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Abstract

The dry oxidation-reduction process (called OREOX for Oxidation Reduction of Oxide Fuel) being
developed by Korea and Canada, in cooperation with IAEA and the US State Department, is limited to
recycle of spent LWR fuel into CANDU reactors (DUPIC). When first conceived and demonstrated via
irradiation of test elements by Atomics International in 1965, (the process was called AIROX at that time)
a wider range of applications was intended, including recycle of spent LWR fuel into LWR's. Studies
sponsored by DOE's Idaho Office in 1992 confirmed the applicability of this technology to regions
containing LWR's only, and described the potential advantages of such recycle from an environmental,
waste management and economic point of view, as compared to the direct disposal option. Recent analyses
conducted by the author indicates that such dry recycle may be one of the few acceptable paths remaining for
resolution of the US spent fuel storage dilemma that remains consistent with US non-proliferation policy.

It is proposed that a new US program be established to develop AIROX dry recycle for use in the
US, and this become part of an international cooperative program, including the current Canadian - Korean
program, and possibly including participation of other countries wishing to pursue alternatives to the once
through cycle, and wet reprocessing. With shared funding of major project elements, such international
cooperation would accelerate the demonstration and commercial deployment of dry recycle technology, as
compared to separate and independent programs in each country.

1. INTRODUCTION

At the Global 93 Fuel Cycle Conference, a number of papers [ 1 - 3 ] were presented
on the results of studies conducted on the subject of Dry Recycle of Spent Fuel. In addition
to those presented by KAERI and AECL on the DUPIC program, which at that time was just
beginning, a number of US participants described the results of work done in the US on dry
recycle of US spent fuel into US LWR reactors. Both the DUPIC program, and these US
based studies have as their origin the pioneering work done by Atomics International in 1965
to demonstrate the technical feasibility of dry thermal processes for decladding LWR spent
nuclear fuel, and refabrication of the fuel pellet fragments into new fuel elements.[4] In that
work, spent PWR fuel with a bumup of 21,000 MWD/T was declad, powderized via an
oxidation reduction process, blended with partially enriched uranium oxide, repelletized and
reinserted into the Engineering Test Reactor. The recycled fuel achieved an additional
bumup of 10,000 MWD/T. Post irradiation examination revealed acceptable performance of
the recycled fuel at PWR operating conditions. A second recycle of the AIROX fuel was
being planned when the program was terminated.

Since 1965, the US has considered resumption of this dry recycle development
program on at least two occasions, once as pan of the NASAP/INFCE studies in the late
1970's, and more recently as a result of Idaho studies of AIROX in the early 1990's. [5] For
various reasons the U.S. has chosen not to proceed with further development.

Circumstances have changed dramatically in the last few years. The current US
program to store and dispose of LWR spent fuel has incurred major delays, and at the same
time increased carbon emissions from fossil plants have focused attention on the importance
to the environment of maintaining and growing our nuclear energy base. Furthermore, as a
result of work by Korea, Canada, the IAEA and Los Alamos, the use of dry recycle has
gained increased acceptability as a proliferation resistant fuel cycle alternative.
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Based on these new circumstances, the time has come to reexamine the role of dry
recycle in the United States, considering both its non-proliferation credentials, as well as its
potential contribution to resolution of the spent fuel disposal problem. The author believes
that such a reexamination will lead to renewed interest within the U.S. and a willingness to
invest public and private funds into dry recycle technology. This paper describes the basis
for this conclusion.

2. UNIQUE ASPECTS OF AN LWR - LWR RECYCLE PROGRAM

Three areas of dry recycle technology which are unique to the LWR-LWR regime, as
compared to LWR - CANDU regime are: (1) reactor performance issues, (2) process flow
sheet additions, and (3) economics.

2.1 Reactor Performance Issues

The Idaho studies conducted in 1992 [5] concluded that modern US PWR's when
operating on full AIROX cores, would require the blending of enriched uranium or
plutonium powders into the AIROX powders prior to pelletization. Several cases were
examined. For example, to achieve 33,000 MWD/T in the recycled fuel, an increment
amounting to 2% U235 enrichment is required. To achieve 55,000 MWD/T an increment of
about 3.5% U235 enrichment is required. Economic analyses used the lower burnup case.
Fuel management, reactivity and fuel performance analyses used the higher burnup case.

It was concluded that loading a PWR core with l/3rd AIROX fuel, instead of a full
AIROX core will lead to less of a departure from current accident analyses models, and
therefore facilitate licensing. In fact a subsequent report of the INEL work [6] concluded
that a l/3rd AIROX core would perform somewhere in-between the performance of a l/3rd
MOX core and a virgin uranium core. Since l/3rd MOX cores are in use already in Europe,
and are to be licensed in the US as part of the weapons disposition program, there is high
degree of assurance that AIROX cores, at least at the l/3rd loading level, will be acceptable
from a safety and licensing point of view. This is particularly relevant to nuclear units such as
Calvert Cliffs, where license renewal applications are being considered to extend economic
lifetime an additional 20 years.

Advanced ALWR's such as the System 80 plus, or the Advanced Boiling Water
Reactor (ABWR) are more adaptable to full MOX cores, and therefore full AIROX cores, then
are existing LWR's. Therefore, when considering use of recycled fuel in new US reactors,
there are likely to be applications where a full AIROX core is practical (ALWR's).

2.2. Process Flow Sheet

Figure 1 is a process flow sheet for AIROX when applied to LWR's. It has three
significant differences from the DUPIC process flow sheet.

2.2.1 Addition of Enriched Uranium or Plutonium

Recycle into LWR's requires the blending of significant quantities of medium
enriched UO2 or plutonium. The technology for blending in additional fissile powders is
well understood, and no performance problems are foreseen. In the Idaho studies [5], a 500
MT/yr AIROX facility was examined, with feedstock consisting of about 435 MT/yr spent
fuel, and 65 MT/yr fresh uranium oxide enriched to 17% U235.

2.2.2 Loading of Pellets into Long Fuel Rods and Assembly of Rods

Recycled fuel pellets will be assembled into much longer fuel pins and more complex
fuel assemblies, as compared with the DUPIC technology. The assembly of longer pins and
full sized LWR assemblies will require additional robotic equipment, of substantially more
sophistication than that required for CANDU assemblies. However, because of high
americium levels, most of the assembly and inspection of full sized MOX fuel assemblies in
Europe is already done by robotic, remotely operated equipment. Therefore, it is not a far
stretch to adapt this equipment for canyon type assembly work.

360



LWR Rods Structural Wastes

Spent
LWR Fuel

Bundle

Decladding

Oxidation/reduction

Volatiles,
Semi-volatile FPs.
and Particulales

Add titanate powder

Press

Encapsulated
canister for Sinlering

disposal

Synroc discs

Pelletization

Sintering

Re fabricated
LWR Fuel

Bundle

FIG. 1 - AIROX PROCESS FLOW SHEET - LWR TO LWR RECYCLE WITH SYNROC
OPTION

FIGURE 2 - RELEASE RATES; FLOW TESTS FOR CERAMIC (SYNROQ, LaBS GLASS
and SPENT FUEL (as reported by Lawrence Livermore Lab - March, 1998)

361



AIROX Cost
$/KG
330
400
54
42
24

850

X

LEU PWR Cost
$/KG

975

Y

Facility Operation
Enriched UO2 Feed
Waste Disposal and D&D
Facility Capital Cost
other

Cost of AIROX or LEU Fuel

Correction for Cost of Money
Correction for HLW Disposal

TOTAL FUELING COST 850 + X 975 + Y

FIGURE 3 - COST COMPARISON (1992 IDAHO STUDY) AIROX VERSUS LEU FUEL

2.2.3 Addition of Synroc Type Product for Treatment of Powders Not Destined for Recycle

It is proposed that a separate ceramic production line within the AIROX flow sheet,
and process facility be provided for the treatment of AIROX processed powders that are not
destined for recycle. This process addition allows for the blending of titanate and other
mineral powders into the spent fuel powders, and pressing and sintering of hockey puck
sized "Synroc" discs for encapsulation and disposal in a repository. This suggested addition
to the AIROX system adds significant flexibility and potential benefits to the dry recycle
technology. This could be important in the U.S., where performance improvements may be
necessary to assure long term (beyond 10,000 years) safety and licensability of the proposed
Yucca Mountain repository.

Some portion of the recycled fuel may have higher levels of actinides (perhaps due to
multiple recycles) and therefore may not be appropriate for recycle. Pressing these powders
into Synroc pucks creates a waste form for eventual disposal in a repository that is
significantly more resistant to dissolution and leaching than either spent fuel or glass. Figure
2, which is taken from recent work performed by the Lawrence Livermore Laboratory
(LLNL) for the DOE, compares the dissolution rate for Synroc containing up to 10%
plutonium with that of spent fuel and glass. The Synroc is two to three orders of magnitude
more resistant to leaching during long term storage than either spent fuel or glass. This
greater stability of the waste form could be quite important in assuring the long term
performance of a geologic repository, and gaining regulatory approval of repository
operations. In the US this could be quite important in licensing of Yucca Mountain.

The US Department of Energy has selected this ceramic waste form for that portion
of excess weapons plutonium disposition which is not suitable for MOX fuel. Presently, DOE
estimates that about 17 MT of excess weapons plutonium will be converted to this Synroc
form, encapsulated, enclosed in vitrified fission products and disposed of at Yucca Mountain.
As a result, LLNL is developing industrial scale equipment and technology which could easily
be adapted to the AIROX application, and is preparing a repository licensing case for this
waste form.

2.3. Economics

The overall cost of recycle, as compared with alternatives, is one of the most uncertain
aspects of dry recycle. As part of its nuclear energy research initiative, we have suggested that
the US engage in a brief evaluation of the economics of dry recycle technology. We are
hopeful that such a study will begin this Fall.

Work done in the 1992 Idaho study partially addresses this question. Figure 3, based
on the Idaho study, compares the cost of AIROX LWR fuel with the cost of a new LEU fuel.

362



The AIROX fuel was projected to cost about $850/KG, compared to the cost of new LEU fuel
of about $975/KG. However, as the Idaho report noted, the AIROX costs were artificially low,
because the cost of money to construct the 500 MT/yr AIROX facility was not considered. On
the other side, account was not made of the savings in waste disposal costs that would accrue
to the Government, and through the waste fund, to the utility, for avoiding the cost of disposal
of the PWR spent fuel after its first cycle. Further study is required to determine the net
effect of these omissions.

3. ELIMINATING THE NEED FOR A SECOND REPOSITORY

The failure by the U.S. Government to take title to and store existing and newly
generated spent fuel, as required by legislation, tends to reinforce utility reluctance to invest
in nuclear power. Obviously, the current low cost of gas and coal fired power plants in the
US also inhibits any investment in nuclear plants.

Sooner or later, U.S. fossil fuel prices will once again rise, due to events not presently
foreseen. And when they do, it is important that a solution to the back-end of the fuel cycle
be in place. Dry recycle of nuclear spent fuel, done in conformance with US non-
proliferation policy, can go a long way toward providing that solution.

For example, dry recycle can help eliminate the need for a second repository, even
with the continuation of nuclear generated electricity well into the next century. The current
law limits the capacity of the first repository, to 70,000 metric tons (MT) of spent fuel. If all
of our current 104 plants were to operate for their 40 year licensed lifetime, about 80,000 MT
of spent fuel would accumulate. Because of the current economic deregulation of electricity
in the US, it is likely that some of these plants will shutdown before their license expires, so
current projections are that the 70,000 MT limit will be sufficient for current plants.

But what if the US becomes serious about reducing carbon emissions, and chooses to
renew the operating licenses of some plants, (one utility has already announced his intention
to do so) and other utilities choose to order new Advanced LWR's of the type recently
licensed and certified by the NRC? Under present conditions, the US would have to find a
site for a second repository. Considering the extraordinary difficulty in siting, designing and
licensing the first repository, proposed for Yucca Mountain, the prospects for successfully
siting a second repository appear rather bleak. This in turn would certainly inhibit utility
decisions in favor of license renewal or new plant orders.

120 Assuming Some Life Extension
and New Plant Construction
Leading to 54 Plants by 2050

1 life extended
53 new plants

• • 22 existing plants'
27 life extended
15 new plants

10 existing pla
15 life extended
40 new plants

1995 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

Calendar Year

FIGURE 4 - TWO SCENARIOS OF NUCLEAR ENERGY IN THE 21ST CENTURY
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FIGURE 5 - US SPENT FUEL ACCUMULATION WITH MODEST EXTENSION OF
NUCLEAR POWER - EFFECTS OF RECYCLE

To help evaluate how dry recycle could influence these utility decisions, we have
examined a possible scenario in which about 54 nuclear plants continue to operate through
the year 2050. This is an update of previous analyses reported last July to the INMM. [7]
Figure 4 compares this scenario of modest nuclear usage in the 21st century with the current
mid-range DOE projection [8] of phase out of all plants at their license termination (40
years). For the modest nuclear usage case we have assumed half of the 54 plants are existing
plants with life extension (capable of burning l/3rd AIROX cores) , and half are new plants
of the ALWR type (capable of burning full AIROX cores.) We have also assumed it will take
a dozen years to introduce AIROX on a commercial basis, and an additional 5 years to install
sufficient capacity to handle the 54 plants. Incidentally, such a scenario would lead to a
reduction in U.S. domestic carbon emissions from the electric supply sector of about 50
million tons per year, about 10% of the total emissions from fossil plants in 1990,

Figure 5, which assumes this modest nuclear portfolio through 2050, illustrates the
spent fuel accumulation in the US with and without AIROX. The first scenario assumes no
recycle, and quickly leads to the situation where the limits of the existing waste repository are
exceeded. Under such circumstances, a utility, even with a good economic case, would be
reluctant to order a new plant. In the second scenario, which includes partial recycle, the
spent fuel backlog levels off, as old fuel gets recycled into the new, or extended life plants. In
this case, the need for a second repository is either eliminated, or at the least, postponed well
into the second half of the next century. Whether or not a second repository is required,
and when, will depend on whether more new nuclear plants get built to use the recycled fuel.

4. AN INTERNATIONAL DRY RECYCLE DEMONSTRATION PROGRAM

The President's Committee of Advisors on Science and Technology (PCAST), and the
Clinton Administration have recommended, and the Congress is considering, a new Nuclear
Energy Research Initiative in Fiscal Year 1999. The purpose is to enhance the prospects of
sustained nuclear energy usage in the 21st century and thereby contribute to reductions in
Carbon Emissions as committed by the U.S. at the Kyoto conference. Topics proposed for
this new research initiative include "proliferation resistant fuel cycles", extending the burnup
of LWR fuel, and improving the nuclear waste disposal regime. AIROX, if developed and
used in the US would fall under all three of these topics. It is therefore proposed that the
DOE include a modest effort on AIROX beginning in Fiscal Year 99, leading in subsequent
years to an international based program to demonstrate the technology at an industrial scale.
The program would have three phases.
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4.1 Phase 1 - Initial U.S. Based R&D Effort (1999 - 2003)

In the first phase, the US under NERI would utilize DOE research facilities, such as
those at Idaho, to repeat and augment the original AIROX experiments conducted back in the
1960's. We would try to leam from what has recently been done in Korea and Canada, but
would focus our own efforts on the unique aspects of recycle into LWR's including the impact
of re-enrichment on the process and on the economics, the fabrication of LWR specification
pellets and testing in the Advanced Test Reactor, and the implications of adding the Synroc
process to the process flow sheet. This would be a U.S. funded program, conducted in
parallel with the ongoing programs in Korea and Canada.

4.2 Phase n Joint Demonstration Program, LWR/CANDU Lead Test Assemblies (02 - 07)

The second phase of the program would extend the programs in all three countries to
a demonstration phase. Scale up would be a factor of 5 to 10 compared to the lab scale phase
1. Full sized fuel pins would be fabricated for demonstration in commercial reactors, and to
test the licensing process. This would be akin to the LTA program in the US MOX Weapons
Disposition program. It could also produce AIROX CANDU bundles for irradiation in
Canadian reactors, and thereby test the regulatory process on CANDU reactors. This would
be a shared program, with each party contributing funds and expertise to the selection of
facilities, design and procurement of process equipment, and to the operation of the
demonstration facility.

4.3 Phase m - Cooperative Prototype Scale Program (2005 - ?)

The third phase would scale this up one step further to a prototype operation, perhaps
at the 50 MT/yr level. The US already has several partially built facilities which could be
converted to this purpose such as the FPF (Fuel Processing Facility) at Idaho or the FMEF at
Hanford. These would be considered, in addition to greenfield facilities in the host country.
Here again, participating countries would contribute funds and expertise, and equipment,
would share in the operation and learning experience, and would benefit from having
domestic plants operate on AIROX or DUPIC fuel.

Successful implementation of this three phase program would create the conditions
needed to attract private investment in commercial scale AIROX facilities in the U.S., Korea,
or other countries, by the second decade of the 21st century.

This is a vision of what can be achieved in the long run. The benefits to the US and
other countries seeking to improve their environment and take advantage of clean nuclear
energy would be large indeed. As a first step, I ask the support of the IAEA, AECL and
KAERI representatives at this conference, and other interested countries, for this new
initiative.
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