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Depletion calculations show that advanced oxide (AOX) 
fuels can be used in existing light water reactors (LWRs) to 
achieve and maintain virtually any desired level of United 
States ( U S )  reactor-grade plutonium (R-Pu) inventory. 
AOX fuels are composed of a neutronically inert manix 
loaded with R-Pu and erbium. A 1/2 core load of 100% 
nonfertile, 7w% R-Pu AOX and 3.9wOh U02 has a net total 
plutonium ('"'Pu) destruction rate of 3 10 kglyr. The 20% 
residual 'O'Pu in discharged AOX contains >55% "'Pu 
making it unattractive for nuclear explosive use. A three- 
phase fuel-cycle development program sequentially loading 
60 LWRs with 100% mixed oxide. 50% AOX with a 
nonfertile component displacing only some of the r3sU. and 
50% AOX, which is 100% nonfertile. could reduce the US 
plutonium inventory to near zero by 2050. 

I. INTRODUCTION 

In the past few years, much attention has been focused on 
the short-term proliferation risks arising from the liberation 
of metallic weapons-grade plutonium (W-Pu) from 
thousands of nuclear weapons in the United States (US) 
and Russia. Significant international efforts are under way 
to address this problem. One major thrust of these efforts 
is to convert the W-Pu into spent nuclear fuel. where it will 
join a much larger and growing inventor?/ of spent fuel from 
commercial nuclear power plants. Although acknowledged. 
little attention has been focused on the growing security 
risk arising from the decay of spent fuel radiation barriers. 
As these barriers decay. unseparated reactor-grade 
plutonium (R-Pu) becomes a greater proliferation risk.' 
This paper presents a strategy for addressing this problem 
through the development of advanced oxide (AOX) fuels 
for light water reactors (LWRs). 

11. BACKGROUND 

The long-term problem of spent fuel inventories has a 
practical solution given a small number of realistic 
constraints. The inventory of unseparated R-Pu in spent 
fuel is growing with time. The radiation barrier of spent 
fuel offers short-term deterrence: however. this barrier 
decreases with time. Coupled with the facts that separation 

a 
growing with time,'u 
inventory can permanently reduce this risk. 

Only the reduction of the R-Pu 

Several realistic constraints must be recognized before a 
solution can be posed. The solution to the short-term 
problem of separated W-Pu is nationalistic because it is 
coupled to national defense policies. IY-Pu metallic pits are 
readily used in nuclear devices and their processing to meet 
the spent fuel standard must have the highest priority.' 
Similarly, the solution to the longer-term problem of 
unseparated R-Pu is nationalistic because it is coupled with 
national energy policies. The resource requirements 
associated with nuclear technologies dictate that any 
practical solution must minimize the need for new 
technological solutions. 

Consequently. a practical solution to the long-terni problem 
of unseparated R-Pu would have the following 
characteristics: (1 1 current international surplus W-Pu 
disposition programs must proceed \vith urgency. 
unaffected by any proposed solution to the long-term 
problem of R-Pu in spent fuel; (2 )  as energy policies are 
nationalistic in nature. the US should only address its own 
inventory of spent fuel: and (3) the use of LWR 
technologies should be maximized to minimize resource 
requirements. Enhanced plutonium destruction can be 
attained through the development of AOX fuels. 

A. Proposed Fuel Cycle 

The strategy proposed here is to establish a plutonium 
management fuel cycle using partial-to-full R-Pu loaded 
mised-oxide (MOX) and AOX fitel cores to achieve a 
desired net core plutonium production rate. Figure 1 
presents the proposed plutonium management fuel cycle. 
AOX fuels are composed of a PuO~-UO~-nonfertiIe-diluant 
material in varying weight percents. Key features of this 
proposed system are a facility to separate R-Pu from spent 
fuel and an AOX fuel fabrication facility. These two 
facilities should be closely coupled to facilitate stringent 
security and safeguards. A specific set of existing LWRS 
and (if available) new evolutionary LWRs would bc used 
specifically for R-Pu destruction. 
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Fig. 1. Proposed fuel cycle. 

Inherent to this concept is a three-phased AOX fuel 
I development program. 

Figure 2 depicts the proposed three-phase AOX fuels 
development program leveraged by W-Pu disposition 
development of MOX. Each sequential phase is meant to 
support the implementation of the next, more technically 
challenging, phase. 

Through the disposition of US W-Pu using MOX fkel, the 
following development steps are to be accomplished (1) 
conversion of weapons component plutonium to plutonium 
dioxide (WPu02) MOX feed, (2) fabrication of MOX fuel 
using WPuO2. (3) construction of a domestic MOX fuel 
fabrication facility, (4) partial core loading into existing 
LWRs. and (5) on-site storage of spent fuel. which will be 
developed and demonstrated. The spent W-Pu MOX fuel 
will join the US commercial spent fuel inventory. Except 
for the initial conversion process, this use of MOX fuel is 
consistent with practices in Europe and those planned 
elsewhere in the world. Proposed initial reactor disposition 
efforts will begin with the commercial burning of one-third 
MOX cores: however, one-third MOX cores are still net 
plutonium producers, while full MOX cores yield net 
plutonium destruction. The vision of these efforts should 
be expanded to include the control of R-Pu inventories. 

Phase 1 develops the use of full MOX cores and integral 
depletable neutron absorbers (IDNA) such as erbia to 
achieve desired reactivity coefficients and power peaking. 
The primary technolojg challenges are the homogeneous 
addition of the IDNA component during fuel fabrication 
and core fuel desigdmanagement. If successful early 
enough, this fuel could also accelerate the disposition rate of 
the surplus W-Pu. Unfortunately. the destruction rate of 
plutonium in MOX fuel will always be limited because of 
the presence of 23RU. Consequently. MOX fuels are not 
well suited to reducing R-Pu inventories. 

Phase 2. therefore. involves the development of a MOX 
fuel that contains less fertile 23RL1 through the addition of a 
nonfertile component (such as zirconia). Reducing the 
amount of uranium reduces the breeding of plutonium. 
thereby increasing the net plutonium destruction rate 
achievable. Los Alarnos National Laboratory is developing 
an advanced oside fuel fabricated through the po\vder 

blending. cold press. and sinter process currently used to 
fabricate MOX fuel? The primary technical challenge ion 
phase 2 is the homogeneous addition of a nonfertilr oxide 
component during fuel fabrication and core fuel 
desigdmanagement. By incrementally substituting non- 
fertile material for 338U02. while . offsetting undc “irable 
reactivity changes as necessary with neutron absorbers. 
these advanced oxides fuels could be developed and tested 
gradually allowing for confidence to build in safety and 
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Fig. 2 Phased implementation of AOX fuel development. 

operational characteristics: however. maximum R-Pu 
destruction occurs when no plutonium breeding takes place. 

Phase 3 involves the development of a 100% nonfcnile 
(nonuraniurn) fuel. Assemblies containing nonfertile fuel 
will breed no plutonium and can have plutonium 
destruction fractions on the order of 80%. Any residual 
plutonium in these nonfertile assemblies is dilute. contains a 
large percentage of ’“Pu. and is therefore unattractive for 
diversion for nuclear explosive U S ~ . ~ - ~ * ’  

111. RESULTS 

A four-assembly. one-quarter symmetry neutronic model 
using the two-dimensional lattice physics-depletion code 
HELlOS was used to examine the potential changes in 
plutonium inventory as a function of plutonium loading and 
nonfertile fraction of advance oside f u d x  Earlier studies 
have shown that feasible advanced oside reactivity 
coefficients and power peaking could be achieved through 
tailoring the use of burnable poisons, such as erbium. to the 
specific plutonium loading and core location.’.6 The 
purpose of this analysis was to scope out how plutonium 
inventories could be managed: consequently. reactivity 
coefficients and power peaking were not examined. 

A. Depletion Results 

Depletions were carried out over three I-yr cycles with a 
capacity factor of 0.8 (877, effective full-power days) and a 
power density of 17.7 MW/full assembly. Figure 3 depicts 
the net core production of plutonium for I/-? core loading of 



MOX and AOX scaled from model results of the AOX fuel 
loaded in one of the four assemblies as a function of initial 
R-Pu w% for various mass fractions of nonfertile material. 
Figure 4 presents the percent residual plutonium for the 
same set of calculations. As the fresh nonfertile content is 
increased. the residual plutonium cuntent of the spent fuel 
decreases, The nonfertile material modeled was calcia- 
stabalized zirconium dioxide (Zr02) but the results are not 
specific to Zr02 and would be unchanged using any 
neutronically inert material. 
Figures 3 and 4 show that as the initial plutonium loading 
increases, the residual plutonium also increases; however. 
increasing the plutonium loading also increases the net 
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plutonium destruction for less than full core loading. Thus. 
maximizing plutonium loading increases the rate of 
plutonium destruction but produces a spent fuel containing 
more residual plutonium. One possible goal of the 
proposed cycle might be to minimize the residual 
plutonium in spent advanced oxide fuel so as to minimize 
the potential future proliferation risk posed by a so-called 
"plutonium mine." In such a scenario. a lower initial 
plutonium loading and smaller core fraction of .40S furl 
could be offset by increasing the number of reactors burning 
advanced oxides to achieve a desired overall net plutonium 
production. Seven Woh R-Pu loading appears to be an 
optimum point with >SO% destruction of the total loading 
of R-Pu for the 100% nonfertile advanced oxide. 
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Fig. 3. Net 113 advanced oxide core annual plutonium production as a function of initial 
plutonium loading for various nonfenile weight percents 
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Fig. 4. Advanced oxide percent residual plutonium as a function of initial plutonium loading t'or 
various nonfertile weight percents. 



B. Example Deployment Strategy 

Table 1 describes just one of many possible implementation 
schemes for the strategy depicted in Fig. 2 based on the 
results of plutonium-depletion studies. Different core 
loading. AOX fuel compositions, and numbers of reactors 
could be used to achieve virtually any desired inventory 
curve. W-Pu MOX development and irradiation has no 
impact on R-Pu inventories but enables rapid development 
and deployment of full R-Pu cores. 

Table I 
EXAMPLE IMPLEMENTATION OF AOX 

DEVELOPMENT AND USE IN LWRS 

consider solving the long-term problem of unseparated R- 
Pu in spent fuel. Such management of the R-Pu inventon. 
can be accomplished using existing LWR technology loaded 
with AOX fuels designed to achieve an optimum plutonium 
destruction rate. Depletion calculations show that AOX 
fuels can be used in existing LWRs *o achieve and maintain 
virtually any desired level of US R-Fd inventon. A 1,': 
core load of 100% nonfertile. 7w?? R-Pu AOX and 3.91vO;b 
UO2 has a net ToTPu destruction rate of 310 kyyr. The 
20% residual T o T P ~  in discharged AOX contains >jjO, 
2 J 2 ~ u  making it unattractive for nuclear esplosive use. A 
three-phase fuel-cycle development program with 60 LWRs 
sequentially loaded with 100% MOX: 50% AOX with a 
nonCertile component displacing only some of the 2-'8L1: and 
50% AGX. which is 100% nonfertile. could reduce the US 
plutonium inventory to near zero by 3050. 

Fuel Deployment Net R-pu 

W-PU MOX 

I *Full Core 
* 2010-2020 I I  OW'?? R-Pu MOX I - 5.41E+02 

I I I *60Reactors 

* 2020 - 2025 
50%NF, 7WOh 
adv. oxide 

adv. oxide I *60 reactors 1 

Figure 5 shows the impact on current and projected US R- 
Pu spent fuel inventories. The projected once-through 
inventory is based on the estimates of Albright et. al.. with 
the addition of a constant production rate beyond the year 
201 0.9 This employment scenario depicts reduction of the 
inventory toward zero; however, the number of reactors 
used and the advanced oxide composition could be adjusted 
to first reduce the R-Pu inventory to a desired level and 
then maintain that level with net zero plutonium 
production. 

The proposed three-phased program would graduall\ 
redevelop the US fuel technology esperience. This 
experience is required to achieve and maintain a minimum 
equilibrium R-Pu inventory: minimizing the equilibrium R- 
Pu inventory will greatly reduce the associated long-term 
security risk. 
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