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PLUTONIUM ASSESSMENT MODELING— GOVERNMENT POLICY, NON-PROLIFERATION, 
AND THE GOVERNMENT FENCE

Harold A. Kurstedt, Jr. and Joel A. Nachlas 
Virginia Polytechnic Institute and State University 

Blacksburg, Virginia

Assessment modeling for the evaluation of pluto
nium as an energy resource is stressed, and 
generic mathematical model forms are outlined. 
Representative necessary objective functions are 
developed. Constraints and assumptions are listed. 
An example involving present-day light water 
reactor technology is demonstrated. Technical, 
environmental, and political implications are 
drawn. Specific new directions for analysis are 
suggested. The position of the boundary of 
government control and responsibility— the govern
ment exclusion fence— is shown' to be a critical, 
but overlooked, constraint. Existing governmental 
uranium stockpiles may be an unmentioned, though 
important, constraint.

Plutonium is the most abundant proven energy 
equivalent and most controversial energy resource. 
Plutonium results from an intermediate nuclear 
reactor processing stage starting with the raw 
material uranium-238, U-238. Therefore, the 
plutonium resource differs from the U-238 resource 
only through minimal conversion losses and through 
the political and/or social will to perform the 
conversion. The quality of the U-238 resource, 
from which plutonium for the breeder is produced, 
in relation to other more commonly used fuel 
resources, is displayed in Figure 1. The relative 
abundance of U-238, and therefore of plutonium is

high. There is, indeed, a great need to assess 
plutonium in relation to the potential available 
energy for a society in short supply.

Figure 1. Available Energy from Recoverable 
Domestic Energy Resources

Plutonium, like coal and other energy resources, is 
obtained in various forms, each presenting different 
opportunities for application and challenges for 
safe clean use. Table 1 shows the characteristics 
of plutonium found in a representative quantity of 
spent fuel from present light water reactors. As 
with other energy producing materials, one constit
uent of spent nuclear fuel is a harmful waste that 
must be responsibly managed. This is the highly
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radioactive fission product material. In addition, 
the proliferation and/or diversion aspects of pluto
nium fuel as a weapons material have received much 
public and political attention. As shown in Table 
1, commercial reactor produced plutonium contains 
approximately 25% even numbered isotopes, Pu-238,
240, and 242. The relative capture to fission 
probabilities for these isotopes is extremely high 
compared to those for the highly fissionable odd- 
numbered isotopes. The capture process defeats 
fission and the chain reaction. It is possible to 
construct a weapon using plutonium with 25% non- 
fissionable material but the result is unpredict
able and unmanageable. The key point is that if 
there were no good quality weapons material or 
only small quantities of such material in existence, 
the production of any quantity of poor quality 
weapons grade material could affect domestic or 
international stability. With large quantities of 
good quality weapons material in existence, the 
addition of small amounts of poor quality material, 
if handled in similar fashion to the high quality 
material, should have little or no effect at all.
Table 1. Composition and Properties of Light 

Water Reaction Generated Plutonium
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238 403 16.8 .015 0.0135
239 315 748 .609 0.5481
240 250 0.03 .204 0.1866
241 390 1010 .132 0.1188
242 19 0.2 .040 0.0360

1.000 0.9000

Within the governmental sphere of influence, the 
uranium fuel cycle is closed, plutonium is produced, 
and enriched and unenriched uranium stockpiles 
exist; all in significant proportions. The 
activities of the Departments of Defense and State 
in regard to nuclear weapons and international 
nuclear materials agreements are not extensively 
discussed in the popular press. Many nuclear 
energy related activities of the agencies now part

of the Department of Energy are discussed exten
sively. Uranium and plutonium resources are of 
importance to the Departments of Energy, Defense, 
and State. Decisions by one department affect the 
availability of these resources for the needs of the 
other departments. Outside of the government 
influence, a comparatively small, but critically 
important commercial nuclear power venture exists. 
Proper assessment will compare governmental and 
commercial efforts as appropriate. For example, a 
commercial power reactor or any of its components 
should not be compared to a bomb; however, repro
cessing for plutonium bombs in the Department of 
Defense must be compared to reprocessing for 
commercial nuclear power, especially in view of 
Executive claims of moral leadership. To obtain 
plutonium from spent reactor fuel, the material 
must be separated from other hazardous material, 
chemically processed, and enriched— all requiring 
essentially the same extensive facilities necessary 
to obtain the weapons material from the natural 
resource. Federal facilities have been producing 
large quantities of weapons material for over 
thirty years. Specially designed reactors, unlike 
commercial power reactors, are used. These 
special reactors have high proportions of Pu-239 
and Pu-241 and low proportions of Pu-238, 240, and 
242 in their offloaded spent fuel. The offloaded 
fuel is processed to obtain the high quality 
weapons grade material and the high-level radio
active wastes are managed on site. At present, 
there are 80 million gallons of these defense
generated wastes stored at government sites in this 
country (2). If the commercial nuclear power 
program is expanded according to the most optimistic 
projections, the high-level wastes will accumulate 
to 20 million gallons by the year 2025. This 
country is reprocessing and producing plutonium 
of weapons quality in large quantity. The White 
House is presently showing great concern about 
reprocessing commercial reactor generated spent 
fuel. This spent fuel will provide extensive 
energy generation materials which, relative to 
defense generated materials, are much smaller 
amounts of poor quality weapons material.
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The Ford Policy of 28 October 1976 and the Carter 
Policy of 20 April 1977 focus on the non-prolifera
tion aspects of spent light water reactor fuel.
Such a policy makes the nation strongly dependent 
on adequate uranium supplies. Errors in difficult 
resource estimates could yield extremely harmful 
results. History has shown other cases in which 
shortages of energy producing materials led to 
pressures resulting in overly-optimistic resource 
estimates (3). The unexpectedness of the propor
tions of the pesent oil and natural gas shortages 
are, in part, a result of over-zealous resource 
estimates.

Plutonium exists in spent fuel, and all alternatives 
for disposition involve the consideration of non
proliferation. Given a need for energy resources, 
an alternative can be chosen to minimize prolifera
tion; or conversely, given the goal of non-prolif
eration, an alternative can be chosen to maximize 
energy resources. The results are not necessarily 
the same. Alternatives can be assessed with 
certain goals for the objective function and 
others for the constraints. By reversing the 
orientation of the same goals, other objectives 
are defined with other constraints. The evaluation 
of the results, which will be different for these 
cases, must take into account which goals were the 
objective and which the constraints. There is 
present emphasis on a thorium fuel cycle which 
will not resolve the non-proliferation issues; 
and the development of the neutron bomb constitutes 
indirect proliferation, in that it forces other 
nations to develop the same technology out of fear 
or competitive spirit. For other energy sources, 
technical assessment and environmental assessment 
are balanced for intelligent management decision
making. For plutonium, technical, environmental, 
and foreign policy assessments must be balanced. 
However, these perspectives are not usually 
integrated, little experience exists, Department 
of Defense programs dealing with large amounts of 
plutonium are not discussed, and the State Depart
ment perspective is dominating and dictating the 
framework of the other perspectives.

Assessment of plutonium begins with the assessment 
of spent-fuel alternatives. The various alternatives 
affect the entire nuclear fuel cycle. Figure 2 
shows the nuclear fuel cycle, in which uranium ore 
is mined and milled to obtain uranium oxide. The 
uranium oxide is chemically converted to gaseous 
UF^ in preparation for enrichment in which the 
concentration of the fissile isotope U-235 is 
increased mechanically from its natural .711% to 
between 2% and 4%. The enriched uranium fuel is 
chemically converted to UC^ powder which is pressed 
into pellets that are sintered and loaded into 
fuel rods. The fuel rods are fabricated into fuel 
assemblies which are inserted into a reactor. Fuel 
assemblies typically reside in the reactor core for 
three years after which time they are stored for 
cooling and can then be reprocessed. The crucial 
stages of the fuel cycle are (1) the resource, due 
to the uncertainty of its extent; (2) enrichment, 
due to the existence of competing technologies, 
indecision about the desirability of government 
control, and questions about the adequacy of the 
capacity; and (3) spent-fuel disposition, due to 
the issues of waste management, proliferation, and 
diversion. The individual crucial stages cannot 
be evaluated in a vacuum because the fuel cycle 
links the stages and indeed contains a feedback 
loop. Therefore, no single stage can be evaluated 
without considering its influence on the others.
For example, it is inappropriate to assess plutonium 
without knowing the extent of the alternative 
uranium resource and the extent of the enrichment 
capability to produce U-235.

Modeling techniques have been developed to assess 
impacts on and effects of the nuclear fuel cycle. 
Interrupted fabricated fuel supplies (5) and in- 
process fabrication plant inventories (6) have 
been analyzed. Alternative nuclear fuel sources 
including reprocessed spent fuel have been evaluated 
under both present and anticipated in-core fuel 
management schemes (7,8). These analyses highlight 
the relationship between the uranium resource and 
plutonium. Strategies for the management of spent 
fuel have been evaluated with respect to the 
provision of adequate storage capacity (9), the
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Figure 2. Nuclear Fuel Cycle

optimal inventory withdrawal sequence (10), the 
economic life of the spent fuel (10), and optimal 
approaches to spent-fuel transport (11) . The 
effects on the fuel cycle of new enrichment 
technology development have been reported (12).

Well-known and often-used generic types of decision
making strategies and models are used for plutonium 
assessment. A few examples exist through recent 
and current modeling efforts. Analyses include 
resource allocation, inventory analysis, process 
auditing, and decision theory.
Integer Programs are a class of Linear Programs. 
They are used to model problems in which system 
relationships are linear but in which the decision 
variables must take on discrete values. The 
generic format of an Integer Programming model is:

Extremize 

subject to:

(1)

This basic model form is applied to the problem of 
determining economically optimal patterns of with
drawing spent fuel from storage upon the resumption 
of reprocessing. The realization of the Integer 
Program when applied to the spent-fuel withdrawal 
problem is:

Minimize E £ c . , x J , 
i=l j-1 1J «

(2)

subject to: Z x.. < a,
i i J ' 1 
? Xij - bJ

where x ^  is the number of spent fuel assemblies 
generated in year i that are withdrawn from storage 
and reprocessed in year j , a^ is the quantity of 
spent fuel generated in year i, and b^ is the 
reprocessing capacity in year j . The constraints 
require that no more fuel be withdrawn than exists 
and that as much fuel as possible be reprocessed. 
The constraints become equalities with the addition 
of slack variables that represent resulting remain
ing inventories. The parameter c ^  is the cost 
associated with withdrawal of spent fuel generated 
in year i for reprocessing in year j. By including 
material decay costs, inventory holding costs, 
recycled material values, and reprocessing tarrifs 
in these parameters, the costs are applied to both 
the decision variables and the slack variables and 
represent the economics of spent fuel management.

The above defined model is applied to the reference 
case of all light-water-reactor spent fuel expected 
to be generated under Scenario D of WASH 1139 (13) 
for the rest of the century. Results of the analysis
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indicate that, from the utility perspective, a 
last-in-first-out inventory withdrawal policy is 
optimal and that existing stockpiles of spent 
fuel are never depleted.

Mixed Integer Linear Programs are another class of 
linear programs. They also model problems with 
linear system relationships but restrict only a 
subset of the decision variables to be discrete. 
The generic form of a Mixed Integer Linear Program 
is:

Extremize 

subject to:

(3)

where R is the index set of integer variables.
This basic model form is applied in coordination 
with an Integer Program to analyze the problem of 
identifying strategies for replacing uranium fuel 
with mixed-oxide fuels in order to minimize 
uranium consumption. The replacement opportunitie* 
considered Include the use of mixed-oxide fuels in 
plutonium-burning and self-generating non-breeder 
reactors. The Mixed Integer Linear Program is 
used to determine the best mixed-oxide fuel 
blending plan for mixing recycled plutonium with 
uranium. The results of this analysis provide 
the parameters for an Integer Program, the 
objective of which is to identify the allocation 
of fuel types that will minimize overall uranium 
consumption. By defining the decision variable 
as xjjt ■ 1 if type i fuel is used in reactor j 
in year t, and 0 otherwise, the Integer Program 
takes the form:

T J(t) I
Minimize E E E c x + s (P +Q ) (4)

t-1 j-1 i=l 1JC C C
subject to:
I
£ x * 1; each reactor must be fueled (5)
i-1 1Jt

with only one type of fuel each year,

the quantity of

mixed-oxide fuel used in reactors in a 
given year cannot exceed the mixed-oxide 
fabrication capacity of the previous year,

the quantity of

uranium fuel used in reactors in a given 
year cannot exceed the U02 fabrication 
capacity in the previous year,

the enrichment

capacity cannot be exceeded when 
processing fuel materials,

plutonium 

utilization must not exceed supply,

:he plutonium stockpile 

is quantity available less amount recycled

recycled

uranium utilization in all fuels must 
not exceed available supply,

the uranium inventory is 

quantity available less amount used,

designated decision variables 
are fixed, and

decision variable nonnegativity, 

where the parameters included in the model are:

(7)

(8)

(9)

(10) 

*

(ID

(12)

(13)

(14)

(6)
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cijt the cost of using type i fuel in reactor j 
in year k,

S * inventory holding cost,

This

■ the quantity of type i fuel that would be 
required to fuel reactor j if type i is 
used in year j in year t,

• the subset of fuel types corresponding to 
mixed-oxide fuel,

= the subset of fuel types corresponding to 
uranium fuel,

- the mixed-oxide fuel fabrication capacity 
in year t,

■ the uranium fuel fabrication capacity in 
year t,

• the enrichment plant capacity in year t,
» enrichment processing requirement for one 
unit of product fuel of type i,

■ percentage of plutonium in one unit of 
type i fuel,

• percentage of spent type i fuel that is 
recycleable plutonium,

■ percentage of spent type i fuel that is 
recycleable uranium,

■ percentage of fresh type i fuel that is 
recycled uranium,

■ recycled uranium stockpile, and
■ recycled plutonium stockpile.
model formulation provides an application of

integer programming to a problem in which uranium
consumption is minimized. The model represents 
the use in light water reactors of mixed-oxide
fuels to conserve domestic uranium resources.
Linear programming is a modeling format used for 
planning allocation constrained resources among 
competing activities. It is the general class of 
models of which Integer Programs and Mixed Integer 
Linear Programs are classes. The generic Linear 
Program for is to:
Extremize 

subject to:
j c*

j aijXj " bi 
Xj > 0 Vj

(15)

This general form is used to analyze the relative 
appeal of various nuclear reactor fuel resources. 
The resources considered are domestic mined 
uranium, foreign mined uranium, mill tails, enrich
ment tails, and uranium from reprocessed spent

fuel. The linear program representing this problem 
is:

5
Minimize I (f.+s.)x.j=l J 3 J

subject to:
a.x. - m., j=l, 5; no more material can be J J J

obtained from any given source than is 
available in that source,

(16)

x^ + x^ < d^; the quantity of material (17)
obtained from mill tails and domestic 
ore cannot exceed the capacity of 
domestic mills to process it,

< d^; material from foreign mines cannot (18) 
exceed the foreign milling capacity,

xx + x2 + x3 < d3; the quantity of material (19)
that is used and requires refining cannot 
exceed the hexafluoride conversion plant 
output capacity,

x^ < d^; the fuel derived from spent-fuel
reprocessing cannot exceed the 
reprocessing plant capacity,

5
l

j-i Y j
< E; enrichment requirements must

(20)

(21)

not exceed enrichment plant capacity,
5
I b x > D; the fuel produced must satisfy

J - 1  j j

the demand for fuel, and

(22)

Xj > 0 j=l, 5; decision variable nonnegativity(23) 
where

are the source material availability limits,
are the inverses of the source material to 
pre-enrichment material efficiency factors,

d^ is the domestic mill output capacity,
d2 is the foreign mill output capacity,
d3 is the hexafluoride conversion plant output 

capacity,
is the reprocessing plant output limit,
are the enrichment plant processing requirements 
per MTU of pre-enrichment fuel,
is the available enrichment capacity,
are the enrichment plant material efficiency 
factors,

D is the total demand for product fuel,
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s
f
X

j
j
j

is the cost of fuel enrichment, 
is the cost of feed material, and 
is the quantity of type j fuel produced.

For reference case data corresponding to annual 
fuel demands over a twenty-year horizon, results 
of the analysis of the model indicate a clear 
preference for reprocessed fuel material even 
without plutonium recycle. Sensitivity analysis 
of the model results indicate that severe increases 
in reprocessing costs do not force recycled uranium 
out of the optimal solution. Thus, uranium 
resources can be conserved sufficiently to justify 
reprocessing for recycleable uranium. Inclusion 
of the further resource conservation and economic 
advantages associated with plutonium recycle can 
be assessed by sensitivity analysis and serve to 
reinforce the appeal of spent fuel as a reactor 
fuel resource.

Simulation is a tool particularly well suited for 
assessment studies. Simulation can be used to 
experiment with the influence of uncertainty upon 
a decision problem and can also be used to imitate 
the behavior of a system under specific operating 
conditions. A particular simulation model was 
developed to represent the sequential production 
and inventories of nuclear fuel materials in the 
fuel cycle. The objective of the model is to 
determine the most efficient stockpile points in 
the fuel cycle in order to avoid interruptions in 
reactor fuel supply. The stagewise model with 
variational stage returns was applied to the 
nuclear fuel cycle over a twenty-year horizon. 
Results of the analysis emphasize the inter
relationship of the resource, enrichment capacity, 
and the spent fuel resource. The results 
consistently demonstrate a balance of the three 
stages in order to assure adequate reactor fuel 
supplies.

Decision theory is a subdiscipline directed at 
evaluation of problems of choice under imperfect 
information and in which additional information 
is available at a price. One model form used 
frequently in decision theory is the Bayesian 
model in which the quality or quantity of informa

tion is augmented sequentially. By applying a cost 
per stage for information improvement, a model can 
be constructed to assess spent-fuel disposition 
alternatives. If at each stage, an experimental 
outcome is obtained from the set of outcomes, 
then the estimated probability of a given state of 
nature A^ among those possible is given by:

Pt (Ai l V  N J 1

^  P<Bj lAi>Pt-l(Ai)
(24)

This information improvement equation is incorporated 
into a stagewise recursion equation that defines 
the value to a decision maker obtained from improved 
information. The process can be terminated after 
any stage by specifying a decision. Once a decision 
is made, its consequences follow with an associated 
resulting payoff. In the context of assessment of 
spent-fuel disposition alternatives, research and 
development or international diplomacy can be 
represented as specific stage experiments concern
ing spent-fuel management.

Thus, generic types of decision models can be used 
for plutonium assessment. In constructing the 
mathematical models, the perspective from which 
the objective and constraints are specified 
determines the realized form and the relationships 
that can be assessed.

Alternatives for the disposition of spent fuel in 
the most general sense are dependent upon the type 
of reactor under consideration. Alternatives are 
being evaluated for 1) the present light water 
reactor, 2) the liquid metal fast breeder reactor,
3) both thermal and fast gas-cooled reactors, 4) 
the heavy water reactor, and 5) combinations of 
reactors including the light water reactor-heavy 
water reactor uranium-plutonium tandem and energy 
centers containing different fuel cycle concepts. 
Concepts are suggested for extending fuel exposure 
or efficiency without chemical processing. The 
concepts include 1) the tandem cycle, where spent 
fuel from the light water reactor is further 
irradiated in a heavy water reactor or other 
suitable reactor; 2) extended burnup, where fuel
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is retained in the light water reactor for extended 
periods of time; and 3) fuel rejuvenation, where 
spent fuel from the light water reactor is 
reenriched without reprocessing. For the light 
water reactor using today's uranium-type fuel, 
concepts include 1) full reprocessing, where both 
the uranium and plutonium values in the spent fuel 
are separated and recycled; 2) partial reprocessing, 
where lethal fission product material is retained 
in the separated plutonium and the uranium and 
plutonium are recycled; 3) coprocessing, where the 
uranium and plutonium are maintained as a single 
product from the process; 4) throwaway cycles, 
where plutonium and/or uranium are placed in 
permanent disposal; and 5) stowaway cycles, where 
plutonium and/or uranium are placed in retrievable 
storage. In addition, there are similar concepts 
based on the thorium fuel cycle. There are many 
advantages and disadvantages related to these 
■any alternative concepts including the state of 
the existing technology, economics, diversion, 
projected fuel resource, proliferation, and 
environmental impact. Any of these relative 
advantages can be viewed from global or limited 
perspectives and can be constrained by the views 
of the utility, the reactor vendor, the consumer, 
and any one of various government agencies.
Under present administrative policy, spent fuel 
is being stored in ever increasing amounts in 
open spent-fuel basins. Meanwhile, the emphasis 
is on reviewing previously discarded alternatives 
while discarding developed alternatives. Simulta
neously, U.S. energy problems grow. Thus, the 
present policy is not a decision; but, given 
typical technology development lead times, may in 
fact become an irreversible and unplanned decision.
Assessment models for the entire spent-fuel 
disposition problem are either too superficial 
and limited or too extensive to solve with present 
techniques and computer facilities. This is 
especially true when attempting to include social 
and/or political impact. This is not, however, 
sufficient reason to abandon the assessment 
process. Either limited models or models devoted

to a specific aspect of the problem must be 
developed. The results must be evaluated with a 
complete understanding of the perspective, goals, 
objective, constraints, and limitations of the 
model. After a sufficient number of evaluations 
of trends and of cause-and-effect relationships, 
much insight can be gained of the problem and more 
intelligent choices and decisions can be made.
To demonstrate the effect of a change in objective 
and constraint, an example alternative is suggested 
wherein the objective is to minimize the probability 
of proliferation and the constraint is to reprocess 
spent fuel. It is felt that these choices differ 
from those of the White House, for example. It is 
believed that the results show that there are 
additional possible solutions to the problem not 
presently discussed, which meet the needs of those 
affected by the solution.
The existence of weapons-grade plutonium within 
government reservations and the proximity of 
potential spent-fuel processing facilities to those 
government reservations suggests a logical approach 
to plutonium management. The Savannah River Plant, 
located in Aiken, S.C. and operated by DuPont, is 
one of the locations where weapons grade plutonium 
is produced. Immediately adjacent to the Savannah 
River Plant is located the Barnwell Reprocessing 
Plant. The government fence, that now isolates 
the Savannah River Plant, follows the back side of 
the Barnwell facility. The Barnwell Plant was 
designed to reprocess commercial reactor spent 
fuel and to deliver the uranium and plutonium 
values back to the utility. The effort to move 
the present government fence to include the Barnwell 
Plant within the Savannah River reservation would 
be insignificant. The effort required to convince 
the group, who now intend the Barnwell facility 
to be a private enterprise, to operate the facility 
at fixed fee for the government would be greater.
The spent fuel from the utility would be delivered 
within the government fence. After reprocessing, 
the uranium values would be returned to the utility 
and the inferior weapons-grade plutonium would be 
retained within the fence along with the existing
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specially produced high grade plutonium for 
nuclear weapons. To make up for the retention of 
potential energy producing material, the govern
ment could return to the utility an energy- 
equivalent in uranium from government stockpiles 
that now exist (14). Recent government policy 
has been to eliminate some of these stockpiles, 
essentially by increasing the enrichment of the 
waste stream from enrichment plants (15). This 
portion of the example scenario suggests that 
instead of reducing the stockpiles to waste that 
they be transferred to the utility to produce 
energy in return for the plutonium to be retained 
for the foreseeable future at the reprocessing 
plant.

The total example scenario could well be naive in 
that all constraints and goals of the problem may 
not be adequately represented. For example, 
there are undoubtedly other demands on the uranium 
stockpile, such as the working inventory for new 
enrichment plants. However, possibilities and 
directions are obtained through this scenario 
that indicate that not all potential solutions 
are being discussed and that the alternatives 
being presented to the public are also naive. 
Together with the provision to the utility 
companies of energy equivalent enriched uranium 
from the existing stockpiles, replacing the 
plutonium, this policy will 1) reduce the 
enriched uranium stockpile, 2) relieve the 
pressure on spent-fuel storage basins, 3) 
constitute an active program under which adequate 
supplies of fissile materials are assured for 
the future, 4) maintain the breeder option open, 
and 5) delay the commercial use of plutonium 
fuel. Thus, placing the government exclusion 
fence around the reprocessing facilities, and 
balancing technical, environmental, and foreign 
policy assessments leads to a reversal in the 
choice of spent-fuel management policy. Intelli
gent assessment is necessary, all constraints 
should be considered, and in the case of the 
government fence, an ignored constraint results 
in a reversal of present spent-fuel management 
decision.
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