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Abstract

The DUPIC fuel cycle can be developed as an alternative to the conventional spent fuel
management options of direct disposal or plutonium recycle. Spent LWR fuel can be burned again in a
HWR by direct refabrication into CANDU-compatible DUPIC fuel bundles. Such a linkage between LWR
and HWR can result in a multitude of synergistic effects, ranging from savings of natural uranium to
reductions in the amount of spent fuel to be buried in the earth, for a given amount of nuclear electricity
generated. A special feature of the DUPIC fuel cycle is its compliance with the "Spent Fuel Standard"
criteria for diversion resistance, throughout the entire fuel cycle. The DUPIC cycle thus has a very high
degree of proliferation resistance. The cost penalty due to this technical factor needs to be considered in
balance with the overall benefits of the DUPIC fuel cycle. The DUPIC alternative may be able to make a
significant contribution to reducing spent nuclear fuel burial in the geosphere, in a manner similar to the
contribution of the nuclear energy alternative in reducing atmospheric pollution from fossil fuel
combustion.

1. INTRODUCTION

The predominant nuclear reactor types in the current world market are LWR and HWR, and this
trend will likely continue for the foreseeable future. Under such a trend, the question of "how to manage
the spent fuel discharged from those reactors" will remain a key factor to be considered, as part of the
sustainable supply of nuclear energy in the future. The conventional backend fuel cycle has evolved into
two different options, depending upon national policies: either direct disposal in deep geological
formations, or reprocessing of spent LWR fuel for MOX fuel recycle in LWR (or FBR). However, the
decision on which of these two options to pursue is still pending for many other countries, which have a
"wait and see" position.

The DUPIC fuel cycle offers an alternative to these conventional options when looking at the
possibility of burning the spent LWR fuel again in HWR, by taking advantage of the high neutron
economy of CANDU-type heavy water reactors [1]. The spent LWR fuel is transformed into HWR-type
DUPIC fuel by direct refabrication, without any separation of nuclear materials. The technical
implications associated with the DUPIC fuel fabrication result in some special features: the fabrication
processes are highly radioactive requiring remote systems for operation and maintenance; therefore, these
processes are in natural compliance with the "Spent Fuel Standard" for proliferation resistance [2]. It is to
be noted that the basic premise of the DUPIC fuel development is to make the DUPIC fuel compatible
with the existing HWR system. This approach is consistent with the reality that the LWR and HWR will
remain as the major reactor types in the world, for a substantial time into the future. Most of the R&D
efforts for the DUPIC fuel cycle are directed therefore, to fuel refabrication and verification of
compatibility with the CANDU design. The DUPIC technology program, which is now in full swing at
KAERI in cooperation with several international partners, can thus become a useful test-bed, toward a
potential synergism between LWR and HWR.

To assess the effects of synergism from the DUPIC linkage of LWR to HWR, a multitude of factors
will have to be taken into account: natural uranium saving for the HWR, removal of spent LWR fuel,
environmental impacts, etc., as well as the additional bumup achievable using DUPIC fuel in HWR [3]. A
key question in terms of economics will be whether these synergistic effects could outweigh the costs
required for implementing the DUPIC fuel cycle.
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2. DUPIC SYSTEM ANALYSIS

2.1. Parameters for DUPIC Linkage between LWR and HWR

The residual fissile content of spent LWR fuel is slightly over 1.5 wt. %, depending on the burnup
achieved in the reactor operation. It is a somewhat higher value at lower LWR bumups, and it can vary by
a few percent between 35 MWd/kgU and 50 MWd/kgU. This level of residual fissile enrichment
represents more than two times that of natural uranium, which is 0.71%. According to physics calculations
done at KAERI with this residual fissile content, the discharge burnup attainable in a HWR could reach 18
MWd/kgU or 13 MWd/kgU respectively, for the corresponding LWR bumups [4]. For an average LWR
burnup of 42.5 MWd/kgU, an additional 15.5 MWd/kgU can be expected using the DUPIC synergism, or
37% more power than the once-through case. After burning the DUPIC fuel in the HWR, the fissile
content of the spent fuel decreases to 0.63% and 0.78% respectively, for the low- and high-burnup LWR
cases, or roughly to the level of natural uranium on the average, by the DUPIC linkage.

2.2 DUPIC Material Balance

Based on consideration of the two typical LWR bumup cases of 35 MWd/kgU and 50 MWd/kgU, it
is possible to match the material flow between LWR and HWR and to determine the ratio of reactors
(LWR/HWR) required, on the assumption of the same capacity for both LWR and HWR units. The ratio is
2.5:1 for the lower discharge burnup of 35 MWd/kgU and 4.8:1 for the higher burnup of 50 MWd/kgU, or
3.7:1 for the average burnup of 42.5 MWD/kgU.

In terms of nuclear material flow, the concept of the DUPIC linkage is fairly straightforward. The
spent LWR fuel assembly is transformed into the HWR fuel bundle by way of the DUPIC fuel fabrication
process. This removes the metallic components, including the cladding, from the spent LWR assembly.
Almost all the spent LWR fuel materials would flow along with the bulk stream through the DUPIC fuel
fabrication processes and scrap recovery, except for a small amount of irrecoverable discards. The waste
stream from the DUPIC fuel fabrication processes would therefore consist of the metallic components
from spent LWR fuel, and the gases and semi-volatile fission products released from the bulk fuel material
treatment, in addition to the measurable discards and losses. There is no liquid waste arising from the
DUPIC fuel fabrication processes which depend entirely on dry method, in contrast to wet processes from
which liquid waste as effluent arise. Once fabricated, the DUPIC fuel pellets are loaded into metallic
components of the (CANDU-type) HWR fuel bundle.

2.3. Analysis of Synergistic Effects

The synergistic effects which can be expected from the DUPIC linkage between LWR and HWR, in
comparison with the once-through cycle, can be summarized as follows:

• Removal of Spent LWR Fuel
Spent LWR fuel is transformed into DUPIC fuel for burning again in the HWR; hence there can
be a reduction in the repository requirements for direct disposal of LWR spent fuel.

• Saving of Natural Uranium
Since the DUPIC fuel would replace natural uranium (or other enrichment) fuel for the HWR,
significant resource saving can be expected in the corresponding LWR-DUPIC cycle. The
environmental impact of mining the equivalent amount of uranium would also be avoided.

• Reduction of Spent Fuel Arising from HWR
Since the DUPIC fuel can increase the HWR burnup (as a result of the two-fold increase in
fissile content, compared to natural uranium), a further reduction in spent fuel arising from
HWR can be expected using the synergism of the DUPIC fuel cycle.

• Environmental Effects
Our ongoing DUPIC programme has recently revealed one interesting benefit pertaining to the

geological disposal of spent DUPIC fuel. The DUPIC processing, and subsequent irradiation in a CANDU
reactor, results in a decay heat curve with time for the spent DUPIC fuel which is very similar to that of
the original spent PWR fuel, before recycling. Hence, significant additional energy can be derived from
the spent PWR fuel, without incurring an additional burden in decay heat. Since the decay heat evolution
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with time is a major determinant in the spent fuel emplacement density in a geological repository, the
disposal costs of spent DUPIC fuel (per electricity generated) are considerably lower than for either spent
CANDU natural uranium or spent PWR fuel [5].

It would be interesting to look at some other effects, be they positive or negative, that would require
more complex and extensive analyses. Although some preliminary efforts have been made in this direction,
future studies will need more detailed technical results from the R&D program which is making further
progress each year.

3. COMPLIANCE WITH SAFEGUARDS CRITERIA

One aspect of nuclear fuel cycle which calls for a special consideration, especially in the backend of
the fuel cycle, is the proliferation risk of special nuclear materials (SNM). The international implications
of this issue were recognized by the INFCE (International Nuclear Fuel Cycle Evaluation) in late seventies,
decades after the Atoms for Peace Declaration. INFCE suggested some technical means to enhance
deterrence to access to special nuclear materials in the conventional recycle stream, such as: partial
decontamination, spiking with fission products, and denaturing. Recently, the US National Academy of
Science suggested the concept of the "Spent Fuel Standard" in the context of excess plutonium disposition.
The key idea behind the Spent Fuel Standard is to utilize the hostile conditions of spent nuclear fuel, as an
inherent barrier to any clandestine access to the nuclear material contained therein [6]. In this sense, the
Spent Fuel Standard can be regarded as an augmentation of the various past concepts, discussed at the
time of INFCE.

As described previously, the DUPIC fuel cycle concept has technical characteristics that comply
naturally with the Spent Fuel Standard, at all steps along the DUPIC linkage between LWR and HWR. In
addition to the absence of any separation of SNM involved in the DUPIC fuel fabrication, the inherently
hostile conditions of spent fuel material during refabrication require a heavily shielded enclosure all
around the fuel fabrication processes, linked with safeguards surveillance systems, which constitute
multiple layers of security. The DUPIC processing is self-contained, and there is no transport of
intermediate materials outside of the facility: spent LWR fuel enters the facility, and fresh CANDU-
DUPIC fuel leaves.

For further enhancement of the safeguardability, efforts are being made in the DUPIC program to
develop non-destructive safeguards devices to measure SNM content in spent fuel for accountability [7].
The DUPIC program has already demonstrated some successful results from this work, which will
hopefully contribute to other international safeguards applications.

4. DUPIC CHALLENGES

Pursuing the beneficial effects of DUPIC synergism will be an interesting, but challenging
enterprise. The unique feature of this exercise will be to develop suitable remote fabrication and handling
of highly radioactive fuel. However, this is not a technically blind move, in the light of the current state-
of-the-art for nuclear technology. There are, as a matter of fact, a number of technical references that can
be consulted on this question from previous studies, not only from the DUPIC program, but also from
others as well.

4.1. Reactor Compatibility

Major studies of the technical feasibility of using the DUPIC fuel in CANDU-type HWR have been
part of the activities, since the inception of the DUPIC program. These studies have included compatibility
in the areas of nuclear, mechanical, control, etc. Although the results up to now have indicated no
particular problem, further more-detailed studies will continue [8].

4.2. Remote Fabrication of DUPIC Fuel

This aspect may be the toughest challenge that the DUPIC alternative will have to face. One can
perceive, however, rather encouraging prospects in this context from careful examination of state-of-the-
art in nuclear technology.
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• Fuel Fabrication
While the technology of the fresh fuel fabrication process itself is quite classic and well-established
on an industrial scale for a variety of HWR fuels, there are unique challenges with fabrication of
DUPIC fuel. Ceramic fuel fabrication has an element of "black art" as well as science, and much trail-
and-error, and actual experience will be required to understand the factors affecting DUPIC fuel
fabrication. Progress is being made [9], and a major milestone has recently been achieved by AECL
and KAERI: the fabrication of 3 DUPIC fuel elements from spent PWR fuel, at AECL's hot-cell
facilities. These elements will now undergo irradiation testing in the NRU research reactor [10].

• Remote Operation and Maintenance
This question is considered to be the most arduous and sometimes confusing factor in judging the
DUPIC feasibility. Since the beginning of nuclear era, many efforts have already been made to
develop and apply remote technology to such diverse work as post-irradiation examination,
reprocessing and MOX fuel fabrication, radioactive waste handling, etc. The high-tech applications in
this area of technology have significantly advanced the technical edge, as can be perceived in the
current state-of-the-art. The challenge is how to make use of this continuing technological progress,
with ingenuity to complement the DUPIC program. The simple design of the CANDU fuel bundle,
and its small size and weight are expected to greatly facilitate remote fabrication.

4.3. Economics

The initial thrust of work on the DUPIC program has been to assess whether it can be done on an
experimental scale. Once technical feasibility has been established, the subsequent steps will include
optimization of the DUPIC process for larger lab-scale testing, and more detailed assessments of the
overall PWR/CANDU fuel cycle costs and economics. At this time, definitive conclusions cannot be made
about DUPIC economics, since both technical and financial data for such an assessment are at an early
stage. In spite of these difficulties, studies have been conducted at KAERI, using parametric analysis
method [4]. These KAERI studies suggest that the DUPIC alternative may be able to compete with the
once-through option, if cost-effective technology is developed for the DUPIC fuel fabrication method. A
recent reference in support of this view can be found in literature on the Japanese program, Advanced Fuel
Recycle System [11]. It can be interpreted from the reference that remote fabrication of radioactive fuel
from partial decontamination would not add a significant cost burden, compared to the conventional
method of separative processes.

In the future, further efforts will be needed to make more reliable assessments of the DUPIC
economics, together with more careful analysis of system engineering.

5. CONCLUSION

The DUPIC fuel cycle is an emerging alternative for the backend fuel cycle, which could provide a
useful synergism between PWR and CANDU reactors in Korea (and between LWR and HWR, in general).
A key feature of the DUPIC fuel cycle concept is its unique proliferation resistance. Other synergistic
effects include natural uranium resource savings, and reduction in the amount of spent fuel that would
have to be buried in the earth, thus helping to further minimize nuclear energy's environmental impact. In
consideration of the huge amount of spent LWR fuel to be managed in the future, the DUPIC option can
be a synergistic alternative for exhaustive burning of the fissile residuals, even without separating them,
taking advantage of the high neutron efficiency of heavy water [12]. The effects of the DUPIC synergism
in terms of overall fuel cycle economics are to be assessed in due course, as part of future development.
The developmental efforts are now in full swing, under the framework of international cooperation, and in
anticipation of multiple benefits on the national and international level.
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