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Introduction

Without recycle of plutonium in nuclear reactors, one needs only to
look at estimated uranium resources and the uranium commitment required
for each megawatt of installed electrical energy generating capacity to
recognize the finite limitations of the nuclear power industry. Because
of this simple reality, many programs and studies have been conducted
during the last two decades to develop and demonstrate the technology
required for using plutonium as a nuclear fuel material. During this
same period requirements for the design and operation of nuclear reactors
and facilities have evolved to minimize any risk to the health and
safety of the public. More recently, public concern has also emphasized
the need to protect society from proliferation of nuclear weapons through
diversion of plutonium produced in power reactors. In October of 1976,
the President of the United States issued a statement on nuclear policy
which emphasized the need for avoidance of proliferation. Thus, policies
covering the use of plutonium as a nuclear fuel are still evolving and
will continue to do so in the future.

It is generally accepted that plutonium recycle promises to be an
economically competitive means of extending the large scale use of nuclear
power well into the twenty-first century. To fulfill this promise, a
complete plutonium fuel cycle technology must be demonstrated which can
meet strict requirements related to public health and safety, accountability,
personnel exposure, waste management, transportation, diversion and
proliferation. These conditions, all pertinent to public acceptance of a
plutonium based nuclear power industry, set the ground rules for future
development programs and the ultimate large scale use of recycled plu-
tonium fuels.

Incentive for Recycling Plutonium

A principal goal of the Energy Research and Development Admini-
stration is to provide energy technologies which can supply our future
energy needs using indigenous resources. Uranium and coal are first and
foremost among the resources available for the rest of this century and
into the next. In this time period, essentially all new electric gen-
erating capacity will be based on these two resources. It is important,
therefore, to examine the impact of plutonium recycle on the relative
importance of uranium and coal as energy sources. Studies using a four
percent per year increase in the electrical demand indicate that without
plutonium recycle the contribution of nuclear energy will peak near the
year 2000 and diminish thereafter due to depletion of high-grade uranium
ore reserves as shown in Figure 1. With plutonium recycle in light
water reactors only (no breeder reactors) the contribution of nuclear
power would be extended by 7 or 8 years before all uranium resources
would be committed. The contribution of plutonium recycle in light
water reactors is equivalent to increasing uranium resources by ap-
proximately 25 percent.



Introduction of a breeder reactor having an eleven year doubling time
prior to the year 2000 totally reverses the above conclusions and nuclear
power increasingly dominates the electrical energy market as shown in Figure
2. If the doubling time of the breeder reactor is longer than the 11
years used in this study the share of the market which could be satisfied
by nuclear power will be limited by plutonium availability.

The economic incentives for plutonium recycle are more difficult to
predict. Economic benefits of plutonium recycle may be positive or nega-
tive [1] depending upon the assumptions used. However, for the cases
illustrated in Figures 1 and 2, where nuclear power is assumed to be com-
peting with coal fired plants burning high sulfur coal, the use of pluto-
nium recycle showed a net benefit of approximately 165 billion dollars
through the year 2025, and nearly 300 billion dollars through the year
2041.

Fuel Development

Starting with the Plutonium Recycle Test Reactor in the early I9601s,
approximately 18,000 plutonium bearing mixed oxide fuel rods have been
irradiated in pressurized water, boiling water, and heavy water cooled
reactors [2, 3, 4], Fuel forms have included Vipac and swaged powders,
solid pellets and annular pellets. Burnups up to 60,000 MWd-MTM have been
achieved and peak linear heat ratings have ranged from 230 to 750 W-crrf1.
These extensive tests, conducted in many different reactors, have shown
the performance of mixed oxide fuels is comparable to the performance of
uranium oxide fuels of equal quality [4].

Likewise, the development of mixed oxide fuels for use in fast
breeder reactors has been in progress for approximately two decades.
Initial studies have been conducted in small liquid metal cooled fast
reactors using highly enriched fuel. Work has been centered on approxi-
mately 5.8 mm diameter fuel pins clad in austenitic stainless steels,
predominately 316 stainless steel. Burnups in excess of 150,000 MWd-MTM
have been successfully achieved and performance at peak cladding tempera-
tures up to 750°C has been evaluated. The importance of oxygen-to-metal
ratio in controlling internal fuel-cladding reaction and rapid early-in-
life improvement in heat rating-to-melting have been established [5]. The
performance capability of mixed oxide fuel for fast breeder reactor use is
now being demonstrated under fully prototypic conditions in Phénix and
PFR. It is important to note that no difficulties stemming from fuel pin
failures have been reported.

It is a primary objective of the ERDA Liquid Metal Fast 3reeder Reactor
(LMFBR) program to develop, by 1986, a fuel system which will provide a
compound system doubling time of less than 15 years. To accomplish this
with mixed oxide fuel, the fraction of the core volume occupied by fuel
must be increased to approximately 45 percent with corresponding decreases
in the amount of steel and sodium in the core. Improved designs using
reduced cladding thickness-to-diameter ratios, improved cladding and duct
materials, and higher fuel smear densities must be developed. The use of
larger diameter fuel pins is also indicated to be desirable from the
standpoint of fuel cycle economics but is not necessary in order to meet
the low doubling time requirement. The present ERDA program calls for the
evaluation of a number of alloys having the promise of improved resistance
to irradiation induced swelling and creep with selection of the most
promising candidates for extensive evaluation in the Fast Flux Test
Facility (FFTF) starting in 1980. Fuel pins having reduced cladding
thickness-to-diameter ratios, increased pin diameters, higher fuel smear



densities, and 316 stainless stejl and alternate cladding materials are
being evaluated in EBR-II. More intensive and more prototypic evaluation
in FFTF will start in 1980. Cladding and duct materials used in FFTF
testing will be the most promising of those alloys currently under de-
velopment and evaluation.

The first test of the series of EBR-II tests to demonstrate the
performance capability of fuel pins having reduced cladding thickness-to-
diameter ratios and increased fuel smear density successfully achieved an
exposure of 110,000 MWd-MTM in November 1976. These 5.8 mm diameter
fuel pins, clad with 0.25 mm thick 20 percent cold worked 316 stainless
steel, operated at peak cladding temperatures of 600°C and peak linear
heat rates of 420 W-cnf1.

Fabrication Development

Concerns relative to public acceptance of plutonium recycle focus
primarily in the areas of fuel reprocessing and fabrication. Fuel fabri-
cation plants, whether designed for plutonium recycle in water cooled
reactors or to support an LMFBR industry, must be based upon processes
which are compatible with evolving regulations designed to protect public
health and safety. If we are to fully enjoy the potential benefits from
large scale use of nuclear power in the twenty-first century these plants
must also provide a significant reduction in fabrication costs. In scaling
up from the small plants in existence today to the larger plants needed
before the year 2000, we need to reduce the unit fabrication cost of
plutonium bearing fuels by nearly an order of magnitude.

These requirements and objectives are fully recognized by ERDA and
two major programs are in progress; one in support of the LMFBR program,
and one in support of plutonium recycle in water-cooled power reactors.

Work to ensure that an industrial capacity to produce LMFBR fuel
would be available in the United States began in 1967. The initial
objective of this program was the development and demonstration of com-
mercial capability to produce both fuel and associated non-fuel components
of the quality required for the Fast Flux Test Facility (FFTF).
This part of the fuel program was successfully completed in December 1975
when two commercial suppliers completed delivery of 40.000 driver fuel
pins for the first two FFTF cores loadings. A follow-on fixed price
contract, for an additional 35,000 pins, has been placed with a commercial
supplier. The initial FFTF driver fuel assemblies are now fabricated, and
the second core loading will be completed by December 1977. It is planned
that fuel assembly capability will be established within industry by 1979.

Emphasis is now being focused on the demanding requirements of the
next two decades. LMFBR fuel pin requirements will increase dramatically
from a current annual commercial US capacity of 16,000 to projected
levels of one to three million pins annually near the year 2000. This
expansion of capacity will occur during a period when rigorous licensing
and safeguard requirements are being formulated- The long-range objectives
of the national program will require dedicated new facilities applying new
process technology that is currently in the early stages of development.

To provide the evolutionary bridge between present and projected
technological demands, a High Exposure Plutonium Program, which includes
the High Performance Fuels Laboratory (HPFL), has been initiated at the
Hanford Engineering Development Laboratory (HEDL). Program development
will concentrate on demonstrating new technology in the high-cost, high-
risk segments of today's technology to minimize risks associated with entry
into the plutonium fuels market in the mid 1980's.



A nationwide equipment development program has been established with the
objective of defining and demonstrating automated process technology that
will be required to minimize personnel exposure during fabrication of
LMFBR fuel containing recycled Pu. Equipment development and fabrication
contracts are in place with over thirty suppliers. Fuel pellet inspection
rates 1000 times greater than obtainable with current manual methods have
been demonstrated with early models of inspection equipment. Attention is
being focused on fuel handling and transport systems, minimizing dusting,
and the use of modular concepts for ease of maintenance. The need for
fast analytical response, from both process and safeguards standpoints,
has led to a program for development of close coupled analytical tech-
niques that will reduce the time for tests from hours or days, to minutes.
The results of these programs interface with, and will be integrated into,
the HPFL.

The purpose of the HPFL, now scheduled for completion in 1982, is to
demonstrate on a pilot scale the integrated, automated processing of fast
reactor fuel containing LWR recycled Pu. Design capacity of the plant is 25
MT/year but the anticipated annual throughput, for demonstration purposes,
will be ^3 MT/year. HPFL, which will meet all licensing, regulatory, and
safety requirements, will demonstrate reduced personnel exposure, increased
throughput rates, improved safeguards/security, lower fuel costs, and
improved product performance. Technical input from industry and direct
participation by industry in all phases of the HPFL project design,
construction, and operation is being sought, and industry is expected to
benefit from the experience of personnel trained in this facility.

A second program was initiated at several ERDA laboratories in early
1976 to confirm the technology required for the commercialization of the
recycle of up to 5 weight percent plutonium oxide in mixed-oxide fuel for
light water reactors. This program has the objective of assuring that
processes and equipment are available for the manufacturing of fuel that
meets required performance standards. The fuel fabrication facility must
be acceptable from materials safeguards and environmental standpoints.

The major areas requiring development are design of automated and
remotely operated, high-throughput equipment. A scope of work for de-
veloping a conceptual design for a large scale mixed oxide (MOX) facility
has been developed. As presently visualized, the conceptual MOX facility
will be co-located within an integrated recycle complex. Plutonium will
be recovered from irradiated fuel in the reprocessing plant. Subsequent
conversion to PuO2 will be by oxalate precipitation and calcination, and
natural UOp powder will be blended with the PuOp powder to produce MOX
fuel. Processes will be developed for the internal recycle of fuel scrap
within the MOX facility. Waste streams from the MOX facility will be
combined with waste from the other co-located facilities and processed in
a common waste facility within the complex. The product of the MOX
facility in this study will be completed fuel bundles for both BWR and PWR
reactors produced at a rate of 100 kg plutonium per day. Production rates
of 2-12 pellets per second and 1-2 fuel rod per minute will be required to
provide this capability. One hundred percent inspection of all pellets
and rods is planned. The MOX facility will have several process lines
with redundancy of key equipment and transfer capability from one line to
another to maintain the high throughput required. A close-coupled analytical
support is included to provide rapid analysis of fuel for safeguards and
process control.



The conceptual designs for the MOX facility, and other facilities
within the integrated recycle complex, will provide a basis for economic
analyses of potential fuel cycle alternatives, will assist in evaluating
conformance with materials safeguards and environmental requirements, and
will identify areas where additional technology development is required.
The process flowsheet for use in developing the conceptual design has been
defined. The selected flowsheet features the mechanical mixing of UO2 and
PuOo powders, cold pressing and sintering of pellets, grinding of the
pelfets to the desired diameters, and encapsulation of the fuel pellets in
the desired cladding. This flowsheet also has the flexibility of starting
with coprecipitated powders of the desired PuO2 enrichment or a master
blend of PuO~ and U02 with additional UO, being added to obtain the desired
fissile content. The present design incfudes plans to minimize the space
within the contained fuel line. An effort will be made to keep most of
the working parts requiring high maintenance outside of containment.
Maintenance will be primarily by modular replacement. The defective,
contaminated equipment will be decontaminated and repaired if economically
feasible.

This program includes process demonstration, the development of
standards for quality assurance and materials safeguards, and equipment
design. The conceptual design of the MOX facility including estimates of
the construction and operating costs, is scheduled to be completed in
late 1979.

Conclusions

During the past two decades the technical feasibility of using
recycled plutonium in water-cooled and fast breeder power reactors has
been successfully demonstrated in many different countries. The challenges
ahead of us in the next two decades include demonstration of an LMFBR fuel
system capable of providing a compound system doubling time of less than
15 years and the development of economically attractive fuel fabrication
processes, equipment and facilities which can fully meet all requirements
necessary for public acceptance of a large scale plutonium fueled nuclear
power industry in the twenty-first century. Without total success in these
areas it is difficult to visualize nuclear power as a growing source of
electrical energy much beyond the year 2000 unless many major new sources
of high grade uranium ore are discovered.
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FIGURE 1. Expected Contribution of Nuclear Power to the Electrical Energy
Supply of the United States Without Plutonium Recycle.
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FIGURE 2. Expected Contribution of Nuclear Power to the Electrical Energy

Supply of the United States with Plutonium Recycle and an 11 Year
Doubling Time LMFBR.


