove box design to reduce the
decontamination effort.

Minimization in using exposed concrete in high activity areas to reduce
decontamination efforts.

High efficient ventilation and filtration systems, separated by process areas.

Waste minimization and stabilization systems to reduce liquid and solid
radioactive wastes.

Safeguards and security systems at the exclusion area, entrance, exit doors
and unloading/loading dock, and within the process areas.

Figure 2.4.2-1 Shows an overall MOX process. The processed material
isotopic content, chemical composition and physical properties
meet the ASTM C757-90 "Standard Specification for Nuclear
Grade Plutonium Dioxide Powder, Sinterable".

Table 2.4.4-1 Shows process time and space requirements for a 50 metric
tons (MT) and 100 MT per year MF2.

Figure 2.4.3-1 Shows a conceptual MF? site plan.

Figure 2.4.4-1 Shows a conceptual MF? floor plan.
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Figure 2.4.4-2 Shows the MOX fuel process areas and fuel assembly areas
layout.

The production of fuel assemblies containing MOX sintered ceramic fuel pellets rods is
a combination of chemical and mechanical operations. The facility described in this report
only addresses the mechanical operations. The process starts with the receiving of
Uranium, Plutonium and Erbium oxide powders and ends with the shipment of fuel
assemblies. The chemical operation is limited the immobilization of the waste. (This
operation is done in a separate building connected to the Main Processing Building).
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IABLE 2.4.4-1
PROCESS TIME AND SPACE REQUIREMENTS
FOR A 50 MT/YEAR MOX FUEL FACILITY
50 MT/Yr
Processor Step Principal # of
Equipment (Hours) (Sq. Ft) Stations
BLENDING
Master Blend Blender 1 600 2
Final Blend Blender 1 600 2
Compaction Press 0.5 200 1
Granulation Hammer Mill Sieves 0.5 600 1
Blenders
Oxide Powders (UO,, PuO,, stc.) Storage 5000
MOX Powders Storage 5000
TOTAL 3.0 12000
PELLET PREPARATION AND RECYCLE
MOX Compaction and Binding Press 1 1200 2
. Pelletizing Press 1 1200 2
Binder Removal (calciner) Furnace 4 3000 4
Sintering Furnace 16 1500 10
Inspection Centerless Grinder 1 400 1
Out-gassing Furnace
Inspection 6 2000 4
2 1000 2
Clean MOX Recycle and Waste Crushers 2 500 1
Processing
Ball Mills 4 600 1
Furnaces and Waste 18 800 1
Processing 1000 1
Finished Pellet Inspection 1 1000 1
Finished Pellet Storage 5000 1
TOTAL 55 40400
TOTAL Dirty MOX Waste Processing 20000
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TABLE 2.4.4-1 (Cont'd)

PROCESS TIME AND SPACE REQUIREMENTS

FOR A 50 MT/YEAR AND 100 MT/YEAR
MOX FUEL FABRICATION PLANT

60 MT/Yr
Principle # of
Processor Step Equipment (Sq. Ft.) Stations
Tubing Inspection and Storage 5000
Pin Loading Pin Makeup 1000 2
Pin Loader 1000 2
Pin Weldir ) Welder 1000__ 2
PIN LOADING TOTAL 8000
Fuel Pin Leak Detector 500 1
Fuel Pin X-Ray 500 1
Fuel Pin Cleaning 500 1
500 1
Washing and Drying 5000
Inspection
Storage
Fuel Pin Assembly and In- 20000 8
spection
Assembly Storage 4000 400
FUEL ASSEMBLY TOTAL 31000
Hot Machine Shop Work Area 3000
Clean Machine Shop Work Area 1000
Health Physics, Showers, etc. 2000
TOTAL 6000
TOTAL PROCESS SPACE 110,700
SHIPPING AND RECEIVING
3000
ANALYTICAL SERVICES Labs and Offices 6000
TOTAL 3000
GRAND TOTAL 129,700

*AVERAGE TIME IN PROCESS STEP PER PRODUCTION UNIT, INCLUDING iN-PROGRESS STORAGE

NOTE:This facility can operate at 50 MTHM/Yr or 100 MTHM/yr effective capacity, depending on the
number of furnaces that are kept on line and the number of shifts. For 560 MTHM/yr, one shift is sufficient,
while for the 100 MTHM/yr, two shifts are required.
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245  MF? Processing Areas

The MOX fuel fabrication process for System 80 + MOX fuel is similar to the process
widely used to fabricate UO, fuels for LWRs. The only exception is the glove box remote
handling of the Plutonium and MOX powders, and MOX pellets. The process steps include
receiving and storing PuO, and depleted UO, (0.2 w/o U**° assay), blending these oxides
and forming MOX fuel pellets, encapsulating the pellets into fuel pins, and assembling the
pins into fuel bundles. All nuclear materials are supplied by the DOE. All non-nuclear
materials, including erbium oxide, lithium aluminate (in the case of tritium target
production) are acquired by the fuel fabricator from commercial sources. The PuO, is
mixed with depleted UO, to a concentration of about seven weight-percent. A burnable
poison, Er,0,, in the amount of about 2% is added to the mixture. The mixture is pressed
into pellets that are sintered in a reducing atmosphere furnace. The sintered pellets are
ground to size, inspected, and loaded into pins. The pins are assembled into fuel bundles
which are transported to a System 80 + reactor for loading and irradiation.

The process assumes that plutonium will be provided by the DOE as PuO, to purity and
physical properties specifications of the fuel fabricator. If the plutonium is provided as
metal, an additional step for conversion of the metal to PuO, would be required. Costs
for this conversion are not included in the estimate. The PuO, is assumed to be provided
in isotopically uniform batches subdivided into lots of 2 kg to avoid any criticality event.
The PuO, is further assumed to be provided as needed to meet fabrication schedules with
an established inventory criteria at the fabrication plant. The uranium requirements are
assumed to be provided by the DOE as depleted UF; and converted to depleted UO, in
isotopically uniform batches to purity and physical properties specifications of the fuel
fabricator by a commercial source.

2.4.6 SNM Powders Receiving and Storage Area

PuO, powder is received in a double container batch of 100 kg subdivided in 50 lots of
2 kg each. The 2 kg limit on PuQ, is established by criticality considerations. A system
of tags and seals will be used to verify content and composition of the sealed PuO,
containers. A robotics handling system will be used to receive, verify, identify, weigh, and
place the PuO, containers in the storage vault. The PuO, container gross weight, net
weight, serial number, and storage location will be automatically transmitted to the
process control computer to maintain material balance.

Depleted UOQ, is received in 55 gallon drums. The depleted UF, supplied by DOE, will be
converted to UO, according to specifications by a commercial fuel supplier. The identity
and quantity of UO, will be maintained by batch UO, transferred into the MOX fabrication
process will be recorded automatically. Samples will be taken from both the PuO, and
UO, batches at the packaging sites to verify isotopic and chemical compositions and
physical properties.

The Am-241 content of the weapons plutonium is expected to average about 2750 ppm,
and to not exceed 4000 ppm. Compared to reactor-grade plutonium that is fabricated
commercially into MOX fuel, the Am-241 content in the surplus plutonum is lower by
about a factor of 2, and should not be a problem. The limit of theAm-241 content in
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foreign MOX fuel fabrication plants that use reactor-grade plutonium is currently about
8,000 ppm; however, some facricators have plans to extend that limit to about 20,000
ppm. The shielding and automated handling equipment in the plutonium fabrication line
should permit the surplus plutonium to be fabricated as-is, without requiring the removal
of Am-241. The decay of Am-241 produces high gamma radiation levels, but the levels
in the surplus plutonium are not expected to require extraordinary measures to reduce
personnel radiation exposures or to limit the content of Am-241 during fuel fabrication.

Other potential impurities in the surplus plutonium will be gallium, calcium, magnesium,
aluminum, fluorine, molybdenum, sodium, and copper. The limits on these impurities in
the PuO2 will correspond to Reference 2.4.1-1, which covers all of the above impurities,
with the exception of gallium and sodium. Specifications for gallium and sodium need to
be developed. At this time it is expected that the low levels of gallium and sodium in the
plutonium will be acceptable, and the plutonium will not require processing to remove
these impurities. However, process development and testing will be required to confirm
this point.

Erbium (Er,0,) is received in small containers. It is sampled, weighed and stored. The
erbium is loaded into trays, as needed for blending, and it is passed into the PuO, final
blend glove box.

For the dry process head-end, plutonium oxide, uranium oxide and erbium oxide powders
are received at the plant with a quality that pcrmits direct blending for fuel manufacture
without the need for additional processing. The master and final blend operations are
carried out remotely in glove boxes.

2.4.7 SNM Powder Blending

The PuO, and UO, will be withdrawn from storage as needed for processing. The
expendable PuO, containers will be opened in a glove box. The container identity and tare
weight will be recorded in the process control computer. The PuO, will be transferred to
batching hoppers in the blending. The UO, will be transferred into batching hoppers in the
blending glove box. Erbium oxide, Er,0,, of the specified purity and physical properties
will be transferred into the blending glove box.

The basic process is illustrated in Figure 2.4.7-1 The initial powder operation will prepare
a master blend of UO, containing approximately 20% PuO,. The master blend will be
thoroughly mixed using blenders and ball mills to insure homogeneity. All powders
entering the blending operations, either at this step or subsequent steps, will have been
precisely weighed, highly characterized, and controlled by lot.

The master blend will be subsequently diluted with UO, to the final composition. Recycled
MOX powders from dry scrap recycle operations will be included into this blend. Erbium
oxide powder will be added also to this blend to meet the final composition specifications.
This material will be blended and ball-milled to assure thorough mixing.

When a blend is to be made, the three oxides (PuO,, UO, and Er,0,) are metered from
their respective feed storage areas into separate batch-weighing hoppers, and are then
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drained to a blender. The batch-weighing hoppers are controlled by an interlocking system
that permits control of "Pu:U and Pu+ U: Er ratios" and blend size. Usually several sub-
blends are made and then reblended to make a batch of about 26.66 kg MOX per hour
(26.66 kg x 16 hours/day x 245 day/yr = 104.5 MT/yr; overall process losses per year
are: 140 gm x 16 hr/day x 245 days/yr = 550 kg). After blending, the finished MOX is
packed into critically safe stainless steel cylinder (2 liter container) and stored in a vault,
until subsequent processing.

Small vessels are located in the glove boxes. The dimensions of these vessels are selected
to prevent any criticality event. Operation is on a batch basis to avoid a criticality event
and for material safeguards, security and accountability.

Various small tools are used within the glove box. They will facilitate unloading and
transfer of mixed oxide.
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24.8  MOX Powder Storage Vault

After blending the MOX powder is drained from the blender in stainless steel cans to be
transferred to the next operation or stored into the MOX vault storage room.

The vault has access from the main corridor. Small stainless steel containers for MOX
storage are used. The dimensions of these cans are selected to prevent any criticality
event. Safeguards and security and accountability procedures are fully implemented
during powder handling.

249  Pellet Processing Area

This area includes: powder compacting, granulation, pellet processing, binder removal,
sintering and pellets final inspection; it also includes MOX recycling after each inspection
step. The area is equipped with glove boxes which provide access to presses, furnaces,
grinders and other equipment used to convert mixed oxide powder into precisely
dimensioned fuel pellets. The hydraulic systems and oil reservoirs for pellet presses and
the control panels for the sintering furnace and the outgas furnace are also located in this
area.

Typically in a MOX plant, dry ceramic oxide powder is batch transferred to the pellet
process area. In the pellet process area the mixed oxide powder is loaded into the feed
hopper of the slugging press. The blended material will be pressed into large diameter
compacts. The compacts will be crushed in a hammer mill and the resulting granules will
be sieved to obtain the required feed size for pellet pressing. The oversize and undersize
granules will be returned to the compact press feed hopper.

The granulated pellet feed will be pressed into pellets using two hydraulically driven
presses, operated in parallel. Sample pellets will be taken to verify proper green density.
The pellets will then be loaded into sintering boats. Loaded boats will be weighed and
automatically transferred to the binder removal furnace.

Green pellets loaded into containers (boats) are placed onto a belt conveyor and
automatically inserted in a binder removal furnace. The organic binder will be removed in
aremotely-operated, electrically-heated muffle furnace within the glove-box containment.
Boats of pellets will be charged into, and removed from, the furnace through purge
chambers to ensure retention of furnace gases and prevent introduction of outside objects
into the furnace. The pellets will move through the furnace in a controlled flowing gas
atmosphere. (Furnace exhaust gases will pass through a gas treatment system to remove
vaporized organics and reduce the temperature before the gas is discharged through HEPA
filters.) Upon exiting the furnace, pellets will be placed in the a storage area pending
transfer to sintering. The pellets will be sintered to about 95% theoretical density in a
high-temperature furnace. Sintering will employ a multizone, electrically-heated furnace
containing a oxygen reducing atmosphere. Boats of pellets will be automatically conveyed
into and out of the furnace through purge chambers to prevent introduction of objects
into the furnace. The pellets are sintered at a temperature of 1600 to 1650°C in a
reducing atmosphere. Sintered pellets are fed, one at a time, to a centerless grinder where
they are ground to precise dimensional tolerances.
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Sintered pellets will be remotely transferred from the sintering furnace to a sampling
station. Samples will be taken for chemical and physical analyses. Based on analytical
results, the pellets will be rejected or accepted. Pellets meeting specifications will be
unloaded from the sintering boats and stored. Rejected peliets will be crushed, ground,
and recycled. The empty sintering boats will be cleaned and reused.

Accepted pellets are then loaded into a basket and transferred to vertical vacuum
furnaces, where the pellets are first heated in flowing nitrogen and then outgassed at high
vacuum at a temperature of 500 to 1000°C. Outgassed pellets are removed from the
furnace, allowed to cool, unloaded from the baskets in dry air, and transferred to an
analytical sampling area.

2.4.10 Fuel Rod Fabrication Area

Glove boxes and associated equipment are provided to enable final inspection of the
finished fuel pellets, loading the pellets into cladding tube, welding of end caps to the
tubes, machining of the welds, and leak testing of the finished fuel rods.

A mechanized process will load the pin components (fuel pellets and nonfuel components)
into cladding tubes and decontaminate the cladding tube ends. A horizontal conveyor will
move pellets from station to station. Primary containment will be a sealed housing over
the conveyor and over each work station. The pin loadings steps are (1) Column makeup,
where pellets are received from storage, stacked into specified columns, and weighed;
and (2) Cold component makeup, where small nonfuel components are received from
stock and manually loaded into the system via an airlock.

Zirconium cladding tubes, received at the MOX fuel fabrication plant, are inspected,
ultrasonically cleaned and one end cap is welded in place with an automatic welder. The
tubes will be equipped with a loading funnel and identified using a bottom end cap reader.
When ready to be used, the tubes will be moved to handling trays. Each tube will be
inserted through the loading station airlock and the loading funnel will be positioned
against the loading sleeve.

A loaded pellet magazine will be positioned so that the fuel column is in front of the pin
loader. A push rod equipped with force feedback will be used to push the pellets into the
cladding. The nonfuel component magazine will then be indexed into place and the
nonfuel components will be used to be pushed into the cladding. The loading funnel will
then be removed from the cladding tube end and replaced with a plug. The pin will be
withdrawn onto the transfer conveyor. The pin end will have alpha contamination that will
be removed using a dry decontamination system prior to welding to the end plug to
prevent contaminating the weld. At the welding station, the loaded fuel pins will be filled
with helium and the end cap will be automatically positioned, welded in place and
machined to the required profile.

2.4.11  Euel Rod Inspection Area

Welds for completed fuel rods are checked at a helium leak test station. The rods are then
placed on a table with wheels. This table serves to transport the rods through an air
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locked corridor connecting the rod fabrication area with the final rod inspection area.
Loose surface contamination is removed from the rods with damp wipes. An X-ray
machine located in the connecting corridor is used to check the end cap welds and the
rod loading.

In the final rod inspection area, the fuel rods are moved to a controlled process sink
where the welds are scrubbed with cleanser and water to remove low-level surface
contamination. The rods are then examined for compliance with the fuel specification.
Rods that meet inspection requirements are then moved to the fuel assembly area. Rods
that do not meet inspection requirements are returned to the rod fabrication area where
the fuel pellets are removed, visually inspected, and inserted into new rods.

2.4.12 Fuel Rod Assembly Area

The fuel and target assembly area consists of fuel storage, fuel rod pushing table, fuel
assembly inspection platform, fuel assembly envelop station, fuel assembly storage racks,
and packaging and shipping areas.

Fuel Rod Storage Cabinets - These cabinets can store completed fuel rods as they are
waiting to be put into bundles (Fuel Assemblies).

Fuel Rod Pushing Table - The fuel rods are arranged on a preparation table (Pre-Table) in
the way they will be in the completed assembly. Each row of rods from the prestack box
is pulled out on the pre-table where they are checked one last time. The rods are then
moved to the pushing half of the table where they are pushed into a grid cage on the tilt
table. This process is repeated for each row until the fuel bundle is completed.

Fuel Assembly Inspection Platform - The full fuel assembly cage is taken to the inspection
platform where the quality inspectors verify that it was properly assembled. At this point
the upper end fitting is placed on the bundle (fuel assembly) to complete the assembly.

Fuel Assembly Envelope Station - The completed assembly is inspected for straightness
by a small computer controlled measuring device that rides up the outside of the bundle.
If the bundle is out of true it is adjusted and inspected again.

Fuel Assembly Storage Racks - The bundles are stored in the storage racks while they
await packaging.

Packaging and Shipping - Two PWR fuel assemblies are packaged in a 5,000 Ib steel
shipping container to protect them as they are shipped to the reactor. The containers are
designed to protect the fuel from damage that might occur during a truck wreck and the
resulting fire including a plunge into a body of water. The fuel shipping containers are
stored in the warehouse until they can be loaded for shipment to the reactor site via
special transport vehicles.
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2.4.13 (Clean Scrap Recovery

Clean scrap mixed oxide powder is recycled by direct addition to the final mixed oxide
blend of the dry process head end. The scrap is loaded into a glove box where it is
pulverized, weighed and transferred to the final blender. In this case the amount of Pu0,,
U0, and Er,0, added to the blend is adjusted to maintain consistent composition.

2.4.14 MF* General Chemistry Laboratories

The General Chemistry Laboratory contains facilities for the chemical assay of powders
containing plutonium and uranium. Most of the chemical analysis work is carried on inside
glove box. The General Chemistry Laboratory also provides access to areas that contain
specialized equipment for the analysis of plutonium- and uranium-bearing compounds.

2.4.16 MF? Other Laboratories

The MF? houses a variety of specialized facilities for material accountability and analysis.
These laboratories verify the chemical, mechanical and physical properties of the powders
used in fuel pellet manufacture, and the fuel pellets themselves. Analysis methods for
which special equipment is available include:

Metallography

X-ray analysis

Alpha, beta and gamma spectroscopy
Optical spectroscopy

Mass spectrometry

Gas analysis.

2.4.16  MF? Health Physics

A health physics area is provided at a convenient location in the plant. Access to the
health physics area is from the process area, the laboratory area and the men's and
women's locker rooms. The health physics area includes a personnel decontamination
room, a first aid room and an instrument room.

2.4.17 MF? Equipment Maintenance Room

The room is located off the main corridor across from the pellet processing area. A glove
box fabricated from stainless steel is provided for maintenance and repair of contaminated
equipment.

2.4.18 MF? Mechanical Room

The Mechanical Room contains the compressed air system, low-pressure steam boiler,
heat exchanger for hot water supply, chilled water loop, storage for tanks of oxygen and
nitrogen, and the various motors, compressors and pumps needed for plant support. The
room is not contaminated with plutonium or uranium.
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2.4.19 MF Piping and Ductwork

Piping includes process piping, service piping, electrical conduit instrumentation lines, and
the ventilation exhaust ductwork.

2.4.20 MF? Sanitary Lagoon

The MF? site includes a sanitary lagoon that is used for holding the discharge from the
MF? cold laundry, showers, sinks and toilets. The sanitary lagoon is a very low
contamination area. '

2.4.21 Qperational Personnel and Organization of the Plant
2.4.21.1 Qrganization

The MF? is designed, constructed, tested and operated following safety and quality
assurance program conditions currently applied to commercial nuclear industry. The
facility is engineered, designed, operated and maintained to:

. provide adequate confidence that structure, systems, components of the plant
will satisfactorily perform their services.

o provide adequate confidence that the materials, produced in the plant, meet
client specifications for its use.

The MOX fuel fabrication plant owner will implement a well defined organization to meet
the safety and quality assurance criteria applicable to such a facility. To provide the
adequate confidence, the plant has an independent safety and quality review team
responsible for final verification of safety and quality-related activities.

2.4.21.2 Personnel Required

Qualified personnel are employed in the MF2. This means that the employees will receive
appropriate training with particular emphasis on the matters for which their responsibility
is involved. Their training will be oriented to safety and quality culture necessary for such
an operation.

The plant operation is limited to one or two shifts with the exception of the furnaces
which are operated in three shifts. The technical personnel required to operate the plant
is estimated to be of the order of 350 for one shift. This personnel is distributed into
various services such as:

Fabrication (from feed powder up to fuel assembly): 200
Testing, reject material recycling, waste
treatment and conditioning: 40

. Maintenance: 50

o Quality Assurance: 10
Health and Safety: 10
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. Physical Protection and SNM Accountability: 40

By utilizing the newer European technologies and automation, personnel requirements may
be reduced by approximately 50%.

2.4.22 Design Criteria
2.4.22.1 Quality Standards

Structures, systems, and components of the manufacturing facility important to safety
shall be designed, fabricated, erected, and tested in accordance with NRC and DOE
quality assurance criteria.

2.4.22.2 Systems Important to Safety

Systems important to safety in the MOX Plant shall be designed without the loss of
capability to perform their safety functions in the absence of electric power with the
control function designed to take the plant into a safe state. Systems important to safety
shall be designed to withstand the effects of the most severe natural phenomena
expected to occur at the site, including earthquakes, tornadoes, flooding, winds, without
the loss of capability to perform their safety functions. These systems will also be
appropriately protected against dynamic effects from missiles resulting from internal
equipment failures and external causes.

2.4.22.3 Nuclear Criticality and Safety

The nuclear material in the form of powder, pellets or fuel assembly shall be stored or
processed with a favorable geometry to prevent reaching a critical mass. In addition,
neutron absorber material may be utilized, with provision for prevention of accidentally
removal of the absorber in the storage location between the fuel containers. The fuel
storage design considerations will include the fuel specifications (fuel enrichment, size and
shape of containers, fuel quantity, security, shielding requirements etc.).

2.4.22.4 SNM Accountability

The incoming UO, PuO, and Er,0, powders will be received in properly identified
containers and accounted for. The assembled Mixed Oxide (MOX) fuel assembly shall be
designed with proper identification for inventory control. (All special nuclear material shall
be accounted for before it is shipped in the form of fuel assembly.) The scheme will utilize
modern electronic and remotely operated identification methods.

2.4.22.5 Physical Security

The facility shall be designed to incorporate all the security requirements to prevent the
intrusion of unauthorized personnel and/or prevent loss of fissile materials. The design
shall follow the Security and Safeguards requirements stated in the DOE Orders and NRC
Regulations for such a facility. Security will include barriers (fences, blockades,
checkpoints), security lighting, intrusion detection systems, secure communications, and
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TV surveillance to control transport of the fuel material within the plant and outside
within the perimeter of the facility.

2.4.22.6 MF? Layout

a. The facility layout shall be designed with considerations of high security and
safeguards, ease in cleaning and decontamination, maintenance, and inspection
of the fuel material and fabricated fuel assembly.

b. The facility layout will be designed to physically separate the storage of fuel
material and fabricated fuel assembly. The design will consider easy access for
the transportation system to handle the material.

c. Doors and/or airlocks shall be designed for coordination with aisles to facilitate
access to stored material for loading and unloading operations. The handling
operations shall meet the security guidelines.

d. The handling equipment (cranes, hoists) for both fuel material and fabricated
fuel assembly shall be designed to prevent potential damage to the building
structure and the fuel itself during the operations.

e. Hazardous and secured areas at the facility shall be designed with warning
signals, interlocks, annunciation in control room to prevent inadvertent entry.

f. The facility shall be designed with adequate radiation monitors to detect and
warn about radiation levels in the various areas at all times and to provide
access for personnel to exit from such location during emergency.

g. All combustible gas lines utilized for the furnaces in the sintering process shall
be designed with double protection to prevent plutonium fires with the
presence of PuO,. PuO, storage areas shall be designed to exclude
combustible gas lines.

2.4.22.7 Structural and Mechanical Design Criteria

Wind Loadings: The facility shall be designed to wind velocity in accordance with ANSI
Standard 58.1 "Building Code Requirements for Minimum Design Loads in Buildings and
other Structures”

Tornado Loadings: The facility shall be designed to the maximum tornado loadings
applicable to the selected site. (Process, fuel assembly and emergency equipment areas
must withstand a tornado event; no direct damage should be expected in areas containing
dispersible plutonium.)

Flooding: The site drainage should be functional under all postulated conditions i.e., no
floods can occur within the plant.
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Missile Protection: Process, Fuel Assembly, and emergency equipment areas must
withstand externai missile interactions. This includes external shells, doors, HVAC air
intake and exhaust ducts. Internal missile should not be a problem since missiles
generated by a tornado are considered the limiting ones.

Seismic Design Criteria: The earthquake intensities should be based on historical data for
the selected site. The seismic criteria must be applied to all Seismic Category | and/or
safety-related structures and equipment. The design basis events should satisfy this
criteria.

Snow Loadings: The building roof shall be designed to withstand the maximum
accumulation of snow loadings based on historical data.

Load Combinations:

a. Loads and load combinations for concrete structures shall be in accordance
with ANSI/ACI Standard 349 "Code Requirements for Nuclear Safety related
concrete Structures”.

b. Load combinations and allowable stresses for steel in accordance with the
American Institute of Steel Construction (AISC) Standard "Specification for
design, fabrication and erection of structural steel for buildings"

c. Loads for piping shall be in accordance with ANSI Standard B.31.1 "Power
Piping"

2.4.22.8 General Safety Considerations

There shall be a need of the general awareness of safety considerations in applying the
design criteria through testing, operation and maintenance phasas of the facility. Thus,
it is necessary to consider:

Safety for manufacturing and chemical operations

Process and support material inventory capacities

Hazard types and magnitudes by locations

Source terms for shielding and dose calculations

Container and storage array dimensions

Process descriptions (production of pellets; production of rods; production of
fuel assemblies; analysis and inspection of material)

g. Area/room activity assignments

h. Radiation contro! areas.

2.4.22.9 Waste Management

The radioactive waste and hazardous waste system shall be designed for proper
collection, processing, packaging and disposal of the waste. The system shall be
designed to meet the Federal, State and local regulations for waste handling. The waste
system shall be designed with the concept of recycling a fraction of the total waste

*®0o00w
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produced and thus reduce the total quantity of the waste produced by the facility for
disposal (waste minimization). The radioactive waste system shall be designed to handle
both solid and liquid wastes.

The waste system shall have provision for radioactive monitoring of the radioactive levels
at all times. It must be instrumented in a manner to take suitable automatic action during
an emergency.

2.4.22.10 Confinement Areas/Zones

Multiple barriers shall be used in the facility to limit uncontrolled release of plutonium and
thus limit the release of radioactivity to the environment. The multiple barrier concept in
the design will include series of structural barriers to form zones and utilize zoned
ventilation system. In the restricted access areas (RAA) of the process building (such as
handling plutonium) the design shall utilize shielded glove boxes for plutonium handling.
Outside the RAA the layout design will provide area for operation and maintenance and
designate it as a limited access area (LAA) thereby serving to contain any leakage from
RAA. The building structure, i.e. walls, roof, and foundation, shall provide the final barrier
for the release.

The ventilation system shall be designed to maintain a pressure differential between areas
so that air flows from non-contaminated areas to areas of potentially higher contamination
levels. The zoning of areas shall assist the design of the zoned ventilation system to
provide for pressure differentials. The controlled zone ventilation system shall be
designed with redundant, independent emergency power supplies with each individual
system capable of fulfilling the design requirements. The exhaust of process air from the
building shall be designed to pass through multiple filters and have monitoring systems
to keep track of the total releases from the facility and thus ensure it is within the
environmentally accepted limits.

Process equipment and storage containers shall provide primary confinements/barriers for
MOX material and be qualified for earthquake events (Uniform Building Code Qualification
shall be used for equipment and containers, such as process glove boxes, enclosures,
ventilation ducts and storage containers). UBC qualification shall be provided to nearby
or interfacing equipment whose failure could jeopardize confinement barriers.

The ventilation system shall be designed with provision for in-service inspection and
testing.

2.4.22.11  Radiation and Environment

There shall be adequate shielding around high radioactive material and equipment to
ensure the personnel exposure are within the stipulated limits. Administrative procedures
shall be drafted and implemented as part of the operation to ensure that radiation limits
are not violated.
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2.4.22.12 Fire Protection

Structures, systems, and components shall be designed to minimize the potential of fire,
and/or the effects of fire and explosions. Each process aspect of the fabrication facility
shall be enclosed within appropriate fire barriers and have fire detection and mitigation
systems to detect a fire condition and prevent spread of any fire generated in a particular
area. The type of structural barriers and fire mitigation systems shall be identified in the
preliminary design of the facility in order to be properly integrated into the design of the
building and building services systems.

2.4.22.13 Electrical Power

Offsite electric power system and onsite emergency electrical power system shall be
designed such that systems important to safety at the facility can always function when
itis required. The emergency power system shall be designed to be independent, reliable,
testable and inspectable. The capacity of the emergency power system shall be adequate
to meet the total electrical load requirements for achieving and maintaining the plant in
a safe shutdown mode during any emergency.

2.4.22.14 |nstrumentation and Controls

Instrumentation in the MF? shall be provided to monitor system operations during normal
operations, anticipated operational occurrences, and certain systems for accident
conditions. The design shall provide for both automatic control with provision for manual
override during emergencies. The instrumentation and controls shall be designed to
maintain system functions within specified operating ranges and adequate response times
to take appropriate actions during postulated off-normal events.

2.4.22.15 Lighting and Communications

The MF? facility shall be designed for adequate lighting and communications consistent
with the requirements for a commercial fuel fabrication facility.

2.4.22.16  Production and Reliability Goal

The design of the facility shall be initiated by setting up a production goal for the facility.
This would involve assigning a reliability goal for the facility and then dissect this value
to provide a value for each system and each component associated with that system.
Once a reliability goal is identified for a system, the design of the system shall proceed
with the goal to meet it. Thus, Reliability, Availability, Maintainability and Inspectability
(RAMI) limits shall be established for each system associated with the facility.

2.4.22.17 Inspection and Maintenance

The layout of the plant equipment shall consider the space needed for maintenance and
inspection on a routine basis.
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2.4.22.18 Raliability and Testability

Systems of the MF? necessary for the safe operation of the plant shall be designed for
total functional reliability and in-service testability. These systems shall have provisions
for redundancy and sufficient independence to prevent loss of their safety function in
case of an accident. Also, they would ensure capability for safe shutdown of the plant
operations.

2.4.22.19 Decommissioning and Decontamination

The Decommissioning criteria shall utilize the DOE Order 6430.1 Chapter XXI. It includes
the following considerations:

a. Design of critical areas shall incorporate measures to simplify decontamination

b. Items such as service piping, conduits, and ductwork shall be kept at a
minimum in operating areas and be arranged to facilitate decontamination

c. Walis, ceilings, and floors shall be finished with washable or strippable

coverings or covered with metal liners, if required. All cracks, crevices and
joints shall be caulked and finished smooth to prevent contamination of
inaccessible areas. Painting of surfaces with smooth (gloss) finishes may also
be done to improve decontamination ability.

d. Modular, separable enclosures shall be provided for radioactive materials to
preclude contamination of fixed portions of the structure.

e. Glove box and enclosure design shall account for limitations on dimensions of
packing crates or other containers accepted at transuranic disposal sites.

f. Localized liquid transfer systems shall be used to avoid long runs of

contaminated piping. Emphasis shall be placed on localized waste batch
solidification. Special provisions shall be made to ensure joint integrity in
buried pipelines.

g. Exhaust filtration components shall be located to avoid long runs of
contaminated duct work.
h. Effluent decontamination equipment shall preclude, to the extent practicable,

the accumulation of radioactivity in relatively inaccessible natural soil columns.
i A decontamination facility shall be provided to decontaminate equipment with
chemical flushes, cut up metallic components, package waste materials, and

load casks.

j- A hot repair area shall be provided to permit remote and hands-on repair of
facility equipment.

k. All process cells shall be provided with metal liners that can be removed to

facilitate decontamination and decommissioning.

I Gloveboxes and process enclosures shall be designed with removable shielding,
polished interior surfaces, and rounded corners and edges to facilitate
decontamination.
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2.5 Euel Handling and Storage Facilities
Introduction

This report section contains a description and the design features of the proposed fuel
handling and storage facility for plutonium burning plants.

The total capacity of the fuel storage buildings as described in this section is for 15 full
core loads of MOX fuel assemblies. A standard fuel storage rack, designed and approved
for System 80 + UO, spent fuel, was incorporated. To avoid criticality concerns, the fuel
rack will be modified so that MOX fuel assemblies can only be stored on a diagonal pitch:
i.e., in every second location. This results in a very conservative design. A minimum
configuration sized for four full core loads of MOX assemblies could be specified, provided
there was adequate assurance that the discharged MOX fuel would be shipped to an off-
site repository after a 10 year cooling period.

Concept System Description

The fuel handling and storage facilities are divided between two separate buildings (see
Figure 2.5-1), that are connected through a fuel transfer tube. The first building (Building
1) is similar to the spent fuel building for the standard System 80+ plant design.
However, the pool storage capacity is increased to accommodate the storage
requirements for plutonium disposition. This building is serviced by a fuel handling
machine that is capable of transporting fuel to and from each of the designated storage
stations within the pool. The areas covered by the fuel handling machine are the cask
laydown area, the fuel storage racks, and each of the two fuel transfer mechanisms.

New fuel may be introduced into Building 1 by means of a transfer cask, which is off-
loaded from a transport vehicle by a cask handling crane at the loading/unloading area.
The cask handling crane is part of the permanent equipment that is used to support
activities in the fuel handling building. Fuel is removed from the cask with the fuel
handling machine, inspected, and then placed into the fuel storage racks. When required,
fuel may be placed in either of the two fuel transfer mechanisms, for underwater transfer
to the containment building or the second fuel handling and storage building (Building 2).

In addition to fuel handling and storage capabilities, Building 1 is designed to permit
underwater recovery of target rod assemblies (TRA) and burnable poison rod assemblies
(BPRA) from activated plutonium fuel in the fuel inspection and rod recovery area.
Equipment used for rod recovery operations is installed within the cask laydown pool.

Building 2 is similar in design to Building 1, except that it contains a larger segmented fuel
storage pool. A gated partition divides the pool, giving it added strength and protection
against accidental drainage. Like Building 1, provisions are included for cask handling an
rod recovery. Similarly this building houses a fuel handling machine for fuel transport to
the respective areas within the pool.

Fuel transfer between Buildings 1 and 2, may be performed using a dedicated fuel transfer
mechanism. Transfer is accomplished by loading a fuel assembly into a vertical cavity in
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the transfer mechanism using the fuel handling machine. The cavity is then rotated to
the horizontal position, and driven to the adjoining building. The fuel cavity is again
rotated to the vertical position, and the fuel recovered using the second fuel handling
machine.

During fuel transfer between the adjoining buildings, the fuel is conducted through a fuel
transfer tube assembly, which connects the two pools. The fuel transfer tube is designed
with a gate valve on each end. These valves facilitate pool segregation from either or
both buildings. The transfer tube assembly is designed to accommodate relative motions
between the two buildings due to settlement and design bases earthquakes. The
assembly is also designed to prevent pool draindown during and after the occurrence of
postulated design events.

Design Features

There are several design features afforded by the fuel handling and storage arrangement
covered in this section. The duplicate facilities included in each of the two buildings
allow reactor refueling and TRA/BPRA recovery operations to be conducted at the same
time; though in different locations. This reduces the time to accomplish TRA/BPRA
recovery operations. Also, since new fuel may be introduced through the cask handling
facilities in either building, fuel receiving operations may be conducted in one building,
without interrupting activities in the other building.

Underwater fuel transfer between the two adjacent storage pools, using the fuel transfer
mechanism, provides a safe and secure means of conducting these operations. Fuel
transfers conducted underwater in this fashion can be performed more rapidly than
alternative methods, which may need to utilize an auxiliary fuel transfer cask shuttled
between the two buildings. Also, since there are fewer handling maneuvers required
when using the transfer mechanism, there is less chance for damaging the fuel. Another
design feature of the direct fuel transfer is that the fuel does not have to leave the
confines of either building enclosure. This provides additional protection against
accidents or interference from outside agents.
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2.6 Fuel Management

The System 80 + reactor system as used for Plutonium disposition is designed for this
base case to operate for four years with annual outages using a single core of fuel. This
feature gives the flexibility to accommodate several types of missions with no change in
the fuel specifications or in the fuel management. The first advantage is that the fuel
management is the same for each cycle - whether it is the first, middle, or last. In
addition, there is the flexibility to extend the cycle length for several months to generate
additional energy, run a limited tritium production capability and/or spike the fuel to
increase its diversion resistance.

Several other fuel managements approaches are possible to meet other mission
requirements. While they are not discussed here, it is possible to design a three or four
batch equilibrium cycle fuel management that produces less variations in system
parameters during the cycle than those that occur for the four year core.

The characteristics for the MOX fuel design are discussed in Section 2.1.1 and are
summarized in Table 2.6-1. Erbium is admixed with the fuel in every fuel pin in all
assemblies. Two-thirds of the assemblies are designed with a lumped burnable absorber
(LBA) cluster to give mission flexibility and to allow a mechanism to add reactivity to the
fuel in later cycles.

A typical fuel management scheme is given in Figure 2.6-1 that has two types of fuel
assemblies characterized by the number of LBAs - zero(0O) and twelve (12) . The
assemblies with the LBA clusters have further flexibility with two different average erbium
loadings.

The design objectives of Pu disposition and Pu-240 isotopic fraction typical of spent fuel
from conventional LWRs are accomplished easily at the stated 75% capacity factor. The
fuel management for this study was performed using the tablesets generated using
standard libraries and techniques. In addition, the development, validation, and
verification of the new ENDF/B-VI library for cross sections is being performed in parallel
and is discussed in Section 3.1.7 and in Appendix B. When this verification and
validation effort is complete, the safety parameters will be fine tuned with tablesets from
the latest, evaluated cross sections.

The scoping study of the physics related safety parameters is summarized in Table 2.6-2
and compared with values calculated earlier for commercial UO, and all-plutonium reactor
(APR) studies for the System 80 plant in the 1970s. The results for the System 80+
Plutonium Disposition operating in the spent fuel mode using weapons-grade plutonium
fuel show that they are within the range of those for commercial APR.

Physics Characteristics

The basic cycle-dependent physics characteristics of the MOX fuel cycle concept
evaluated for the spent fuel alternative are shown in the following figures:

o Figure 2.6-2 Critical Boron Concentration vs Exposure
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o Figure 2.6-3 Inverse Boron Worth vs Burnup
o Figure 2.6-4 Core Rod Worths vs Exposure
o Figure 2.6-5 Moderator Temperature Coefficient (MTC) vs Burnup

The magnitude and trend of the parameters shown for the MOX concept are similar to
those of APR cycles based commercial-grade recycled plutonium, as were discussed in
Section 2.1.1. In particular, the values of parameters near end-of-life (EOL) approach
values characteristic of commercial UO, cycles.

Comparison of Parameters for MOX Concept

Table 2.6-2 gives a comparison of physics parameters for the MOX and non-fertile
concepts using weapons-grade plutonium and for commercial fuel cycles based on UO,
operation and APR plutonium recycle. Specific parameters are discussed below based on
the comparisons provided.

a. Critical Boron Concentration (CBC)

Calculated values of CBC at full power over cycle are shown in Figure 2.6-2 for
the MOX cycle. The values of inverse boron worth (IBW) are similarly shown
in Figure 2.6-3.

For the MOX cycle, a relatively high CBC exists at BOL, consistent with the
reduced soluble boron worth shown by the IBW. The CBC decreases over
cycle, and indicates that a significant amount of excess reactivity remains at
EOL (1096 EFPD). The excess reactivity shown at EOL is favorable from the
viewpoint of providing flexibility for optimizing the design and cycle length of
the MOX concept.

Critical boron concentrations for calculated operating conditions at BOL are
compared in Table 2.6-2. The concentrations of natural soluble boron shown
for the MOX cycle is consistent with the amount of excess reactivity at BOL.
Since the overall excess reactivity of the MOX cycle is higher than required for
cycle length, it is expected that the CBC values and the refueling boron
concentration for an optimized design can be reduced to values near those for
the commercial APR cycle.

b. Control Rod Worth

Calculated values of core reactivity worth of the control element assemblies
(CEASs) over cycle are shown for hot-full-power conditions in Figure 2.6-4 for
the MOX cycle. The CEA worth values are based on the extended CEA pattern
for APR operation as described in Section 2.1. On the basis of the calculated
results, the available CEA shutdown worth is sufficient for normal operations
and safety-related requirements of the MOX cycle. The cycle-dependent
behavior of CEA worth shows continuous increase in worth from BOL to EOL
for the MOX case, consistent with the expected trend based on depletion of
plutonium.,
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c. Moderator Temperature Coefficient (MTC)

Calculated values of MTC over cycle are shown for in Figures 2.6-5 for the
MOX cycle. These curves show the magnitude and trend of MTC at a constant
soluble boron concentration.

For the MOX cycle, MTC is less negative at BOL and trends to a more negative
value at EOL. Overall, the MTC characteristic for the MOX cycle is favorable
relative to that of UO, cycles. The high fissile plutonium content (supplemented
by the effect of erbium) provides a more negative MTC at BOL than in UO, fuel
cycles. The MTC at EOL is similar in comparison to UO, cycles due to
depletion of plutonium. Calculations for full-power conditions and zero-power
conditions, xenon-free conditions further show that MTC is negative for all
critical conditions over the MOX cycle.

d. Fuel Temperature Coefficient (FTC)
Calculated values of FTC over cycle are shown in Table 2.6-2 for the MOX

cycle. For the MOX cycle, the negative FTC magnitude is comparable to that
of UO, cycles, with little variation over cycle.

e. Delayed Neutron Fraction
Comparisons of delayed neutron fraction (8,,) and prompt neutron lifetime (¢°)
are given for BOL and EOL in Table 2.6-2. For the MOX cycle, the values of

B,y are in the range of .003, which is lower than for the commercial APR due
to the high Pu?*® concentration in combination with U?*®, Based on evaluations
for commercial APR cycle, the lower B8, for the MOX concept is expected to
be acceptable for safety-related performance (e.g., CEA ejection accident).
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TJABLE 2.6-1

SYSTEM 80+ PU BURNER MOX CORE DESIGN CHARACTERISTICS

Power Leve!
Core
Power Density
Average Linear Power
Maximum Linear Power'"

(1]}

Core Dimensions
Active Core Length
Equivalent Core Diameter

Fuel Assemblies
Number
Dimensions

Array

0-Shim Assembly
Number Fuel Rods

12-Shim Assembly
Number Fuel Rods

BPR Guide Tubes?®
BPR Guide Tube?

Outside Diameter
Thickness
Material

Fuel Rods
Outside Diameter
Cladding Thickness
Fuel Sintered Pellet Material
Cladding Material

Lumped Burnable Poison Rods (BPR)
Number per 12-Shim Assembly
BPR Outside Diameter
Cladding Thickness
BPR Absorber Material
BPR Ciadding Material

n
(2)
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3800 MW(th)
95.5 kWi/liter
17.7 kW/m (5.40 kW/ft)
41.7 kW/m (12.7 kW/ft)

3.81 m (150 in)
3.65 m (143.6 in)

241

202.7 mm x 202.7 mm
(7.972 in x 7.98 in)
16x16

236

224
12

11.2 mm (0.440 in)
0.91 mm (0.032 in)
Zircaloy-4

9.7 mm (0.382 in)
0.64 mm (0.025 in)
UO0,-Pu0,-Er,0,
Zircaloy-4

12

8.7 mm (0.344 in)
0.64 mm (0.025 in)
A'203'B4C
Zircaloy-4

Based on 0.975 average energy deposition fraction in the fuel.
Non-structural guide tubes allow removal of BPRs for later cycles.



PARAMETER

COMMERCIAL

UO2 EQ. CYCLE

COMMERCIAL
APR EQ. CYCLE

MOX APR

| MTC (detta-rho/deg F)
i Full Power, BOL
rull Power, EOL

-5.90E-05
-3.24E-04

-1.00E-04
-3.10E-04

-0.82E-04 |

-2.14E-04

FTC (delta-rho/deg F)
Full Power, BOL
Full Power, EOL

-1.24E-05
-1.25E-05

-1.01E-05
-1.09E-05

-1.54E-05
-1.67E-05

Dissolved Boron (ppm)
CBC at BOC, Unrodded
Hot Standby
Full Power, no Xe

Full Power, Eq. Xe

Refueling (5% subcrit)

1589
1400
1170
1955

3189
2450
2100
4203

IBW (ppm/delt-rho)
Full Power, BOL
Full Power, EOL

116
101

383
331

403
241

CEA (%deit-rho)
Full Power, EOL

13.8

12.6

13.4

Eff. Delayed N. Fraction
BOL
EOL

0.00625
0.00546

0.00442
0.00447

0.00312
0.00364

Prompt N. Lifetime (sec)
BOL

2.13E-05

2-83

6.80E-06

6.42E-06

10.72E-06
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_LEGEND:
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B Loading Pattern - Typical
r.._._F
N = Quarter Core Box Number
P= Previous Cycle Location of Assembly

Fu Followlng Cycle Location of Assembl‘
r=  Clockwise Rotations from Box N
B = Batch_Identifier;

AA No BPRA AL AA AL AA
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Critical Boron Conc
12 Month Cycles, 75% CF
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Inverse Boron Worth
Typical 4 year Pu Disposition
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Core Rod Worths vs Exposure
Typical 4 year Pu Disposition
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MTC vs Exposure

Typical 4 year Pu Disposition
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2.6.1  Reactor Startup Plutonium Inventory and Discharge Rate

As described in Section 2.6, the System 80+ Plutonium burner reactor system is
designed to operate for four years with annual outages using a single core of fuel for this
base case. This means that the fuel management is the same for all cycles. The first
cycle is the same as the middie or last cycles.

The characteristics for the MOX fuel design are discussed in Section 2.1.1 and are
summarized in Table 2.6-1. This represents the plutonium startup inventory. The
recharge rate for the four year core will require a 241 assembly core with the
characteristics of Table 2.6-1 once every four years for each unit.

The four year core has no impact on fuel fabrication facility schedules. All concepts
require a full load of fuel for the first cycle of operation. Once the four year core has
been loaded and starts full power operation, there are four years before more fuel is
needed for this plant. Other concepts would require one-quarter of this fuel to be
delivered each year.

Table 2.6.1-1 illustrates the base case schedule for the startup and operation of a two
unit site to dispose of 50 MT of Plutonium over a 25 year period from the start of the
contract to build and operate this facility. Each of these System 80 + reactor systems
has a design life of 60 years. After compieting the plutonium disposition mission, these
plants have the power rating raised to 3941 MWt and will burn commercially available
fuel for the remaining 45 years of plant life. The base core requirement assumes a plant
life of 40 years, which would put the commercial fuel operation to 25 years of the plant
life defined as the reference case.
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JABLE 2.6.1-1
DEPLOYMENT STRATEGY

Base Case: 50 MT in 25 Years
Schedule - Months Since Start of Contrat

Number of Reactor 2
Core Power Rating 3800 MWth
Cycle Length Months EFPD Cap Factor
Cycle 1 12 274 0.75
Cycle 2 12 274 0.76
Cycle 3 12 274 0.75
Cycle 4 12 274 0.75
First Core Startup Test Per 6 Months
Number of Feed Cores for Mission 8 Months 53.36 MT Pu
Operating Cycles Scheduled Start of cycle (Months)
. Feed Core Cycle Unit 1 Unit 2 Unit 3 Unit 4
1 1 74
2 92
3 104
4 116
2 1 98
2 110
3 122
4 134
3 1 128
2 140
3 152
4 164
7 1 224
2 236
3 248
4 260
8 1 242
2 254
3 266
4 278
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2.6.2  Fuel Cycle Characteristics

As described in Section 2.6, the System 80+ Plutonium burner reactor system is
designed to operate for four years with annual outages using a single core of fuel for this
base case. This means that the fuel management is the same for all cycles. A typical
fuel management scheme is given in Figure 2.6-1. Minor variations on the fuel
management scheme permit the flexibility necessary for various changes in mission
requirements such as cycle length, capacity factor, or the need for a tritium generation
mission. The first cycle is the same as the middle or last cycles.

As defined in the project definition, the base case is run with annual cycles and a 75%
capacity factor. The startup of the first reactor unit in this complex has an additional 6
months during the first cycle to complete the additional startup and validation testing for
this MOX fueled system. As shown in Table 2.6.1-1,the other unit on this site will
commence operation two years after unit 1 and all cycles on this site (with the exception
of Unit 1, cycle 1) will operate with annual cycles.

Each four year core in this base case study will operate for 4 x 274 , or 1096, EFPD.
This allows 90 days per annual cycle for refuelling, maintenance, and/or other operations
that may be necessary for other plant missions. As discussed in Section 4.4, the System
80+ reactor system is designed with operations and maintenance considerations.
Conservative estimates show that one can easily operate this plant with considerably
higher capacity factors and hence accomplish the plutonium disposition mission sooner
and generate more energy and revenue for the project.

The recharging strategy is quite simple. Every four years a new core will be loaded with
the same pattern as the initial core. For the three outages between new core loadings,
the fuel management follows a strategy similar to that outlined in Figure 2.6-1.

2.6.3 As-charged fuel actinide isotopic composition

As described in Section 2.6, the System 80+ Plutonium burner reactor system is
designed to operate for four years with annual outages using a single core of fuel for this
base case. This means that the fuel management is the same for all cycles.

The recharging strategy is quite simple. Every four years a new core will be loaded with
the same pattern as the initial core. The as charged fuel actinide isotopic composition is
given in Table 2.6.3-1. The actinides are represented both as tonnes of heavy metal and
as isotopic fractions.

Each feed core is composed of 241 assemblies loaded every four years. The heavy metal
is composed of diluent as tails Uranium (0.2 w/o of U-235) with weapons grade
Plutonium (93.5 w/0 Pu-239, 6.5 w/0 Pu-240). Er,0, is admixed with the UO,/Pu0,
reactivity.
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2.6.4 Discharged fuel actinide isotopic composition

As described in Section 2.6, the System 80+ Plutonium burner reactor system is
designed to operate for four years with annual outages using a single core of fuel for this
base case. This means that the fuel management is thc same for all cycles.

As described above, every four years a new core will be loaded with the same pattern as
the initial core. The discharged fuel actinide isotopic composition is given in Table 2.6.4-
1. The actinides are represented both as tonnes of heavy metal and as isotopic fractions.

Each discharge core is composed of 241 assemblies off-loaded every four years. For the
base case, there are four annual cycles of 274 EFPD with a capacity factor (CF) of 75
percent. This leads to an average discharge exposure of 42,400 MWD/THM.
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TABLE 2.6.3-1
AS-CHARGED FUEL ACTINIDE ISOTOPIC COMPOSITION.
CORE TONNES
U235 0.184137
U236 | 0
U237 0
U238 91.87906
NP237 0
| Pu23s 0
| Pu23s 6.236671
| Pu240 0.433558
| Pu241 0
PU242
' AM241
AM243
CM242
cM244 -
TOTAL-HM 98.73342
TOTAL U 92.0632
TOTAL PU 6.670229
| TOTAL OTHER |l 9
Pusowpefroction |
Pu-238/Pu 0.000
Pu-239/Py 0.935 |
Pu-240/Pu o.oesAI
Pu-241/Pu 0.000
Pu-242/Py
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JABLE 2.6.4-1
DISCHARGED FUEL ACTINIDE ISOTQPIC COMPOSITION
CORE TONNES
U235 0.10395
U236 0.01 7785"
U237 0.000032
U238 89.48765
| NP237 0.001641
| pu23s 0.000275
” PU239 3.oesso%|
PU240 1.1021
PU241 0.610723
PU242 0.081952
‘ AM241 0.029674
AM243 0.01992
CM242 0.013559

cM244

_0.004515

TOTAL-HM 94.53728

TOTAL U 89.60942
TOTAL PU 4.858552

TOTAL OTHER | 0.069309

Pu-238/Pu

Pu-239/Pu 0.631
Pu-240/Pu 0.227
Pu-241/Pu 0.126
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2.7 Nuclear Material Transporation
2.7.1 Frash Fuel from fuel fabrication plant

The System 80 + plutonium mission plant layout incorporates collocation of the fuel and
reactor facilities in order to avoid shipment of fresh fuel from thefuel fabrication plant
outside a controlled area. If the fabrication plantand the reactor plant are not collocated,
the transport of the mixed oxide fuel rods to be transported from the fuel fabrication plant
to the reactor can be accomplished in metal containers similar to the one utilized for the
fresh UO, fuel assemblies by the commercial nuclear industry. There is some radiation
and therefore the packages will have to be modified slightly to include some shielding to
meet the DOT requirements of external radiation dose levels for normal conditions of
transport. The number of fuel assemblies will be established by the quantity of
plutonium that can be transported in a single shipment.

The shipment can be accomplished via a truck. It is assumed that the shipment will
require one day for a distance of travel equal to three hundred miles. The number of
shipments to be made in a year depends on the production capacity of the MOX plant.

Each shipment will require special containers and a special security escort in view of the
presence of plutonium in the fuel assemblies. During transport by road the vehicles may
require armed escorts which provides additional security measure beside what is included
in the container design and also be a communication link with the operation center during
the transportation. Two drivers will accompany any shipment. The present practice of
carrying six packages of PWR assemblies (12 assemblies) per truck can continue with the
MOX assemblies except that each package may be heavier due to the extra shielding
requirement. The handling of the packages at both the shipping and the receiving end
could utilize the ones used by the commercial nuclear industry.

2.7.2  Waste from fuel fabrication plant

It is assumed that the solid wastes generated at the fuel fabrication plant would be placed
in 65 gallon steel drums. These drums will be transported in the same manner as they
are done for the UO, fuel fabrication plant wastes. These drums would be placed in a
steel cargo container or overpack and moved by rail or a truck. The quantity of waste
and the characteristics of the waste depends on the fabrication process and the planned
method of waste treatment used at the fuel fabrication plant.

The truck drivers may receive some radiation but will be limited to a value below that
allowed by the regulation. The various accident that can occur during the transport will
be analyzed and the necessary precautions taken to avoid release of radioactivity into the
environment.
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2.7.3 Waste from Reactor

The waste from the reactor can be classified into high level and low level wastes. The
low level wastes will be handled in the same manner as waste from fuel fabrication plant
(see 2.7.2). The high level waste will be handled with care to prevent violation of ALARA
limits. The wastes will be transported in casks similar to those used for irradiated or
spent fuel assemblies. These shipments must meet the limits on size, weight, radiation
level, and heat generation rate. The presently available spent fuel casks can be utilized
for this operation. The number of shipments, distance to be travelled will be established
after further study. The type of casks to be used depends on the mode of transport-- by
rail or by truck. The wastes will have to be transported to a high level waste repository.
The radiation level will be analyzed in a manner similar to the spent fuel assemblies. The
present method for handling the casks can be utilized at both the shipping end and the
receiving end.

2.7.4 Spent Fuel from the Reactor

Spent fuel generated by the various Units will be stored on-site for a cooling period of ten
(10) years from its core discharge date. Following the initial fuel accumulation delay
period (which is be dependent on the fuel cycle chosen), spent fuel will be available for
shipment on an annual basis to a Government specified permanent repository. Because
of radiological considerations associated with spent fuel, special shipping casks are
necessary to afford radiological protection during transport under both normal and
accident conditions. Such shipping casks must meet Nuclear Regulatory Commission
(NRC) requirements codified in 10 CFR 71, Packaging and Transportation of Radioactive
Material. Casks which would serve a dual function of spent fuel storage must also satisfy
NRC requirements codified in 10 CFR 72, Licensing Requirements for the Independent
Storage of Spent Nuclear Fuel and High Level Radioactive Waste, Subpart L - Approval
of Spent Fuel Storage Casks.

There are presently 7 types of spent fuel shipping casks that hold NRC Certificates of
Compliance. The capacity of these casks varies between 1 and 7 PWR fuel assemblies.
Clearly, cask choice is critical in that it affects the ultimate number of spent fuel
shipments to the repository in order to transport an entire core of 241 fuel assemblies.
It is desirable to minimize the number shipments required from radiological protection,
security, and cost control perspectives.

Based upon the capacity of 1 assembly/cask, the number of shipments per year would
be 120. Figure 2.7.4-1 shows the levelized schedule for shipping ~ 120 assemblies per
year. Since the base case scenario uses a two unit site to dispose of the 50 MT of
Plutonium, the actual shipping schedule could be 241 assemblies starting in year 2015
and 2017; but no shipments in 2016 and 2018. The levelized schedule allows shipments
using fewer casks/year while having no impact on the fuel storage pool.
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3.0 JECHNOLOGY NEEDS

The technology for System 80 + is sufficiently developed and mature, through the
implementation of PWRs and the development of the ALWR program in the US, that
further development of the technology is unnecessary. On the basis of the Omberg
and Walter scale, the Technology Readiness of System 80 + is at Level 7, defined as
follows:

"Level 7 This is the final level of technology readiness, at which a final
design is approved or approval is pending with no outstanding issues of
significance. An integrated system has been demonstrated on a scale
relevant to the final application in the proper environment."

The backups for this assessment are the CESSAR System 80 + Design Certiﬂcétion
(FSER released by the NRC with no open items), and the three operating System 80
units at the Palo Verde Nuclear Generating Station.

For the plutonium disposition option, further development is in the form of validation
of methods for the particular analysis, a revision of some specific calculations, and the
safeguards and security aspects. The following sections outline the conformation work
to be done in these areas.

3.1 Reactor Tachnology Neada

3.1.1 Introduction and Summary

System 80+ is a mature Advanced Light Water Reactor (ALWR) design. The
antecedents are System 80, which was brought to commercial operation at the Palo
Verde Nuclear Generating Station, in Wintersberg, Arizona, in the early 1980's, and
four units which are currently in construction in the Republic of Korea, which feature
many of the System 80 + features, but in a smaller reactor size, commensurate with
the customer's needs. Because of the degree of maturity of the design, there are no
reactor technology needs. The remainder of this section will discuss the major design
improvements featured in System 80 + which have resulted from design and analysis
experience as well as plant startup and operating experience. These are the
"Technology Needs" that have aiready been met.

The experience input to the System 80 + design process has been accrued through the
organizations participating in the System 80 + des jn team. This includes architect
engineering organizations (Stone & Webster Entineering Corporation and Duke
Engineering & Services, Inc.) which have extensive experience in plant design and, in
the case of Duke Engineering & Services, actual plant operating experience. Architect
engineering experience is reflected mainly in the plant layout, building design, control
room, and the many "balance of plant” systems supporting the Nuclear Steam Supply
System. This experience was brought to the System 80+ design team by the
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engineers responsible for the design of specific structures and systems in currently
operating plants and by actual plant operators who also participated in the design
process. The ALWR Utility Requirements Document was also used in the design of
System 80 + and the design and operating experience of participating utilities reflected
therein has been incorporated through the adoption of design requirements.

Experience related to the operation of the Nuclear Steam Supply System was brought
to the System 80 + design through the predecessor System 80 and earlier Nuclear
Steam Supply System designs and through the years of experience of individual
designers. This individual experience was developed through review of industry
experience reflected in documents such as NRC Bulletins and Generic Letters,
Unresolved and Generic Safety lIssues, Institute for Nuclear Power Operations
publications, and in the ABB-CE Corrective Actions Program. Their experience was
also developed through participation on design teams for startup of plants with Nuclear
Steam Supply Systems designed by ABB-CE.

Operating experience is reflected throughout the System 80 + design described in this
report, including shutdown risk improvements. The major improvements based on
operating experience are summarized below.

3.1.2  Integrated Design Process

One organization, ABB-CE, is responsible for the design of structures, systems, and
components of a plant which are important to safety (where design features depend
on site-specific characteristics, interface requirements are provided), thus facilitating
an integrated design process. The major considerations in this integrated design
approach are as follows:

a. The Probabilistic Risk Assessment (PRA) is used to evaluate the design and
to identify areas where significant improvement can be obtained. Although
the end product of the PRA is a calculation of core damage frequency and
offsite consequences, the PRA can also be used to gain design insights and
identify improvements for handling more frequent transients and accidents.

b. Maintainability of the plant is being addressed by using equipment that
minimizes the need for maintenance, by assuring that equipment can be
easily accessed, and by assuring that maintenance actions will be as simple
as possible (so as to avoid unplanned reactor trips and plant downtime).
These same considerations apply to periodic testing and inspection of

equipment.

c. In almost all cases for System 80 +, safety and non-safety functions have
been separated. This will make the plant much simpler to operate and
maintain.
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Human factors (i.e., the man-machine interface) are considered throughout
the plant and especially in the control room.

As Low As Reasonably Achievable (ALARA) considerations affect the
selection of materials and location of piping and equipment that carry
radioactive coolant. For example, specifications for the reactor coolant
system materials have been tightened to minimize transport of
contamination. Improvements in the steam generator tubing material and
access openings greatly reduce radiation exposures for maintenance, testing,
and inspection. The overall goal is to maintain personnel exposure to less
than 100 man-rems per year for each reactor.

Plant security (i.e., sabotage protection) and fire protection concerns have
been directly addressed in determining layouts for plant safety systems.

Reactor: The core operating margin has been increased by reducing the
normal operating hot leg temperature and revising core parameter monitoring
methods. The ability to change operating power level (i.e., maneuver) using
control rods only (without adjusting boron concentration in the coolant
system) has been provided, simplifying reactivity control during plant load
changes and reducing liquid waste processing requirements.

Reactor Pressure Vessel: The reactor vessel is ring-forged with material
specifications that result in a sixty year end-of-life RT,,; well below the
current NRC screening criteria. This results in a significant reduction in the
number of welds (with resulting reduction in inservice inspection) and
eliminates concern for pressurized thermal shock.

Pressurizer: The pressurizer volume is increased to enhance the transient
response of the RCS and to reduce unnecessary challenges to safety
systems.

Steam Generators: The steam generators include Inconel 690 tubes,
improved steam dryers, and a seventeen percent increase in overall heat
transfer area, including a ten percent margin for potential tube plugging.
The steam generators have a twenty-five percent larger secondary
feedwater inventory to extend the "boil dry" time and improve response to
upset conditions. Steam generator improvements also have been added to
facilitate maintenance and long term integrity. These include larger and
repositioned manways, a standby recirculation nozzle, and a redesigned flow
distribution plate.
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3.1.4

3.1.56

Mechanical improvements based on System 80 startup and operating
experience include strengthened reactor coolant pump impellers, redesigned
reactor coolant temperature detector thermowells, strengthened reactor
vessel upper guide structure, specification of antimony-free reactor coolant
pump bearings, strengthened reactor coolant pump shafts, and redesigned
steam generator economizer internals.

Advanced Control Room Design

The Advanced Control Complex {(Nuplex 80 +) for System 80+ has been
designed to meet demanding human factor, reliability, and licensing
requirements, and is characterized by state-of-the-art advances, such as
distributed digital processing, fiber optic data communications, and touch
sensitive video displays.

Nuplex 80 + is a total integration of plant-wide instrumentation and controis
(I&C) systems. The Advanced Control Complex includes the Main Control
Room, the Technical Support Center, the Remote Shutdown Room,
Computer Room; the Vital Instrumentation and Equipment Rooms, Non-
Essential Electrical Equipment Rooms and their respective control,
protection, and monitoring systems.

Redundancy and diversity in all information processing and display ensures
the correctness of information presentation and allows continued operation
with equipment failures. Sufficient diversity is provided to ensure that the
plant could be brought to a safe condition even with the loss of all safety-
related digital instrumentation and controls. The integration of information
from the former Safety Parameter Display System and the Post Accident
Monitoring Instrumentation (PAMI) into normal operating displays allows the
same displays to be used during all plant conditions.

Alarms are based on validated signal inputs with logic and setpoints that
account for plant and equipment operating modes. Four levels of alarm
presentation are employed. Individual and global alarm acknowledgement
features ensure that all alarms are recognized without operator task
overload. Alarm acknowledgement provides direct access to supporting
displays.

Highly Reliable Engineered Safeguards Systems

Chemical and Volume Control System (CVCS): The CVCS incorporates
numerous significant improvements which include centrifugal charging
pumps, a high pressure letdown heat exchanger, and simplified charging and
auxiliary spray piping. A diverse positive-displacement charging pump has
been added as a third source of cooling for the reactor coolant pump seals.
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Required safety functions previously performed by the CVCS are now
delegated to other dedicated safety systems.

Safety Injection System (SIS): The SIS design has been improved to provide
a simpler and more reliable system with increased redundancy. It has four
mechanical trains for safety injection, direct-to-vessel injection connections,
and an in-containment refueling water storage tank. The same size pumps
and valves used in the original System 80 two train design are now used in
all four trains. The trains are not interconnected by common headers and
include provision for full flow, on-line testing to eliminate the need to
extrapolate bypass-flow test results to demonstrate compliance to Technical
Specifications.

In-Containment Refueling Water-Storage Tank (IRWST): The IRWST has
been located in the containment building, in a torus-like configuration around
the reactor vessel cavity. Containment water collection points empty into
the IRWST. This means that the safety injection pumps always take water
from the tank, eliminating the need to switch from tank to containment
sump following a loss of coolant accident.

Safety Depressurization System (SDS): The SDS is a dedicated manually-
operated system designed to permit depressurization of the Reactor Coolant
System (RCS) when normal processes are not available. The SDS provides
the capability to rapidly depressurize the RCS so that an operator can initiate
primary system feed and bleed (using the safety injection pumps) to remove
decay heat following a total loss of feedwater event. Manual control of
motor operated valves enable discharge from the pressurizer to be directed
to the IRWST, without the reliability concern that is associated with
automatically operating valves.

Emergency Feedwater System (EFWS): The EFWS is a dedicated safety
system intended for emergency use only. (The Main Feedwater System
includes a startup pump and a full range control system for normal startup
and shutdown operations).

The EFWS has two separate trains. Each consists of one emergency
feedwater storage tank, one full capacity motor-driven pump, one full
capacity non-condensing turbine-driven pump, and one cavitating venturi.
The cavitating venturi minimizes excessive emergency feedwater flow to a
steam generator with a ruptured feed or steam line. The EFWS therefore
requires no provision for automatic isolation of emergency feedwater flow
to a steam generator having a ruptured steam line or feed line.

Shutdown Cooling System (SCS): The SCS design pressure has been
increased to 900 psig. This higher pressure provides greater operational
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flexibility and eliminates concern for system over-pressurization. The SCS
is interconnected with the Containment Spray System, which uses identical
pumps. The reliability of both systems is therefore increased, and each set
of pumps can serve as a backup for the other.

3.1.6 Plant Structures and Arrangements

a. The containment for System 80 + is a 200-foot diameter steel sphere which
maximizes space for equipment and maintenance while minimizing unusable
volume in the upper part of the containment. The operating floor offers
75% more usable area than a cylindrical containment of equal volume.

b. Features for mitigating the consequences of postulated severe accidents
include a reactor vessel cavity designed to improve the ability to resolidify
molten core material on the cavity floor by cooling and retaining the moiten
core debris.

c. The spherical containment provides a lower annulus under the sphere which
replaces a conventional safetygrade auxiliary building, and is an ideal
location for safety systems. Placing of the safeguards equipment in the sub-
sphere areas is an economically attractive approach to addressing numerous
regulations associated with this equipment. Separation for internal flood
mitigation, fire protection, security, and sabotage concerns are easily
addressed without adverse affect on accessibility.

3.1.7 Analytical Methods
3.1.7.1 Methods of Analysis

The nuclear design analysis of low enrichment PWR cores is based on the two-
dimensional transport code DIT (Reference 3.1-1), which provides cross sections
appropriately averaged over a few broad energy groups for the whole assembly or
individual cells, and few group one-, two-, and three-dimensional diffusion theory
calculations of integral and differential reactivity effects and power distributions.
Differences between calculated and measured data for various nuclear parameters of
interest in the nuclear design and safety analysis are presented in Section 3.1.7.2. The
technology needs in analytical methods reflect the process that, as improvements in
analytical procedures are developed, and improved data become available, they should
be incorporated into the design procedures after validation by comparison with related
experimental data. This section discusses the current status of these methods.

3.1.7.1.1 Cross Section Generation

Few group cross sections for coarse-mesh and fine-mesh diffusion theory codes are
prepared by the DIT lattice code. These cross sections are used in ROCS (coarse-
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mesh, Section 3.1.7.1.2) and in MC (fine-mesh, Section 3.1.7.1.3). The
ROCS(MC)/DIT code system is documented in an NRC-approved Topical Report
{Reference 3.1-2).

The essential components of the DIT lattice code are:

1. Spectral calculations using discrete integral transport (DIT) theory in up to 190
energy groups with spectral coupling between cells over the entire assembly.

2. Few-group spatial calculations in exact assembly geometry followed by a leakage
calculation to maintain a critical spectrum.

3. Isotopic depletion calculations for every cell in the assembly.

Thus the use of the two-dimensional DIT code ensures that the effects of lattice
heterogeneities are explicitly treated. Few-group cross sections for coarse-mesh spatial
calculations are obtained and include accurate weighting of the various types of fuel,
absorber and water-hole cells.

Group condensation based on the spectra calculated for all the different types of cells
and subregions within them is performed to obtain few-group macroscopic cross
sections that are passed on directly to the assembly calculations. Since the accuracy
of the spectrum calculations is high, the group condensation can normally be
performed with a standard four-group structure. In some cases, more groups can be
(and are) used in the assembly calculation. For example, a seven-group condensation
is typically used for gadalinia-bearing assemblies.

The assembly and spectrum calculations are performed by integral transport theory
with multigroup interface currents used to couple adjacent cells.

This entire sequence of calculations is normally performed assuming that there is no
net leakage from the assembly geometry. A correction for the influence of global
leakage is made on the basis of a B1 calculation with the fine energy group structure
for the homogenized assembly to maintain criticality of the assembly.

Reaction rates for use in the depletion stage of DIT are formed using the basic cross
section library and the spectra calculated as described.

Spatial averages of microscopic and macroscopic cross sections are performed for
editing purposes and are passed on to ROCS and MC.

The above calculations are performed in a single job step without manual intervention.
Few-group coarse-mesh cross sections are prepared in the HARMONY format
(Reference 3.1-3) for ROCS by the editing code CESAW, and fine-mesh cross sections
are input to MC via the editing code MCXSEC.
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The DIT code utilizes a data library containing multigroup cross sections, fission
spectra, fission product yields and other supplemental data. The source of data for the
library is ENDF/B-VI. Two adjustments to the library data have been made to reflect
recommendations by the Cross Section Evaluation Working Group. These adjustments
include a very small reduction in the thermal capture of U-235 and epithermal capture
of U-238.

The ENDF/B-VI| files are processed with NJOY (Reference 3.1-4) and RABBLE
(Reference 3.1-5).

Following the assembly spectrum calculation, a depletion time step takes place for
each individual pin in the assembly and, when required, for sub-divisions of a pin. At
the end of the depletion step, new isotopic compositions are defined for use in the
spectrum calculation of the next time step. This process is extended over the
expected life of the fuel assembly. Several improvements have been made to the DIT
calculational methodology described in Reference 3.1-2. These improvements,
described and approved in References 3.1-6 and 3.1-7, include the use of anisotropic
scattering and higher-order interface currents.

3.1.7.1.2 Coarse-Mesh Methods

Static and depletion-dependent reactivities and nuclide concentrations, flux and power
distributions in two- and three-dimensional representations of the core are determined
by a diffusion-depletion program, ROCS-MC, which is described in Reference 3.1-2.
The reactor operation and control simulator (ROCS) program was approved for use as
a PWR core design and analysis code by the NRC in Reference 3.1-2. ROCS is
designed to perform two- or three-dimensional coarse-mesh reactor core calculations
based on a two-group nodal expansion method (NEM), with full-, haif-, or quarter-core
symmetric geometries. The mesh consists of rectangular parallelepiped "nodes"
arranged contiguously in the X-Y plane, with one or more axial meshes (or planes) in
the Z direction. In most applications, only the active core region is represented, with
albedo-like boundary conditions assigned to exterior nodes. A typical ROCS core
geometry uses four nodes per assembly in the X-Y plane and 20-30 axial planes
depending upon core height and in-core instrument locations.

Improvements made to the ROCS methodology described in Reference 3.1-2 include
the use of a predictor/corrector method for gadolinia-bearing fuel (described and
approved for use in Reference 3.1-8) and the use of assembly discontinuity factors
(described in Reference 3.1-6 and approved for use in Reference 3.1-7).

The nodal macroscopic group constants used in the neutronics calculation are
constructed from detailed isotopic concentrations and microscopic cross sections
processed by the code. The isotopes specified include fixed depletable isotopes and
a lumped residual representing non-depletable isotopes. The depletable isotopes

457-3.wp2(J:9341) 3-8



PLUTONIUM DISPOSITION STUDY

Combustion Engineering, Inc. TECHNOLOGY NEEDS

include fission chain isotopes, fission products and burnable absorbers. Control rods
are represented by macroscopic cross sections specific to different rod banks.

The ROCS system performs coarse-mesh depletion calculations for each node in a two-
or three-dimensional core configuration. The allowed depletion chains are internally
modeled with fixed depletion equations so that beyond the input cross section data the
user need supply only such data as initial concentrations, decay constants and fission
vields for each depletion nuclide. These include the principal uranium and plutonium
isotopes, a fuel exposure chain, xenon and samarium fission product chains, and
boron, gadolinium, and erbium burnable absorber chains.

The fixed depletion equations used in the ROCS code are derived through the standard
procedure of analytically integrating the coupled linear equations which represent each
chain. The depletion equations are solved using the flux and microscopic cross section
values based on the neutronics and thermal-hydraulic feedback calculations preceding
the depletion time step. The initial flux and cross sections are assumed constant over
the depletion time step.

Cross section information used in the ROCS system is derived from microscopic cross
sections supplied by DIT for each nuclide in two energy groups. This information is
utilized in two basic forms. First, two-group macroscopic cross sections are used in
the basic flux and eigenvalue calculation. The microscopic contributions due to
thermal-hydraulic feedbacks, xenon, soluble boron and control rods are added prior to
the flux calculation. Second, two-group microscopic cross sections are used explicitly
in the depletion and xenon short-term time-stepping calculations.

The two-group microscopic cross sections for each nuclide are supplied in tabular form.
Represented for each nuclide and energy group are:

O, = transport cross section (barns)

O, = absorption cross section (barns)

0, = removal cross section (barns)

o, = fission cross section (barns)
VvV = average number of neutrons released per fission
K = average energy release per fission (watt-sec)

The tables represent the above values as nonlinear functions of important independent
variables (e.g., exposure, initial anrichment, soluble boron concentration) evaluated for
nominal thermal-hydraulic conditions. In addition, multipliers (called G-factors) may be
included in the table for any of the cross sections. The G-factors may also be
represented as functions of pertinent independent variables. Thus a typical cross-
section table interpolation can be represented symbolically by:

O'(BU' €, PPM: P Tm: T;) = qNuNz:Ns)G(NuNg:Ng)
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where
BU, & PPM, p, T, T = exposure, initial enrichment, soluble boron
concentration, moderator density, moderator tem-
perature and fuel temperature;
N1 ,...,N6 = independent variables for table interpolation.

The cross sections are assumed to vary with moderator temperature, moderator
density, and the square root of the fuel temperature for small changes about the
nominal. The dependence of the cross sections on the thermal-hydraulic parameters
is usually approximated by the inclusion of the first derivative of the cross section, for
example:

) 8 8
o(p.T,. T =alp,,T, T, ) +— Aps—mt— (AT )

8 8T, &(T)

where

M=p- Py = change in density from nominal

ATM =T change in moderator temperature from

M TMo X
nominal

NTF)% = (TF)“ - (Tgo)y‘

change in square root of fuel temperature
from nominal

The ROCS neutronics calculation is linked to optional independent feedback
calculations for thermal-hydraulic parameters (moderator density, moderator
temperature, fuel temperature) and for equilibrium 1'3® and Xe'*® distributions.
(References 3.1-4,3.1-8) The thermal-hydraulic calculation is performed iteratively
with the flux calculation when any combination of thermal-hydraulic feedbacks is
specified. For each feedback variable specified, the macroscopic cross sections used
in the flux calculation are updated through the appropriate feedback term. In the case
of xenon, the macroscopic cross sections are updated each iteration cycle using
calculated 1'*® and Xe'*® equilibrium concentrations based on the two-group flux
distribution from the previous iteration. The number of feedback iterations is governed
by independent convergence criteria for each feedback parameter, so that the final flux
solution is obtained after all specified feedbacks have converged.

In addition to the above feedback models, the ROCS code contains optional eigenvalue
search models for soluble boron concentration and axial power distribution. The search
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calculations employ numerical iteration techniques which update the specified control
variable to obtain convergence on the search eigenvalue and/or axial power shape, and
are generally used along with feedback calculations.

3.1.7.1.3 Fine-Mesh Methods

The MC code, which is described and approved in Reference 3.1-2, performs mesh-
centered pin peaking calculations for each node in two-dimensional core geometries.
MC uses an embedded fine-mesh diffusion theory method for obtaining pin power
distributions from coarse-mesh calculations,

A method has been developed for determining diffusion coefficients which, when
combined with the finite difference formulation of MC, permits the inclusion of
transport effects in a rigorous fashion. The diffusion coefficients have the property of
conserving cell averaged fluxes, reaction rates, and partial currents across cell
boundaries. Thus, MC has the capability to effectively reproduce DIT local power
distributions.

Having determined diffusion coefficients that exactly reproduce average fluxes,
reaction rates, and partial currents from transport theory for a particular geometry, it
is then asserted that they are universally applicable independent of the size of the flux
gradients seen in the core.

The nodal diffusion equations are solved as a boundary source problem for the
embedded calculation. The partial in-currents on each nodal face and the global
eigenvalue are supplied by the ROCS coarse-mesh calculation.

After completion of the fine-mesh embedded calculation, the fine-mesh power
distribution is renormalized to the coarse-mesh power level to assure that coarse-mesh
and fine-mesh node average powers and burnups will remain the same during
depletion.

The MC embedded calculation uses a macroscopic cross section model based upon
interpolation of multi-dimensional macroscopic tables. These tables are created by the
MCXSEC code, which processes DIT results for all assembly types, and are typically
burnup, enrichment, moderator and fuel temperature dependent for each fine-mesh pin
cell type. Lagrange linear interpolations are performed to obtain the macroscopic cross
sections. The interpolated absorption cross section is then corrected for soluble
boron and xenon changes by using boron and xenon microscopic cross sections along
with number densities obtained from the core soluble boron and local xenon equilibrium
concentrations. In addition, axial leakage is represented by adding a DB? term to the
absorption cross section.

As the size of large power reactors increases, space-time effects during reactor
transients become more important. In order not to penalize reactor performance unduly
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with overly conservative design methods, it is desirable to have the capability to
perform detailed space-time neutronics calculations for both design and off-design
transients.

The HERMITE (Reference 3.1-9) computer code has been developed to meet this
objective. It solves the few-group, space and time-dependent neutron diffusion
equation including feedback effects of fuel temperature, coolant temperature, coolant
density and control rod motion. The neutronics equations in one, two, and three
dimensions are solved by the fourth-order nodal expansion method. The fuel
temperature model explicitly represents the pellet, gap and clad regions of the fuel pin,
and the governing heat conduction equations are solved by a finite difference method.
Continuity and energy conservation equations are solved in order to determine the
coolant temperature and density. In the one-dimensional mode, HERMITE also has the
option of finding the axially dependent poison distribution required to produce a
particular user-specified axial power shape. This option is often used to produce
conservative axial power shapes corresponding to the Limiting Conditions of Operation
(LCO) limits on axial power shape from which simulations of core transients are
subsequently initiated.

3.1.7.2 Comparisons with Experiments

The nuclear analytical design methods have been checked against a variety of critical
experiments and operating power reactors. In the first type of analysis, reactivity and
power distributions obtained from small zero power critical experiments lead to
information concerning the validity of the basic fuel cell calculation. The second type
of analysis consists of a core follow program for operating commercial PWR's in which
power distributions, reactivity coefficients, reactivity depletion rate, and CEA worths
are analyzed to provide a global verification of the nuclear design package.

The comparison between calculations and measurements serves not only to verify the
calculational methodology, but also to provide a set of calculational biases and
uncertainties that are applied to the calculational results to yield best estimate and
95/95 confidence limit predictions for use in the safety analysis. Verification of the
basic methodology was demonstrated and approved in Reference 3.1-2. Biases and
uncertainties were also documented and approved in Reference 3.1-2. Implementation
of the improvements described in References 3.1-7 and 3.1-8 necessitated an update
of the biases and uncertainties in order to assure that 95/95 confidence limits are
maintained in all results used for licensing-related analyses. These updated biases and
uncertainties appear in summary form in Reference 3.1-10. Reference 3.1-7, which
was approved by the NRC in Reference 3.1-6, reported that the revised bias and
uncertainty values were equivalent to those contained in Reference 3.1-2, and
therefore did not require explicit NRC review.
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3.1.7.2.1 Critical Experiments

Selected critical experiments have been analyzed with the DIT code. Selection of
criticals is based on the following criteria:

1. Applicability to C-E PWR fuel and assembly designs,
2. Self-consistency of measured parameters, and
3. Availability of adequate data to model the experiments.

Two groups of critical experiments have been employed in this evaluation. The first is
a series of uniform lattices in cylindrical geometries with UO, or PuO, fuel, and the
second is a set of experiments in which the lattice contains water holes to simulate the
geometry of a PWR fuel assembly. The first set is analyzed to verify the reactivity of
a uniform array of fuel rods, and the second set is analyzed to benchmark the power
peaking factors in the vicinity of large water holes.

Results of Analyses

The uniform critical experiments were analyzed with the ENDF/B-VI cross section
library. The results of the uranium lattices, described in References 3.1-11, 3.1-12,
3.1-13 and 3.1-14, are summarized in Table 3.1.7-1. This Table also provides the
principal lattice characteristics and fuel enrichment. The average k., is 1.00147. The
Plutonium lattices (References 3.1-15 and 3.1-16) are summarized in Table 3.1.7-2.
The average k., is 1.00185. Thus the DIT code, in conjunction with ENDF/B-VI cross
sections, exhibits very good predictive capabilities for pin cell reactivity level, for both
uranium oxide and mixed plutonium-uranium oxide fuel. The plutonium lattices show
a larger scatter in the reactivity level than the uranium lattices. This is due to the very
large leakage of the former lattices, and to the uncertainties associated with the
measured group-independent critical buckling.

The non-uniform critical experiments provided information on the pin-by-pin power
distribution in fuel assemblies containing large water holes. The 95/95
confidence/tolerance range for pin power, irrespective of its location in the assembly,
is 2.8%.

3.1.7.2.2 Power Reactors

The accuracy of the calculational system in its entirety is assessed through the analysis
of experimental data collected on operating power reactors. The data under
investigation consist of critical conditions, reactivity coefficients, and rod worths
measured during the startup period, and of critical conditions, power distributions, and
reactivity coefficients measured throughout the various operating cycles.
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Reactivity Level

The ability of the calculational models to predict reactivity levels is assessed by
compiling the calculated reactivities for a number of well defined measured critical
conditions. This analysis has established a 95/95 confidence/tolerance interval of
+0.25% Ap, irrespective of plant operating conditions or exposure.

Isothermal Temperature Coefficient

The Isothermal Temperature Coefficient (ITC) is the change in core reactivity resulting
from a 1°F change in moderator and fuel temperatures.

The accuracy of the calculated ITC has been determined by comparing the isothermal
temperature coefficients measured for a number of reactors and cycles, both at power
and at zero power, and for a wide range of soluble boron concentrations, with three-
dimensional ROCS calculations performed at the same conditions as the
measurements.

This analysis indicated that the best estimate ITC is known to within a 95/95
confidence/tolerance range of 0.16 * 10*Ap/°F. This uncertainty is applicable to all
operating conditions, power levels and soluble boron concentrations.

Control Rod Bank Worths

The uncertainties in calculated CEA worths (Reference 3.1-10) were found to be
+6.52% for total and net worths, and +15.5% for group or bank worths. The
difference in uncertainties between total and group or bank worths is due to the fact
that most of the bank worths were very small and hence the effects of measurement
uncertainty resulted in greater relative errors.

Dropped. Ejected and Net Rod Worths

Calculated reactivity worths of -asymmetric rod configurations show biases and
uncertainties similar to those observed for the CEA bank worths.

Power Coefficient
The power coefficient is the change in core reactivity resulting from a 1% change in

core power, maintaining the core average moderator temperature constant. This
coefficient can be determined with a 95/95 confidence/tolerance range of 14%.

Assembly Power Distributions

The uncertainty to be attribulad to calculated fuel assembly power distributions is
obtained by comparing detailed three-dimensional calculations of the assembly powers
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with those inferred from in-core measurements with the CECOR (Reference 3.1-17)
system using fixed in-core rhodium detectors. The resulting differences are a reflection
of both measurement and calculative errors. In order to determine the uncertainty to
be attributed to the calculation, the measurement uncertainty is subtracted out from
these difference distributions. The measurement uncertainty is from an evaluation of
the uncertainty associated with the CECOR system (Reference 3.1-18).

Table 3.1.7-3 summarizes the calculational uncertainties.

3.1.73 Code Benchmarking

Battelle Pacific Northwest Laboratories (BPNL) provided the code benchmarks for DIT
by using codes WIMS-E and MCNP at BPNL. The WIMS-E code uses the 69 group
WIMS UK Nuclear Data Library which has been modified by BPNL to incorporate some
of the appropriate erbium isotopes. The MCNP continuous energy Monte Carlo cross
section library currently employed by BPNL consists primarily of ENDF/B-V data with
a limited number of nuclides being represented by ENDF/B-VI data. ABB-CE has
processed ENDF/B-VI data and has generated a 190 group cross section library (as well
as a 89 group condensed library for design applications) for use with its DIT assembly
lattice code. The unmodified library is based on ENDF/B-VI data. The modified library
is also based on ENDF/B-VI data except reduction (of 3.4%) of U-238 epithermal
capture and reduction (of 1.36 barns) of U-235 thermal capture is applied.

ABB-CE provided the detailed benchmark specifications (Table 3.1.7-4), including
geometry, MOX fuel composition (U0,-Er,0,-PUO,) and loadings (6.88 w/o PUO,, 2 w/o
Er,0,, and UO, tails) to BPNL. Plutonium isotopics are 93.5w/o and 6.5w/o for 239
and 240 respectively. Benchmark runs were made in stages.

1. CE pin cell was run at room temperature using WIMS-E and MCNP at beginning
of life (BOL). Results are compared with DIT and are presented in Table 3.1.7-5.
Also a comparison of absorption and fission reaction rates (not shown in Table)
was made for the important nuclides (0-16, Er isotopes, U-235, U-238, Pu-239,
Pu-240, B-10, Zr, Fe, etc.) and the results are in general agreement.

2. Next, the CE pin cell was run at operating temperatures using WIMS-E, and
MCNP, the three regions of the pin cell, fuel, clad and coolant being at 1200°F,
633°F, and 588°F respectively. Reactivity results are compared with DIT and
are presented in Table 3.1.7-6 at BOL, 50 MWD/T, and additional four depletion
points at 10,600 MWD/T (274 Effective Full Power Days of operation which is
one year with a 75% capacity factor), 21,200 MWD/T (two years of operation),
31,800 MWD/T (three years of operation), and 42,400 MWD/T (four years of
operation). In addition, a detailed comparison was also made for reaction rates
(absorption and fission) for the major nuclides at BOL (Table 3.1.7-7) as in the
previous stage.
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' As the depletion proceeds, the buildup of the fission products, creation of Tm-
169 (from the Er depletion chain in the fuel), creation of additional actinides was
thoroughly studied. Tables 3.1.7-8 and 3.1.7-9 present the results for reaction
rates at middle of life (MOL) and at end of life (EOL) respectively. The DIT and
WIMS-E results agree reasonably well in most cases. However, in the WIMS-E
data library all Er isotopes are not fully represented and there is no creation of
Tm-1689.

Table 3.1.7-10 presents the results for number densities for major nuclides
(fission products, fuel constituents and the nuclides in the fuel decay chain as
Tm-169 and additional actinides, etc) at end of life (EOL). From these number
densities relative Pu discharge concentrations were calculated, and are presented
in Table 3.1.7-11. Results, presented in Tables 3.1.7-10 and 3.1.7-11 for DIT
and WIMS, agree reasonably well.

Knowing that the cross section data base for DIT, WIMS-E, and MCNP may be
different, code benchmarking results are reasonable and acceptable.
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TABLE 3.1.7-1
CRITICAL EXPERIMENTS: UNIFORM UQ, LATTICES

Lattice Enrich W/UO, PPM ENDF/B6

w/o Ratio Boron K-eff
BAW-1273- 4.02 1.137 0 1.00102
BAW-1273-Il 4.02 1.137 3390 1.00000
BAW-1273-X 4.02 0.956 0 0.99765
BAW-1273-XHI 2.46 1.371 o) 1.00378
BAW-1273-XX 2.46 1.371 1675 1.00363
BAW-3647-1 2.46 1.846 0 1.00327
BAW-3647-lI 2.46 1.846 864 1.00352
BAW-3647-il 2.46 1.846 1536 1.00461
‘ YANKEE-1 2.70 1.048 0 0.99957
YANKEE-2 2.70 1.405 0 1.00025
YANKEE-3 2.70 1.853 0 1.00096
YANKEE-4 2.70 2.166 0 1.00223
YANKEE-8 2.70 1.199 0] 1.00025
WINFRITH-R1 3.003 1.001 () 1.00132
WINFRITH-R1 3.003 1.001 0 0.99905
WINFRITH-R2 3.003 3.164 0 1.00110
WINFRITH-R3 3.003 0.779 o 1.00282
Avg = 1.00147
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CRITICAL EXPERIMENTS: UNIFORM UQ,-PUO, LATTICES

Lattice Enrich W/Fuel PPM ENDF/B6

w/o PuO, Ratio  Boron K-eff

Saxton 01 6.6 1.681 0] 0.99384
Saxton 02 6.6 2.165 0 1.00802
Saxton 03 6.6 2.165 o 1.01135
Saxton 04 6.6 2.165 337 1.01379
Saxton 05 6.6 4.699 0 1.00450
Saxton 06 6.6 5.673 o 1.00658
Saxton 07 6.6 10.754 0 1.00231
. WREC 8% Pu240 2.0 1.099 0 0.99283
WREC 8% Pu240 2.0 1.6256 0 0.98977
WREC 8% Pu240 2.0 3.448 o) 1.00421
WREC 8% Pu240 2.0 4.301 0] 1.00727
WREC 8% Pu240 2.0 8.146 o) 0.98972
WREC 8% Pu240 2.0 1.099 261 0.99828
WREC 8% Pu240 2.0 1.099 526 0.99628
WREC 8% Pu240 2.0 3.448 261 0.99982
WREC 8% Pu240 2.0 3.448 526 0.99745
WREC 24% Pu240 2.0 3.448 0 1.00940
WREC 24% Pu240 2.0 4.301 0 1.00791
Avg = 1.00185
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l TABLE 3.1.7-3

ROCS Calculational Uncertainty: El! E q E[

—Absolute Standard Deviation, S 0225 0316 0176

—Degrees of Freedom. __f 10 153 16

—Percent Deviation,  S-(%) 1.88 2.89 147
|

—95/95 Confidence Interval. kS~ (%) 4.94 5.25 3.44
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TABLE 3.1,7.-4
ABB-CE PINCELL BENCHMARK
QEOMETRY
Pitch 1.2882 cm
Fuel Radius 0.41276 cm
Clad Radius 0.48606 cm
COMPOSITION
Number Density
Fuel 0-16 4.5657E-2
Er-166 2.1463E-4
Er-167 1.4709€-4
Er-168 1.7407E-4
Er-170 9.6702E-6
U-235 4.2062E-5
U-238 2.0719E-2
Pu-239 1.4273E-3
Pu-240 9.8807E-5
Clad Zr 3.7036E-2
. Fe 65.0067€E-4
Coolant H-1 4.7297E-2
B-10 1.1714E-6
B-11 4.7449E-6
0-16 2,3659E-2
POWER 6.3248 kW/ft
TEMPERATURE Fuel Clad Coolant
1200 /633/ 588°F
BOL 1500 pm (boron)
DEPLETION 1000 ppm constant (boron)
COMPARISON POINTS 50, 10600, 21200, 31800, 42400 MWD/T
EDITS 4 Groups

Group 1, 20 MeV to 821 keV
Group 2, 821 keV to 5.53 keV

Group 3, 5.63 kaV to 0.626 eV

Group 4, 0.825 eV to 0.0001 eV

for koo, absorption rate, fission rate (where appiicable), etc.;
for Er isotopes, U isotopes, Pu isotopes, etc.
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@ amEss

CEPIN CELL

300°K, Beginning of Life (BOL), 1500 PPM Boron
UO0,-Er,0,-PUO, Fuel (Weapons Grade Pu)

Method/Data koo (BOL)

DIT (with ENDF/B-VI 89 group unmodified Library) 1.13412
DIT (with ENDF/B-VI 89 group modified Library) 1.13780
WIMS-E (with 69 group UK Nuclear Data Library) 1.13637
MCNP4xe (with ENDF/B-V continuous energy cross 1.13331

section Library)
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JABLE 3.1.7-6
CE PIN CELL

U0,-Er,0,-PUO, Fuel (Weapons Grade Pu)
Operating Conditions

PPM DIT WIMS-E MCNP4xe

{Boron) ENDF/B-VI 89 Group Library
MWD/T k, (Unmodified  k.{ Modified MWD/T  k, (69 group UK k{(ENDF/B-V
Lib.) Lib.) Nuclear Data Lib.) Lib.)

1500. 0. 1.05325 1.05790 0. 1.06124 1.06074
1000. 50.0 1.05338 1.05802 49.986 1.06158
1000. 10,600.0 1.03538 1.03955 10,601.0 1.04064
1000. 21,2000.0 1.02609 1.02983 21,157.0 1.03317
1000. 31,8720.0 1.01009 1.01332 31,717.0 1.01797
1000. 42,400.0 0.98575 0.98834 42,282.0 0.99351
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‘ TABLE 3.1.7-7

CE PIN CELL

U0, - Er,0, - PUO, Fuel (Weapons Grade Pu)
Operating Conditions
Beginning of Life (BOL) Cell Averaged Reaction Rates

DIT WIMS-E MCNP4xe

ENDF/B-VI 89 Group Library 69 Group UK ENDF/B-V
Nuclear Data Library Library

Unmodified Lib. Modified Library

Fractiona! Absorption

H-1 8.6116E-3 8.6570E-3 8.8522E-3 5.2893E-3
B-10 2.4676E-2 2.4806E-2 2.5524E-2 1.5147E-2
0-16 4.8995E-3 4.8999E-3 3.8800E-3 2.9256E-3
Fe 1.6883E-4 1.6926E-4 1.7833E-4 4.6781E-4
Zr 7.6233E-3 7.6417E-3 7.4021E-3 1.8220E-2
‘ Er-166 7.1593E-3 7.1902E-3 6.7248E-3 1.5913E-2
Er-167 1.1556E-1 1.1617E-1 1.1459E-1 1.1593E-1
Er-168 2.4970E-3 2.5064E-3 1.3256E-3
Er-170 1.56660E-3 1.6726E-3 1.4360E-3
U-235 8.3900E-3 8.4242E-3 8.5161E-3 8.6566E-3
U-238 2.3963E-1 2.3587E-1 2.3814E-1 2.3580E-1
Pu-239 5.0785E-1 5.1034E-1 5.1915E-1 5.1744E-1
Pu-240 7.1374E-2 7.1753E-2 6.4283E-2 6.4207E-2
Fractional Fission
U-235 6.2068E-3 6.2357E-3 6.2204E-3 6.3481E-3
U-238 3.1456E-2 3.1458E-2 3.1082E-2 3.0802E-2
Pu-239 3.2858E-1 3.3017E-1 3.3191E-1 3.3217E-1
Pu-240 8.3094E-4 8.3116E-4 7.4023E-4 8.0004E-4
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JABLE 3.1.7-8
CE PIN CELL

U0, - Er,0; - PUO, Fuel (Weapons Grade Pu)
Operating Conditions
Middle of Life (MOL) Cell Averaged Reaction Rates

DIT (21200 MWD/T)
ENDF/B-VI 89 Group Library

WIMS-E (21157 MWD/T)

69 Group UK

Unmodified Library Modified Library Nuclear Data Library

Fractional Absorption

467-3.wp2(J:9341)

3-26

H-1 9.1631E-3 9.2329E-3 9.56789E-3
B-10 1.750