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ABSTRACT 

A strategy for future nuclear materials management and 
utilization from proliferation and long-term waste perspectlves 
is described. It is aimed at providing flexible and robust 
responses to foreseeable nuclear energy scenarios. The 
strategy also provides for a smooth transition, in terms of 
technology development and facility implementation, to 
possible future use of breeder reactor technology. The 
strategy incorporates features that include minimization of 
stocks of separated plutonium; creation of a network of secure 
interim, retrievable storage facilities: and development and 
implementation of a system of Integrated Actinide Conversion 
Systems (IACS) aimed at near and far-term management of 
plutonium and other actinides. Technologies applicable to 
such IACS concepts are discussed as well as a high-level 
approach for implementation. 

I. INTRODUCTION 

More effective management of products from the back end of 
the nuclear fuel cycle is a challenge facing nuclear power 
today and in the future. Of particular importance are 
plutonium and higher actinides because of 

1) concerns related to material diversion and proliferation; 
2 )  their potential contribution to more effective energy 

3) their roles in long-term nuclear waste management 

The latter area is especially important for reasons of public 
acceptance and perceptions of nuclear energy. 

Approaches to meet materials management needs are 
influenced strongly by institutional and policy factors. In 
particular, the area of nuclear materials management strategies 
and technologies is complicated by factors such as global, 
regional, or national projections of nuclear energy market 
shares over corning decades; the resulting impact on uranium 
and plutonium resource utilization; needs and roles for new 
nuclear systems such as advanced thermal reactors, breeder 
reactors, accelerator-based systems, etc.; and shorter term 
requirements associated with existing stockpiles of spent fuel 
and/or separated plutonium. 

Technology development and application also significantly 
impact materials management areas. The strategies and 
associated technologies discussed in this paper are intended as 
examples of options for nuclear materials management that 
could be pursued globally, regionally, or nationally. This 
discussion is given in terms of possible future nuclear energy 
scenarios (examined both regionally and globally); nuclear 
materials generation, issues, and inventories; candidate 
technologies for management; and strategies for their 
implementation. 

resource utilization; and 

scenarios (toxicity, criticality, safeguards, etc.). 

11. FUTURE NUCLEAR ENERGY AND MATERIALS 
SCENARIOS 

The paper “Global EconomicsiEnergy/Environmental 

Modeling of Lonk-Term Nuclear Energy Futures” by R. A. 
Krakowski et al. (see these GIoba1’97 proceedings) and the 
paper “Nuclear Energy and Materials in the Twenty-First 
Century,” R. A. Krakowski et a].,’ International Atomic 
Energy Agency Symposium on the Fuel Cycle and Reactor 
Strategy: .4djusting to New Realities, describe results from 
recent work at LOS Alamos to examine possible future 
scenarios for global nuclear energy (made up of results from 
thirteen world regions) extending to 2100. These papers 
examine a number of external and internal drivers and their 
impact on the market share projected for nuclear energy. 
External drivers investigated included popuiation increase 
assumptions, workplace productivity, end-use efficiency for 
energy (energy efficiency), plus carbon taxes imposed to 
reduce carbon emissions from fossil fuel. Internal or lower- 
level hierarchical drivers included the economics of the 
nuclear fuel cycle (capital costs, assumptions concerning 
uranium resource) plus different fuel cycle approaches (once- 
through, multiple MOX recycle, fast breeder reactors, burner 
systems, etc.). While these drivers represent a wide range of 
disparate factors, the scenarios they produced were 
remarkably similar and are shown in Figure f for low, 
medium, and high variants of future nuclear energy demand. 
Results from Ref. 1,2 also show shifts in the “demographics“ 
of nuclear power from developed countries to rapidly 
industrializing ones by 2050. This shift is driven by a 
corresponding change in total energy demand (and creation of 
supplies to meet demand) from developed to developing 
countries over the same timeframe. These analyses also show 
large impacts on the potential for nuclear energy growth 
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Figure i . Examples of projected demand scenarios I .2 for 
global nuclear energy based on drivers impacting market 

shares. 
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resulting from economic attractiveness due to strong carbon 
tax rates. However. increasing the nuclear share only (for 
example. by reducing significantly nuclear capital costs) has 
little explicit impact on carbon emissions. These results 
indicate that nuclear energy should expand into areas 
associated with transportation. heating, etc. for more 
substantial global emissions impacts to occur. 

However. no matter what national, regional, or global 
scenarios may be forecast or developed for nuclear energy, 
rising nuclear materials inventories (associated with the back 
end of the fuel cycle) will exist. These back-end issues 
appear to be a constant of motion for the future of nuclear 
energy. Figure 2 illustrates magnitudes associated with 
global plutonium inventories (and by direct association. 
spent-fuel arisings) for the three scenario results shown in 
Figure l and for a once-through cycle only. For these 
examples. global inventories are on the order of 5000 to 
I0000 metric tonnes by 2050 and increase at a rate of 120 to 
almost 250 tonnes annually. 
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Figure 2. Projected global inventories of plutonium in spent 
fuel for the demand scenario results of Figure 1. 

111. ISSUES SURROUNDING APPROACHES AND 
TECHNOLOGIES FOR MANAGING THE NUCLEAR 
FUEL CYCLE BACK END 

Two approaches currently exist worldwide for dealing with 
the back end of the fuel cycle. The first of these-the once- 
through fuel cycle-assumes eventual direct disposal of light 
water reactor spent fuel in a geologic medium. The second 
approach-the closed fuel cycle-reprocesses spent fuel from 
light water reactors and recovers plutonium for further 
utilization in light water reactors (through MOX fuel) and 
eventually into fast breeder reactors. The adjective 
"nominally" could be used to describe the closed fuel cycle at 
present since plans exist only for one recycle into thermal 
reactors. Discharged MOX fuel would then be placed in 
temporary storage for eventual use in fast breeder reacton or 
to be disposed of geologically. 

Either or both current fuel cycles may not be acceptable for 
real management of' the back-end materials. The once- 
through cycle accumulates increasing inventories of spent fuel 
containing significant amounts of plutonium under conditions 
marked by the steadv decav of the radiation barrier. 
Eventually, the existence of large dsposal sites for spent fuel 
couid create conditions of "plutonium mines" representing 
sources of weapons-usable materials existing under future 

(and uncertain) conditions. 

The practice of plutonium recovery and recycle via MOX fuel 
also has certain unsatisfactory features from a back-end 
materials management point of view. Reprocessing to 
recover plutonium currently uses TUREX technology that 
requires large, expensive plants which are regarded by some 
as potential sources for proliferation of weapons usable 
materials since nearly pure plutonium is recovered. One 
recycle of plutonium in MOX fuel does relatively little to 
manage growing inventories of spent-fuel plutonium. leaving 
a potentially significant materials issue when such material 
must be disposed of. The timescale for introduction of such 
fuel into breeder reactors appears to pushed out significantly 
into the future. This point, as well as others associated with 
plutonium recovery technology, are discussed further in the 
next section. 

The PUREX process had its origins during World War 11 and 
the post war era and offered recovery of plutonium under 
conditions of very high decontamination factors. Modern 
plants incorporating this technology are expensive. PUREX 
technology may face more technical and economic challenges 
in the future.' These can result from use of higher burnup 
fuels in light water reactors (producing up to a 50 percent 
increase of fission product concentration in spent fuel and 
production of larger amounts of higher plutonium isotopes 
that create increased materials handling problems). From an 
economic point of view, efforts to streamline the PUREX 
process may be overwhelmed by increased environmental 
requirements regarding waste minimization, particularly the 
levels of higher actinides present in discharged high-level 
waste. These shortcomings of the PUREX processhave 
prompted suggestions4 that if the urgency for reprocessing 
has been reduced, then perhaps now is the time to initiate 
research and development on materials separations 
technologies more attractive from proliferation, waste 
minimization, and economic points of view. 

In the future, breeder reactor impelementation has been 
assumed for LWR nuclear materials management in the closed 
fuel cycle. The implementation period projected for the fast 
breeder reactor has been the focus of several recent 
ana lyse^'^'^^^^ that examine incremental costs of breeder 
systems over light water reactor operational costs versus 
estimates of uranium reserves and the price necessary for 
recovery. Results from two of the analysess.6 place the period 
beyond 2050 as a time when uranium supply and breeder 
economics become such that breeders may occupy a greater 
than ten percent share of the nuclear market. The Los Alamos 
projections'.' indicate a longer time period for breeder 
implementation. Significant breeder technology penetration 
would not occur until the final quarter of the twenty-first 
century under conservative assumptions of known uranium 
resource reserves, a relative increment of fifty percent for 
breeder versus light water reactor capital costs, and medium 
to high demand scenarios. Other developments, such as 
changes in uranium enrichment methods and practices to 
lower tails fractions from 0.3 percent to 0.15 percent,6 
produce further extensions of world uranium resources which 
could push breeder implementation based on uranium source 
need out even further in time. One final note for these 
projections is that all of them consider world uranium 
resource availability and do not take into account specific 
national (and perhaps) regional needs and/or perceptions 
concerning adequacy of indigenous fuel supplies and energy 
security. 

IV. REQUIREMENTS FOR NEW STRATEGIES AND 
TECHNOLOGICAL APPROACHES FOR MATERIALS 
MANAGEMENT 

Improving approaches to managing backend nuclear 
materials should address the issues identified previously with 



current incarnations of once-through and closed fuel cycles. 
Such approaches should also retain the best features of 
current systems, especially where economics and resource 
utilization are concerned. Thus, an improved approach 
should incorporate the following features. 

I ) Improved economics-As noted above, current methods 
for reprocessing require large-scale plants optimized 
based on economy-of-scale arguments. Even so, and 
accounting for special requirements placed upon such 
plants for nuclear safety, protection, and safeguards. 
these plants lie well outside the normal range associated 
for economics of large conventional chemical processing 
plants.’ Thus, new separation systems should 
emphasize features such as minimizing operations steps 
needed (and associated equipment), reducing equipment 
size and complexity and building in enhanced levels of 
safety protection and safeguards. 

2 )  Enhanced prolifention resistance-Although the 
commercial fuel cycle has not been the source of efforts 
in the past to obtain weapons-usable nuclear materials. 
persistent concerns continue to be voiced surrounding 
reprocessing approaches. Some believe that these issues 
could be exacerbated if nuclear energy spreads 
dramatically to developing nations. (Again, these 
concerns are not new; during past studies such as the 
Ford Foundation report of 1977,’ similar scenarios and 
concerns were voiced which did not happen in the 
ensuing time period.) However, there is international 
recognition of the need to enhance the proliferation 
resistance of the fuel cycle. Safeguards are a key 
component, but other technologies can play important 
roles. Later in this paper, examples of technologies will 
be discussed that produce materials separations without 
creation of pure plutonium streams and which can be 
configured to reduce or eliminate large-scale 
transportation of plutonium-containing materials or fuel 
elements. Finally, new management approaches should 
continue to improve levels of protection required for key 
nuclear materials by maximizing the fraction of their 
overall inventories contained in nuclear systems (as 
compared with amounts in storage, reprocessing, or 
disposal). Similarly, for reasons associated with current 
and long-term safeguards, waste management, and 
safety, we believe that the inventories of discharged 
nuclear materials requiring geologic timeframe storage 
and disposal should be minimized. 

3) Minimal impact on the nuclear energy production 
system-The purpose of nuclear energy systems is to 
meet the demand for electricity (and in the future, other 
energy forms) in the most economically competitive and 
safest manner possible. Thus, systems and technologies 
for managing nuclear materials should have minimal 
costs and operational impacts upon the overall nuclear 
energy system. This indicated that the large majority of 
nuclear energy systems will probably continue to be 
advanced versions of current reactors designed to 
produce energy. A much smaller proportion of facilities 
would be associated with the back-end materials 
management task. Such systems, therefore, should 
support the discharge of back-end materials from the 
largest number of mainline power producing reactors 
possible. These management systems should also be 
efficient in the recovery of additional energy contained in 
reactor discharged spent fuel. 

4) Commonality in technologies developed for nuclear 
materials management and those applicable to meet future 
nuclear energy requirements-Although. as discussed 
before, timelines for global implementation of breeder 
reactor systems appear to stretch well into the twenty- 
first century, technologies associated with such 

systems can also be used effectively for materials 
management. In particular, fast neutron spectrum 
systems are essentially the universal choice for 
technologies most efficient for ‘%omplete” burning of 
plutonium and higher actinides. As discussed later. new 
fast spectrum systems, either reactor or accelerator- 
driven. based upon novel technology such as use of a 
heavy metal eutectic for cooling, may produce improved 
systems applicable both to materials management and 
potentially materials breeding. Pursuit of such ill) 
approach that would provide benefits and applicability no 
matter what future nuclear scenarios develop would seem 
to represent the most prudent development path. 

V. A STRATEGY AND lTS ASSOCIATED ROADMAP 

The core of this paper is discussed here-that is, a strategy 
and approach (a roadmap) for long-term nuclear materials 
stewardship. The objectives of the strategy discussed here 
are threefold. 

1 ) Current and near-future stocks of separated plutonium 
should be minimized. Mixed oxide fuel (MOX) is the 
preferable technology choice for this task. 

2 )  Secure, interim, and retrievable storage for spent fuel 
should be created. The concept under current discussion 
for Internationally Monitored Retrievable Storage Sites 
(IMRSS) could represent an attractive approach to secure 
this objective. 

3) Technologies and other means should be developed and 
implemented to raise the protection level of plutonium, 
reduce significantly the plutonium discharged in spent 
fuel for long-term disposal, achieve real reductions in 
plutonium inventories through utilization to recover extra 
energy content, and achieve improved final disposal 
approaches where issues arising from plutonium and 
other key actinides are reduced drastically. 

Meeting these objectives should satisfy or exceed the 
underlying criteria for which the U.S. urges a once-through 
fuel cycle (for proliferation reasons) and for which other 
nations pursue a closed fuel cycle (recovery of energy from 
plutonium, waste conditioning). 

Figure 3 provides an example of a strategy and its associated 
roadmap for achieving these objectives. Its components 
include no (minimal) separated plutonium in storage; 
plutonium produced during light water reactor operation stays 
in reactors or secure storage systems; and finally a transition 
to a more proliferation resistant fuel cycle occurs where 
plutonium is utilized for its energy value and discharge of 
actinides requiring long-term storage is reduced significantly 
over present levels (factors greater than one hundred could be 
a goal). 

Three primary components make up this roadmap: 

(Advanced) Light Water Reactors (LWRs) comprise the 
main part of the power production system until factors 
such as resource availability and/or W O R O ~ ~ C S  cause 
them to be supplanted. 

An Internationally Monitored Retrievable Storage System 
(IMRSS) serves as an interim, secure storage system to 
handle discharged LWR fuel and spent fuel from a one- 
cycle MOX. 

Integrated Actinide Conversion Systems (IACS) provide 
proliferant-resistant systems for plutonium and hipher 
actinide management. Tiley consist of proliferation- 
resistant processing and a plutonium and higher actinide 
utilization device. Variants on the nuclear system could 
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Figure 3. A "roadmap" of the nuclear materials management strategy described in this 
paper. 

be in the philosophy of a nuclear storage device (hot 
storage) or, for some nuclear energy scenarios, breeders. 

This roadmap meets the three objectives discussed before. 
Separated plutonium is brought to the spent-fuel standard 
through (one) use in MOX fuel. Nonfertile fuels (ones 
containing minimal amounts of uranium oxide and thus which 
breed less plutoniumj could also be used in LWRs to reduce 
such inventories and could result in more robust forms for 
eventual disposal without need for further reprocessing. 
MOX-discharged fuel would go to the IMRSS for interim 
storage. 

Spent fuel from LWRs is also stored temporarily in an 
IMRSS facility (after the passage of a decade required for 
siting and construction) so as to provide secure storage during 
the time needed for Integrated Actinide Conversion System 
development, prototyping, and implementation. When the 
numbers of such systems have reached numbers required to 
deal with backlogged discharged fuel plus freshly discharged 
fuel, then fuel resident in the IMRSS is sent to the IACS. 
When the IACS is fully developed and operational, then all 
spent fuel is either in LWRs or IACSs (neglecting that in 
transportation). 

The development and implementation of IACS technology 
satisfies objective (3). During most scenarios and time 
periods, LWR systems may well represent the major fuel 
cycle component. In such scenarios, discharged fuel from 
LWRs is not allowed significant time for cooling but is 
shipped directly (while radiation barriers remain at their peak) 
to a front-end unit associated with an L4CS device. In this 
example, 25 years are allowed for developing and 
prototyping, and an additional 15 to 20 years are allowed to 
field the required number of IACS units needed to handle 
discharged LWR fuel plus that in IMRSS storage. The 
number of IACS systems depends upon their characteristics 
and LWR-support ratio. (See later discussion). The impact 
of the use of the IACS system concept on global plutonium 
inventories associated with the middle nuclear energy demand 
scenario of Figure 1 is shown in  Figure 4 (solid curve). 

The roadmap example can also be used for a spectrum of 
future nuclear energy scenarios. For ones where LWRs 
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Figure 4. Impact of LACS system implementation on global 
plutonium inventories arising from the discharge 
of spent reactor fuel from light water reactors. 

continue to be the major systems used to generate nuclear 
energy, IACS systems would ideally represent only a small 
fraction of the total nuclear capacity (ideally less than ten 
percent) and would operate in a converter (consumer of 
plutonium) mode. For high demand scenarios where 
resource constraints may introduce requirements such as 
material breeding, LWRs may be phased out in favor of 
breeder systems using technologies developed in the IACS 
systems. 

VI. TECHNOLOGIES 

A number of attractive candidate technoiogies could be further 
developed for this strategy, particularly the Integrated 
Actinide Conversion System component. The discussion 
below focuses on proliferation-resistant materials separations 
and nuclear system technologies that would be integrated 
together. 



. 

I ) Proliferation-resistant materials separations- 
A number of “dry recycle” processes have been 
developed‘ and demonstrated at pre-prototypical levels 
that offer the potential of a proliferation protection level 
comparable to the “spent fuel standard” at each cycle 
step. Three in particular have been developed to the 
point where they deserve evaluation as potential 
alternatives to PUREX. These include the pyrochemical 
separation process developed as part of the Integral Fast 
Reactor program (IFR): the AIROX process developed 
at Atomics International,” and the Dmitrograd Dry 
Process” developed in Russia. 

The IFR process uses a central electrorefiner module that 
removes uranium from spent fuel and sends a salt 
containing transuranic elements and fission products for 
incorporation into a zeolite matrix that is used to make a 
ceramic waste disposal form. Plutonium, along with 
other actinides and lanthanides, can be fabricated into 
fuel. 

The AIROX uses an oxidation-reduction process to 
achieve partial separations of oxide fuels where UOz is 
converted to granular U,O,, and the clad material and 
volatile fission products are driven off. This process is 
now under assessment for applications to treatment of 
U.S. Department of Energy spent fuel. In addition, the 
DUPIC process under investigation by South Korea uses 
AIROX as a front-end step where the U,O, is 
reconverted to UOl for further fuel burnup in a CANDU 
reactor. 

The Dmitrograd Dry Process uses, in a manner similar to 
the IFR process, selective electrotransport of mixed 
transuranics using oxide fuel as a feed form. It has been 
extensively demonstrated, with many thousands of fuel 
pins recycled and fabricated into fuel assemblies for 
testing in Russian fast reactors where burnup levels of 
up to seventeen percent have been achieved. 

2 )  Advanced nuclear systems for actinide utilization- 
Development of lead-bismuth (a low melting point 
eutectic) cooled reactor systems” was made in the 
former Soviet Union for submarine propulsion systems 
and is now considered moving towards a mature 
technology. Such liquid metal nuclear systems are being 
proposed for applications related to new proliferation- 
resistant and waste-management friendly fuel cycle 
 concept^".'^ and are claimed to possess inherent safety 
characteristics absent in other liquid-metal-cooled 
(sodium) systems. 

A design requirement for actinide utilization systems as 
described in the roadmap of Figure 3 is that each IACS 
unit support the discharge of spent fuel from the largest 
number of LWRs. This means that such systems must, 
in addition to requiring large incore inventories, be 
capable of accommodating significant amounts of 
plutonium from spent fuel sources during yearly 
operation. To accomplish this, Integrated Actinide 
Conversion Systems must operate in a plutonium 
conversion mode, with a conversion ratio significantly 
less than one so as to minimize plutonium created by 
breeding in the nuclear core. Two approaches can offer 
required LWR support ratios. The first is associated 
with fast reactors where the conversion ratio has been 
minimized consistent with meeting safe operation 
requirements. Reference 14 describes a sodium-cooled 
fast reactor concept having conversion ratios as low as 
0.26 that satisfy safety requirements (principally Doppler 
coefficient temperature behavior). A n  alternative 
approach is to use a subcritical nuclear configuration 
where a particle accelerator creates a neutron source that 
is used to “drive” a nuclear assembly operating at a k,, 

around 0.95. A system concept built around coupling 
accelerator drive to a lead-bismuth cooled subcritical 
blanket which employs electrochemical and metal 
reduction techniques for integrated materials processing 
is described in Reference 13. 

VII. IMPLEMENTATION 

Development of such a strategy will not come quickly, 
although once achieved, could provide robust means for 
nuclear material control and management through the end of 
the twenty-first centuq. The strategy described in this paper 
has a number of similarities to concepts for nuclear materials 
control and management proposed in the past, particularly 
those occurring around, and after, the International Nuclear 
Fuel Cycle Evaluation (INFCE) of the late 1970’s. However, 
these efforts languished in the intervening period. The 
reasons for this may have arisen from polarizations associated 
with fuel cycle choices (once-through or closed) between the 
United States and other major nuclear nations (Great Britain, 
France. Japan, the former Soviet Union). 

To avoid repetition of these past difficulties, acceptance of 
this strategy will require very active efforts aimed at achieving 
international consensus on strategy definition and 
implementation. There are current and past precedents for 
such international cooperation. A current example is that 
associated with the initiative to explore further development of 
the concept for Internationally Monitored Retrievable Storage 
Systems which would meet needs for secure, interim storage 
of spent nuclear fuel discussed in the present strategy. 
Currently, interested parties from the United States, Japan, 
Europe, and Russia have met informally to discuss definition 
of such a concept and methods for its creation and 
implementation, particularly as an internationally-managed 
commercial entity. Indications are that the process may move 
soon to a next step of formalized studies supported by 
funding from several international organizations. 

The component of the strategy associated with minimization 
of separated plutonium inventories is consistent with activities 
and actions being undertaken by institutions and states 
involved in commercial reprocessing. Operation of large- 
scale reprocessing plants are moving towards “just-in-time’’ 
strategies that couple reprocessing capacities with those of 
plants used to produce mixed oxide fuel for light water 
reactors. These activities are also complemented by initiatives 
to improve international transparency in the processing and 
use of plutonium. 

The last part of the top-level strategy, development and 
implementation of Integrated Actinide Conversion Systems, 
also can build on precedents associated with nuclear 
development. For example, international cooperation and 
joint funding, staffing, and management of a number of 
reactor systems and pilot-scale facilities has occurred through 
organizations such as the Nuclear Energy Agency (NEA). 
Currently, the scientific and technical efforts of the 
international fusion community are. focused on the 
International Tokamak Experimental Reactor (ITER), a 
concept built from decades-long experience in international 
cooperation. As described previously, the IACS concept 
would use technology whose development could lead to 
improvement and implementation of breeder systems, should 
resource and economic need dictate at some point in the 
future. 

Implementation of the IACS portion of the strategy could 
follow along the lines of recommendations and precedents 
identified in the IAEA’s International Symposium on Nuclear 
Fuel Cycle and Reactor Strategy: Ad-iusting to New Realities. 
There, Key Issue Paper 6, “International Cooperation””. 
recommends examination of strategies where major plutonium 
processing facilities of the type associated with the IACS 



IACS could be internationally managed and controlled. 
building upon precedents already associated with major 
reprocessing plants and with nuclear materials services 
provided by international. privately operated companies such 
as Urenco. This paper also recommends examination of 
strategies where sensitive and complex fuel cycle facilities 
would be concentrated ,in a relatively few locations 
worldwide, particularly in industrialized nations with 
significant levels of nuclear expertise and experience. 

3. 

4. 

5 .  

6. 

7. 

8. 

VIII. SUMMARY 

A strategy has been outlined for the management of nuclear 
materials arising from past and future nuclear energy 
operations. This strategy appears to be robust for foreseeable 
future nuclear energy scenarios. It could provide enhanced 
proliferation protection and waste management features as 
compared with those of current implementation of once- 
through or closed fuel cycles. Technology development and 
implementation outlined for this strategy would also be 
directly applicable to advanced nuclear systems for uranium 
resource extension (through breeding), a need forecast 
globally as occurring in the latter part of the twenty-first 
century. 
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