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GLOSSARY OF ACRONYMS

Separative Work Unit; a special unit used in determining the
cost of enriched uranium by reflecting the work expended

in its production.

Light Water Reactor; a reactor utilizing H20 as the moderator-
coolant.

Mixed Oxide; nuélear fuel that contains both UO2 and Pu02.
Pressurized Water Reactor -

Boiling Water Reactor

Self-Generating Reactor; a light water reactor which utilizes
its own spent fuel. This reactor type uses MOX fuel assemblies
as well as UO2 fuel assemblies.

All Plutonium Reactor; a light water reactor utilizing only
MOX fuel assemblies.

Final Generic Environmental Statement on the Use of Recycle
Plutonium in Mixed Oxide Fuel in Light Water Reactors.(13)
metric tons of uranium.

metric tons of heavy metal; contains both uranium and plutonium.
U.S. Energy Research and Development Administration

reactor growth scenario characterized by 400 operating nuc-
lear reactors in the year 2000.

reactor growth scenario characterized by 507 operating nuc-
lear reactors in the year 2000.

reactor growth scenario characterized by 600 operating nuc-

lear reactors in the year 2000.

viii



1. INTRODUCTION

1.1 Background and Motivation

Electrical power generation continues to be the fastest growing form
of energy consumption in the United States. With the remarkable
inventions of Thomas Edison in the latter nineteenth century, electricity
began demonstrating itself to be a more convenient and cleaner form of

(1)

energy for end uses than that produced by coal and oil. Today,

electricity is an integral part of our everyday lives and people are
dependent on its instant availability. The implications of this
dependence are very well demonstrated by the results of recent blackouts
of New York City and the surrounding areas on November 11, 1965, and
again on July 13, 1977.

The demand for electricity is currently growing about twice as
fast as the total of all energy sources.(z) Electricity represents a
continually increasing share of energy production, rising from 28 percent
in 1974 to a predicted 37 percent in 1990. This represents a growth
rate of about 5.4 percent per year.(z) In a 1976 study by Hanrahan(3),
it was reported that in 1975, 29 percent of the total energy inputs went
for the production of electricity. This is predicted to increase to
about 44 percent in the year 2000. Hanrahan also concludes that the
annual growth rate of electrical production will be 5.2 percent between
1975 and 1985, and then reduce to 4.5 percent between 1985 and 2000. 1In
both cases, coal, o0il, natural gas, and nuclear fission are expected to

be available to produce the required amount of electricity.

The contribution of nuclear power for the purpose of electrical



production is dependent on several factors, amoung which are the

economic competitiveness of nuclear power with fossil fuels, the
emergence of new technologies such as solar power and fusion, the

closing of the nuclear fuel cycle, and public attitudes toward nuclear
power. Electrical generation by nuclear power has grown from 0.7 percent
of the total electrical power production in 1970 to 8.6 percent in 1975.
It is expected that nuclear energy could represent about 26 percent of
the electrical power generation by 1985 and as high as 50 percent in

(2,3)

the year 2000. A recent survey by the Atomic Industrial Forum

showed that nuclear power was used to provide from 33 to 60 percent of
the electrical power distribution in several states.(4)

As the role of nuclear power in electrical production increases, so
will the accumulation of spent uranium and plutonium that is contained
in spent fuel. If these two components are recycled back into a reactor
core as fresh fuel, a 20 percent reduction in separative work unit
(SWU) requirements and a 33 percent reduction in natural feed

(5)

requirements can be achieved. This could effectively increase the

(6)

nuclear fuel supply by about 25 percent. A key factor in conserving
the limited supply of nuclear fuel is, therefore, the determination of
optimal mixed-oxide fuel blending policies. Once determined, this
policy could be used to aid in the determination of an optimal reactor

mix policy in order to minimize the consumption of natural uranium

feed and the amount of plutonium outside the reactor core.

1.2 The Problem and Objective

The nuclear industry currently faces many complex problems. One



very important problem must involve the proper management of the

rapidly decreasing supply of natural uranium. This problem results

from three basic factors. Firstly, an increase in the demand for
natural uranium will arise from the projected growth in the number of
nuclear power plants. Secondly, a delay in the operation of reprocessing
plants limits the availability of recyclable uranium and plutonium.
Recycling the unused uranium and plutonium reduces the demand on the
limited natural uranium supply. Finally, further delay in the fast
breeder program suggests that the Light Water Reactor program (LWR) will
have to increase the number of reactors to compensate for the projected
role of the fast breeder program in electrical production. From this

it can be seen that there is a definite need to conserve scarcé natural
uranium resources.

Another problem that the nuclear industry faces is the question of
what to do with the spent fuel produced in the current LWRs. In light
of the current federal administration's view on the utilization of
plutonium, the options for dealing with spent fuel are considerably
reduced. First, the plutonium-bearing fuel assemblies can be placed in
either a permanent or a retrievable burial site (throwaway fuel cycle).
Second, the spent fuel can remain in the reactor for a longer period of
time allowing for additional heat generation by the fuel (extended
burnup fuel cycle). Third, the spent fuel can be placed in another
nuclear reactor which is specifically designed to utilize spent fuel
(tandem fuel cycle). Fuel cycles involving chemical processing are not
considered viable options as they lack administrative endorsement.

Since plutonium has an equal, if not greater, neutronic value as



a nuclear fuel than Uranium-235, the economics of plutonium utilization
suggest that a reactor program using plutonium mixed with some form of
uranium to form a mixed-oxide fuel should already be on a commercial
scale. This program is also supported because uranium is a dwindling
natural resource. The course of action suggested by these factors
invloves the utilization of the plutonium currently being produced as
fuel for mixed-oxide (MOX) reactors of the fufure.

Chemical processing is, however, a very diversified process.
Firstly, the spent fuel can be partially reprocessed, extracting only the
uranium, thereby leaving the plutonium in the waste product for permament
disposal. Secondly, the spent fuel can be fully reprocessed, removing
both uranium and plutonium separately. Finally, the spent fuei can be
co-processed, extracting both uranium and plutonium simyltaneously.

The objective of this effort is to address a key problem that
must be resolved in determining stratagies for managing the natural
uranium resources, Specifically, the objective is to determine an
optimal scheduling of the different types of nuclear fuel in order to
minimize the amount of natural uranium consumed each year. An additional
objective is to minimize the amount of plutonium outside of a fuel
assembly in order to minimize the possibility of diversion of nuclear
materials. A model that addresses the problem is developed and presented
along with the associated detailed derivation. Results from analyzing

and solving the fuel scheduling model are also presented.

1.3 The Approach

Minimizing the consumption of the uranium resources includes pursuit



of a two-fold objective. First, a MOX fuel blending model is developed
in order to determine the constituents necessary in the fabrication of
MOX fuel at a minimum cost. Second, a reactor mix model is developed
in order to determine what type of fuel, enriched uranium dioxide (U02)
or MOX fuel, should be loaded into the various cores each year.
The objectives necessary to the development of the MOX fuel blending

model are:

1. the identification of the possible constituents comprising
MOX fuel,

2. the development of an appropriate optimization model describing
the demand and availability of material quantities,

3. the implementation of a flexible computer code incorporating
the developed mathematical model, and

4. the determination of cost-effective strategies involving the

blending of MOX fuel,

The information obtained from the blending model will be further utilized

in the reactor mix model.

The reactor mix model is a time-dependent decision problem influ-
enced by growth of nuclear power capacity, supply and demand for spent
fuel, and availability of reprocessing and fuel fabrication. The object-

ives necessary to the implementation of this model are:

1. the identification of processes which restrict the availability
of reactor fuels to meet the projected reactor demands,

2. the development of an appropriate optimization model describing



the behavior of the nuclear industry with respect to the use of
MOX fuels,

3. the implementation of an appropriate computer-oriented code
incorporating the developed mathematical model and associated
economic measures of effectiveness, and

4, the determination of appropriate cost-effective or consumption-
effective strategies yielding definable fuel loading policies

for the types of fuel in this study.

The thesis consists of eight chépters. Following the introductory
remarks, additional material concerning the nuclear fuel cycle and
current uncertainties in the nuclear fuel cycle are found in Chapter 2.
Also included in the second chapter are the physical descriptions of the
different fuel cycles that will be utilized. Chapter 3 presents a
quantitative examination of the elements of the reactor mix model, which
is developed in Chapter 5. An economic measure of effectiveness is
evaluated in Chapter 4 based upon the economic gain that is realized by
the recycle of plutonium and spent uranium. Also included in the fifth
chapter is the development of the MOX fuel blending model. Results of
the optimization model are presented in Chapter 6 for the three reactor
growth scenarios. Conclusions follow in Chapter 7 with summary and

recomendations discussed in Chapter 8.
1.4 Results

A detailed discussion of the results is found in Chapter 6. Com-

plete tabular and graphic results for the reactor mix model are included



in Appendix A. These results may serve as a foundation upon which

economically effective management decisions can be made concerning the

consumption of the natural uranium resources.

The principal results of

the study are as follows:

1.

gaseous diffusion tails and natural uranium are preferable
to spent uranium and enriched natural uranium in the pro-
duction of MOX fuel,

the use of spent uranium instead of natural uranium slight-
ly increases the cost of the MOX blend, but aids in the con-
servation of the natural uranium resource,

the use of MOX fuel in light water, self-generating reactors
allows for a 29 to 34 percent savings of the natural uran-
ium resource, and a 12 to 14 percent reduction in the re-
quired SWU as compared to the no recycle option,

the reactor mix shows a heavy dependence on self-genera-
ting reactors in order to minimize uranium consumption
(e.g., 375 reactors out of 507 are self-generating reactors),
no plutonium burner reactors are used,

reprocessing and MOX fuel fabrication capacities projected
by ERDA are low when considered in conjunction with pro-
jected nuclear demand and the optimal reactor mix to mini-
mize uranium consumption,

other capacities, i.e., UO2 fuel fabrication and enrichment

services, are adequate to meet nuclear reactor demands.



2. BACKGROUND

2.1 Current Uncertainties in the U.S. Nuclear Fuel Cycle

Since the disclosure of President Carter's "seven decisions"
concerning nuclear energy on April 17, 1977, the future of the industry
is particularly uncertain. A decision was made to defer indefinitely
the commercial reprocessing and recycling of plutonium produced in the
U.S. nuclear power program. This decision reflects the Carter
administration's view that the nuclear power program can be viably and
economically sustained without such reprocessing and recycling.(7)
Further hesitancy by the government to make decisions or committments
on such issues as licensing and environmental requirements for each
component of the nuclear industry will have adverse effects on the
development of a healthy nuclear industry.

The supply of the uranium resource and the demand for reactor fuel
do not exhibit a constant relationship. The ability to balance this
relationship, while trying to conserve the uranium resource, depends
on the availability and recovery efficiency of uranium and plutonium
from the tail end processes, as well as the mining, milling, and
enrichment capabilities on the front end of the fuel cycle.(s) Any
delay, whether permanent or temporary, will gffect the operation of the
other components in the nuclear industry and ultimately the growth of
the industry. Unless prompt and intelligent decisions concerning the

tail end processes of the nuclear fuel cycle are made soon, the future

of nuclear energy seems rather uncertain.



2.2 An Overview of the Nuclear Fuel Cycle

The nuclear fuel cycle consists of a series of processes which
nuclear fuel must undergo in order to extract needed energy from the
resource. The processes that are involved can be categorized into three
main divisions: the front end, irradiation, and the tail or back end.(s)

The following is a brief summary of each process necessary in taking
nuclear fuel from uranium ore through the reactor irradiation phase,
eventually ending with radioactive waste disposal and recycle. Figure

2.1 illustrates most of the steps involved in the various phases of
the nuclear fuel cycle.

The front end of the fuel cycle consists of the processes necessary

to produce fuel assemblies that can be used in a nuclear reactor. There
are six basic steps involved in the front end phase: uranium exploration;

uranium mining; the milling of natural uranium; the conversion of uranium

from U308 to uranium hexafluoride (UF6); the isotopic enrichment of
Uranium-235; and the fabrication of fuel assemblies.
Uranium exploration and its subsequent mining and milling take

place primarily in the western sections of the United States, principally
the Colorado Plateau, the Wyoming Basins and the Southern Costal Plains.(8)
The uranium ore, which occurs naturally, appears in host rocks, such as
sandstone and conglomerate, in concentrations of 2 to 5 pounds per ton
of ore.(s) The mining of uranium is much like the processes involved in

mining coal. Once mined, the uranium ore is processed at a mill in

which the host rock and other minerals are removed from the uranium ore

by mechanical and chemical steps. The uranium value is recovered as
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yellowcake, a uranium salt containing approximately 70 to 80 percent
U0 (5)

After milling, the uranium oxide (U308) is converted from a solid
form to a gaseous form that is suitable for the enriching process,
namely uranium hexafluoride (UF6). This process utilizes three steps
involving fluoride volatility and concludes with a high temperature
fluoridation step.(s)

Following conversion to UF6’ the uranium compound is now ready for
the enrichment process. Uranium found in nature contains approximately
0.7 percent Uranium-235, which is readily fissionable, and 99.3 percent
Uranium-238. Since the fissile requirements of a reactor range from 2.5

to 4.0 percent, the Uranium-235 content of the UF, gas must be increased.

6
As both isotopes react in the same chemical fashion, the gaseous
diffusion process is employed. This process takes advantage of the
differences in the physical weight of the two isotopes by making use
of the differences in rates at which gases or vapors of different
molecular weights diffuse through a porous barrier.(s) The porous
barrier allows the lighter U-~235 atoms to pass through, thus producing
two output streams: a stream enriched in U-235 (enriched product) and
a depleted stream (gaseous diffusion tails).

The final step in the front end of the fuel cycle is fuel
fabrication. This process involves the chemical conversion of the

enriched UF, into uranium dioxide (U02)° This is then formed into

6
pellets and inserted into rods that make up a fuel assembly. When this

step is completed, the fuel assembly is ready for shipment to a nuclear

reactor for irradiation.
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The second major category in the nuclear fuel cycle is the
irradiation phase. 1In this step, the fabricated fuel assemblies are
placed in a reactor core where they remain for three to four years.
During this time, energy is produced by the fissioning of U-235 and the
fissile plutonium atoms which result from the neutronic absorption of
U-238 atoms. As a result of the fissioning process, fission products
are formed which must be removed before their disposal. For each
kilogram of fuel, approximately 2000 million BTUs will be produced,

resulting in the generation of 200,000 KWhe.(S)

Also, at the end of a
fuel assembly's life, appreciable amounts of U-235 and plutonium are
left in the fuel which can be further used as fuel upon reprocessing
the spent fuel.

The final phase, or tail end of the fuel cycle, consists of
processes for dealing with spent fuel, such as disposal of radioactive
wastes produced during irradiation, and the recovery of the unused
uranium and plutonium residing in the spent fuel. Temporary fuel storage,
transportation of spent fuel, reprocessing of spent fuel, and waste
storage comprise the steps involved in the back end of the fuel cycle.

Once the fuel has reached its allowed burnup, (i.e. the maximum
production of energy allowed per metric ton of fuel), it is removed from
the reactor core and stored in a spent-fuel storage pool. This is to
allow for the decay of after-heat and the radiation produced by the
radioactive fission products that accumulate during the irradiation
phase. This process usually requires several months, although the chief

determinant of how long the fuel is to cool is based on the amount of

Iodine-131 present in the fuel. Iodine-131 has a half-life of 8.14 days
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(5)

and the decay of this element removes it as a problem in reprocessing.

Upon cooling, the discharged spent fuel can be shipped from the
power plant to the reprocessing facility. Here, residual uranium and
plutonium are recovered and the radioactive fission products are
concentrated for later disposal. The reprocessing of spent fuel is
generally divided into three steps: the head-end treatment, separation
or extraction, and product purification. The head-end treatment consists
of removing the cladding from the fuel by dissolving the chopped fuel
assemblies in nitric acid, discarding the cladding and grid structures.
The most commonly preferred method for extracting uranium and plutonium
is solvent extraction employing the Purex process. This process uses
tributyl phosphate (TIBP) dissolved in a kerosene-like hydrocarﬁon
which acts as the separating agent.(lo) By intimately forcing the
organic TBP to flow countercurrent to the aqueous feed solution in an
extraction column, the substances become more soluble in one solution than
in the other and, therefore, can be separated effectively.

After the radioactive wastes are discharged from the reprocessing
plant, they can be solidificd into an insoluble, non-leachable form.
Then, the solid wastes can be packaged and sent to a permanent disposal
repository. Both the recovered uranium and plutonium can be recycled
back into the nuclear fuel cycle. The recovered uranium can be
re-enriched and used in the formation of other fuel elements. The
recovered plutonium can be blended with uranium to produce MOX fuel
elements.

In conclusion, uranium availability is the key factor which limits

(11)

the use of domestic light water reactors. Any process at either the
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front or back end of the fuel cycle can limit the availability of
uranium necessary for the production of energy. It is therefore
imperative that the back end of the fuel cycle be closed in order to

increase uranium supplies necessary for future energy needs.

2.3 Physical Description of Fuel Cycles

For the purpose of this study, three different fuel types (or cores)
were chosen: an all UO2 core, a self-generated plutonium recycle core,

and a PuO2 core. A typical Pressurized Water Reactor (PWR) and a
typical Boiling Water Reactor (BWR) were chosen, both of which have the
capability of utilizing each of the three fuel types. This effectively
results in six types of reactors. The fuel cycles associated with each

of the three fuel types will be discussed in more detail in the following

sections.

2.3.1 The UO2 Fuel Cycle

Since reprocessing has been discontinued in the United States, the
nuclear industry is totally comprised of UO2 light water reactors (U02—
LWR). Presently there are sixty commercial operating reactors within
the United States, ranging in capacity from 48 to 1130 MWe. Of these

reactors, 25 are BWRs and 35 are PWRs.(lz)

The LWR's use fuel in which
natural uranium is enriched from 0.7 percent U-235 to between 2.5 and
4.0 percent. The balance of the fuel is comprised of relatively non-
fissionable U-238.

A nuclear reactor which contains U-238 in the fuel will produce

plutonium as a byproduct of the neutron chain reaction. Two of the
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most important fissile isotopes of plutonium are Plutonium-239 (Pu-239)
and Plutonium-241 (Pu-241). Plutonium is formed when a U-238 nucleus
absorbs a neutron, which transforms it into Neptunium-239 and finally
beta decays into Pu-239. Other isotopes, such as Plutonium-240 (Pu-240),
Plutonium-241 (Pu-241), and Plutonium—-242 (Pu-242) are produced by
further neutron absorption. Once formed, plutonium contributes to the
fission process, thereby producing neutrons and heat.

Generally more than half of the plutonium produced in the UO2
reactors subsequently fissions in place. Just before the time of
discharge, more than half of the fissions occurring in the fuel are
fissions of plutonium rather than uranium.(la) Thus the UO2 reactors
produce plutonium, some of which is consumed without external recycle.

At best, a nuclear power reactor can extract only about 2 per cent
of the energy theoretically available from the uranium fuel. Since
the energy yield is lower than that which is actually available, the
reactor must be refueled periodically. Current reactors operate on a
cycle in which portions of the core are replaced annually. It is
assumed that a BWR discharges one-fourth of its core annually, while a
PWR discharges one-third of its core annually.(13) The difference
between the two reactors is attributed to core designs and operating
characteristics of each.

Table 2.1 lists the fuel requirements for both a BWR and a PWR UO2
reactor.(l4) These fuel characteristics are based upon a reactor in
which the design characteristics limit the electrical power production

to 1000 MWe. Also affecting these fuel characteristics is the

assumption that the reactor operates at the maximum 1000 MWe for 75
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Table 2.1. U02—LWR Fuel and Discharge Characteristics(l4)

Type PWR BWR
Power Rating (MWe) 1000 1000
Annual Discharge 1/3 Core 1/4 Core
Capacity Factor (%) 75.0 75.0.
Initial Core

Average Irradiation Level (MWd/MTU) 22600 17000
Amount of Fresh Fuel (kg-U) 76380 117200
Fresh Fuel Assay (wt % U-235) 2.26 2.03
Spent Fuel Assay (wt % U-235) 0.74 0.86
Equilibrium Core Reload

Average Irradiation Level (MW4d/MIU) 32600 27500
Amount of Fresh Fuel (kg-U) 25460 29300
Fresh Fuel Assay (wt % U-235) 3.21 2.73
Amount of Spent Fuel (kg-U) 24300 28200
Spent Fuel Assay (wt % U-235) 0.90 0.84
Amount of Fissile Pu Discharged (kg-Pu) 167.0 163.0
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percent of the power production period.
Table 2.2 represents the isotopic composition of the plutonium at

13) This

the time of discharge assuming a burnup of 27000 MWd/MTU.
composition remains constant as long as no plutonium is recycled back
into the reactor for further irradiation.

The fuel cycle associated with an all UO, reactor industry can

2
include several different options. First, a no recycle option in which
neither plutonium nor uranium are recycled. This will eliminate the
necessity of reprocessing plants as outlined in section 2.2. The front-
end and irradiation phases will remain the same, but the back-end phase
will consist only of temporary spent-fuel storage, spent-fuel transpor-
tation and permanent disposal of spent fuel. As reprocessing is currently
not a permitted option, the final disposal of spent fuel will be in the
form of fuel assemblies.

Second, the spent fuel can be reprocessed and the recovered
uranium can be recycled, with plutonium being put either in storage or
in permanent disposal. Again, the front-end and the irradiation phases
remain the same, but the back end becomes more involved. Reprocessing
the spent fuel, conversion of the recovered uranium to UF6’ re—-enrichment
of the recovered uranium to produce an enriched product, and high level

and transuranic waste storage and disposal are the operations that must

be added to accommodate uranium recycle.

2.3.2 The SGR Fuel Cycle

When plutonium produced in a LWR is recovered, recombined with

uranium, fabricated into fuel rods and reinserted into the same LWR
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Table 2.2. 1Isotopic Content of Plutonium for U02—LWRs(13)
Equilibrium Core Discharge
Isotope Pu-238 | Pu-239 Pu-240 Pu-241 Pu-242 | Total Fissile
wt % 1.9 57.9 24.7 11.0 4.4 68.9
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core, thereby displacing an equivalent number of U-235 enriched fuel
rods, the resulting reactor can be described as a self-generating reactor
(SGR).(13) The SGR recycles all fissile and nonfissile plutonium that it
produces. The mixed oxide content in the reactor will continue to
increase with time until an equilibrium condition is reached wherein
about one-fourth of the core contains mixed oxide (MOX) fuel rods. At
this point, the reactor is described as an equilibrium SGR.

Plutonium that is recovered from the spent fuel can be recombined
with uranium having a lower U-235 content than that of fresh uranium
fuel, which normally contains about 3.0 percent U-235, to make an
equivalent reactor fuel. Therefore, the plutonium replaces some of the
U-235 content in the fuel. This fuel is known as a mixed oxide fuel.
This constitutes plutonium recycle. Since plutonium is predominately
mixed with U-238 to form the MOX fuel, the uranium content of the fuel
can be derived from low enriched product from the enrichment plant,
recovered uranium from spent fuel, virgin natural uranium, or depleted
uranium enrichment tails. The exact material that is to be mixed with
the plutonium is to be determined so as to minimize the total fuel cost
associated with the SGR.

The fuel cycle components associated with the SGR fuel cycle are

similar to the UO, fuel cycle, but with plutonium recycle, two new

2
processes are added to the fuel cycle. The reprocessing step is either
added or modified to separate both uranium and plutonium from the spent
fuel. First, the recovered plutonium must be converted into a solid form,

namely plutonium dioxide (Pu02). Then the PuO2 is combined with U02,

fabricated into ceramic fuel cylinders, encapsulated in fuel rods and



20

grouped into a fuel assembly. This step is commonly referred to as MOX

fuel fabrication.

As stressed in the GESMO study(IB), the introduction of MOX fuel

produces only minor effects on reactor operations. Characteristics of
the reactor design, such as fuel assembly geometry, coolant flow
patterns and mechanical properties of the cladding and structural
members are unchanged by the introduction of MOX fuel into the reactor.

Although the nuclear properties of the MOX fuel differ somewhat from

U0, fuel, the differences can be compensated for with proper core

2

management.
Typical fuel characteristics are indicated in Table 2.3 for both
a BWR and a PWR self-generating reactor operating under the same conditions

as the U0, fuel cycle reactors. Table 2.4 represents the isotopic

2

composition of plutonium for both the initial discharge of the spent

fuel as well as the discharge under equilibrium conditions, assuming a

(14)

burnup of 27000 MWd/MTU and 33000 MWd/MIU respectively. Note that

the initial discharge from the SGR has the same plutonium composition

as the UO, reactor (using Table 2.2). This is because a SGR reactor

2

begins as a UO2 reactor and then becomes a SGR. This is also a part of

the definition of a SGR.

2.3.3 The Pu0O, Fuel Cycle

2

The PuO2 reactor, commonly referred to as a plutonium burner or an

all plutonium-fueled reactor (APR), is defined to be a reactor which

utilizes plutonium as the sole fissile addition to the natural or

(15)

depleted uranium, which comprises the greater part of the fuel mass.
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(14)

Table 2.3. SGR-LWR Fuel and Discharge Characteristics

Type PWR BWR
Power Rating (MWe) 1000 1000
Annual Discharge 1/3 Core 1/4 Core
Capacity Factor (%) 75.0 75.0

Equilibrium Core Reload
Average Irradiation Level (MWd/MTU) 32600 27500
Amount of Fresh Fuel (kg-HM) 25460 29300
Percent of MOX Fuel (%) 25.0 25.0
Fresh Fuel Assay (wt % Fissile) 2.80 2.39
Amount of Fissile Pu Charged (kg-Pu) 167.0 163.0
Amount of Spent Fuel (kg-HM) 24300 28200
Spent Fuel Assay (wt % U-235) 0.90 0.84
Amount of Fissile Pu Discharged (kg-Pu) 167.0 163.0
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Table 2.4. Isotopic Content of Plutonium for SGR—LWRS(13)
Isotope Pu-238 | Pu-239 Pu-240 Pu-241 Pu-242 Total Fissile
*
wt 7% 1.9 57.9 24,7 11.0 4.4 68.9
*% :
wt 7% 3.4 41.7 29.2 15.2 10.4 57.0

*
Note: for initial core discharge

%
Note:

*
for equilibrium core discharge
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A plutonium burner utilizes plutonium generated from its own operation
and from previous operating cycles of other uranium burning reactors.

The fuel characteristics of the PWR and BWR plutonium burners used
in the development of this study are given in Table 2.5. The PWR fuel
characteristics are based upon the same operating conditions as the PWR-
SGR, while the BWR fuel cﬁaracteristics are based upon a reactor that is
designed to produce the maximum 1000 MW of electricity for 80 percent of
the power production period. Table 2.6 represents the isotopic composi-
tion of plutonium for both the initial discharge of spent fuel as well as
the discharge under equilibrium conditions, assuming the burnups given
in Table 2.5. It is assumed that these reactors are operated as
plutonium burners from startup, i.e. the initial core as well as
sequential core loadings are comprised of MOX fuel. As the initial core
loading requires roughly three times as much plutonium as is required
for a reload, the startup of a new APR places a very high demand on
plutonium production and fabricating capacity. Therefore, this will
limit the possible rate of introduction of the APRs.

The fuel cycle components are very similar to the SGR fuel cycle.
Since natural uranium or gaseous diffusion tails are used with the
plutonium to produce the MOX fuel, the necessity of enrichment services
is eliminated. This, of course, assumes that there is a large stockpile
of gaseous diffusion tails available for use in the BWR-APRs. All other

phases, irradiation and back end phases, remain the same as the SGR fuel

cycle.

T™(15)

The PWR-APR is a Combustion Engineering System 80 nuclear re-

(16)

actor and the BWR-APR is a General Electric BWR/6 nuclear reactor.
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Table 2.5. Pu02—LWR Fuel and Discharge Characteristics(15’16)

Type PWR BWR
Power Rating (MWe) 1000 1000
Annual Discharge 1/3 Core 1/4 Core
Capacity Factor (%) 75.0 75.0
Initial Core

Average Irradiation Level (MWd/MTHM) 13200 -
Amount of Fresh Fuel (kg-HM) 102000 124000
Percent of MOX Fuel (%) 100.0 100.0
Fresh Fuel Assay (wt % Fissile) 5.40 4.30
Amount of Fissile Pu Charged (kg-Pu) 4280 5024
Equilibrium Core Reload

Average Irradiation Level (MWd/MTHM) 34200 27718
Amount of Fresh Fuel (kg-HM) 30000 31000
Percent of MOX Fuel (%) 100.0 100.0
Fresh Fuel Assay (wt % Fissile) 5.40 4.30
Amount of Fissile Pu Charged (kg-Pu) 1427 1256
Amount of Spent Fuel (kg-HM) 26833 29588
Spent Fuel Assay (wt % U-235) 0.003 0.001
Amount of Fissile Pu Discharged (kg-Pu) 1276 862




25

Table 2.6. Isotopic Content of Plutonium for Pqu—LWRs(15’16)
Isotope | Pu-238 | Pu-239 Pu-240 | Pu-241 | Pu-242 | Total Fissile
For PWR:

*
wt % - - - - - 62.4
*%
wt 7% - - - - - 48.9
For BWR:
*
wt 7% 1.5 58.8 25.5 10.5 3.7 69.2
*k
wt 7% 2.4 45.0 32.6 14.4 5.6 59.4
*
Note: for initial core discharge

*
Note:

*
for equilibrium core discharge
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The diluent for the PWR consists of natural uranium, while gaseous

diffusion tails are used for the BWR.



3. QUANTITATIVE EXAMINATION OF THE ELEMENTS OF THE REACTOR MIX PROBLEM

In this chapter, the principal elements of the reactor mix problem
are examined in detail. A background is given on LWR growth projections,
reprocessing and enrichment capacity forecasts, and fuel fabrication
capability forecasts. Also discussed in this chapter are cost projections
for separative work units (SWU), natural uranium feed, and the cost of
gaseous diffusion tails. Chapter 4 complements the analysis presented
in this chapter by discussing the value of uranium and plutoniuﬁ resid-
ing in spent fuel. On the basis of this quantitative examination, a

reactor mix model is developed, as presented in Chapter 5.

3.1 LWR Growth Projections

In the past, the electrical power generating industry has grown at
an average annual rate of 7 percent, representing a doubling time of 10
(3) . . . . -
years. This is largely due to an increasing population and a rising
per capita consumption of electricity. Due to energy conservation and
a decrease in the population growth rate, the consumption of electricity
is expected to increase at 5.8 percent per annum through 1985 and then

(13)

decline to 4.75 percent per annum through the year 2000. This

varies slightly from the projections reported in a 1976 study by

(3)

Hanrahan.

In 1975, about 8.6 percent of the electricity consumed in the U.S.
came from nuclear power plants.(z) As of March 1, 1977, 60 commercial
LWRs, with a total generating capacity of 42,571 MWe, had been completed

and licensed to operate. In addition to these, 147 LWR plants are on

27
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order or under construction. This represents an additional 105 PWRs and
42 BWRs producing 160,317 MWe of electrical generating capacitv.(lz)
Projections established by the U.S. Energy Research and Development
Administration (ERDA) conclude that a low growth of nuclear generating
capacity will be most likely through the year 2000. The industry will
be composed solely of LWRs without the influence of the fast breeder
program. The ERDA forecast specifically projects an installed nuclear
capacity of 156,000 MWe in 1985 and 507,000 MWe in the year 2000.1%)
Table 3.1 (MID case) represents this projected LWR growth by reactor
type. As concluded by ERDA, the projections for nuclear energy pre-
sumes that in the short term, nuclear power plants continue to be de-
layed by numerous problems, thus creating slippages in construction.
During the long term, high capital cost and long lead times are expected
to limit the installed LWR nuclear capacity to about 33 percent of the

(14)

total generating capacity in the year 2000. Tables 3.2 and 3.3

represent lower and higher growth rates of nuclear power LWRs than

originally assumed, This data provides a basis for sensitivity analysis.
Figure 3.1 provides a graphic comparison of all three growth rates.

This is to provide insight into the reactor mix problem.

3.2 Reprocessing Capability Forecast

At the present time, there are no commercial reprocessing plants

operating in the United States. Due to uncertainties in regulatory

requirements and the present policy of the U.S. Government, the imple-

mentation of technology necessary in closing the fuel cycle has been, for

the most part, indefinitely delayed. If the fuel cycle is closed, three
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Table 3.1. Nuclear Reactor Schedule - MID Case(14)
* % *
Year Total Capacity BWR Capacity PWR Capacity
(GWe) (GWe) (GWe)
1976 43.00 17.00 26.00
1977 51.00 18.00 33.00
1978 57.00 18.00 39.00
1979 62.00 19.00 43.00
1980 70.00 22.00 48.00
1981 80.00 26.00 54.00
1982 100.00 34.00 66.00
1983 117.00 40.00 77.00
1984 135.00 47.00 88.00
1985 156.00 53.00 103.00
1986 179.00 62.00 117.00
1987 201.00 70.00 131.00
1988 222.00 76.00 146.00
1989 245.00 82.00 163.00
1990 268.00 90.00 178.00
1991 293.00 98.00 195.00
1992 320.00 107.00 213.00
1993 345.00 115.00 230.00
1994 372.00 124.00 248.00
1995 399.00 133.00 266.00
1996 424 .00 141.00 283.00
1997 447.00 149.00 298.00
1998 468.00 156.00 312.00
1999 488.00 163.00 325.00
2000 507.00 169.00 338.00

* .
Note: Based on equivalent number of 1000 MWe reactors.
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Table 3.2. Nuclear Reactor Schedule - LOW Case(la)
* * *

Year Total Capacity BWR Capacity PWR Capacity
ea (GWe) (GWe) (GWe)
1976 42.00 17.00 25.00
1977 47.00 17.00 30.00
1978 52.00 17.00 35.00
1979 59.00 19.00 40.00
1980 66.00 21.00 45.00
1981 79.00 26.00 53.00
1982 89.00 30.00 59.00
1983 104.00 36.00 68.00
1984 116.00 40.00 76 .00
1985 136.00 46.00 90.00
1986 161.00 56.00 105.00
1987 181.00 63.00 118.00
1988 196.00 67.00 129.00
1989 214.00 72.00 142.00
1990 230.00 77.00 153.00
1991 248.00 83.00 165.00
1992 269.00 90.00 179.00
1993 289.00 96.00 193.00
1994 309.00 103.00 206.00
1995 332.00 111.00 221.00
1996 350.00 116.00 234.00
1997 365.00 122.00 243.00
1998 378.00 126.00 252.00
1999 390.00 130.00 260.00
2000 400.00 133.00 267.00

* .
Note: Based on equivalent number of 1000 MWe reactors.




Table 3.3. Nuclear Reactor Schedule - HIGH Case
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(14)

Year

*
Total Capacity

*
BWR Capacity

*
PWR Capacity

(GWe) (GWe) (GWe)
1976 45.00 18.00 27.00
1977 51.00 18.00 33.00
1978 57.00 18.00 39.00
1979 64.00 20.00 44 .00
1980 74.00 23.00 51.00
1981 82.00 27.00 55.00
1982 109.00 37.00 72.00
1983 129.00 44 .00 85.00
1984 151.00 52.00 99.00
1985 172.00 58.00 114.00
1986 195.00 67.00 128.00
1987 218.00 76.00 142.00
1988 245.00 84.00 161.00
1989 273.00 91.00 182.00
1990 302.00 101.00 201.00
1991 333.00 111.00 222.00
1992 364 .00 122.00 242.00
1993 396.00 132.00 264.00
1994 428.00 143.00 285.00
1995 439.00 153.00 306.00
1996 489.00 163.00 326.00
1997 518.00 173.00 345.00
1998 547.00 182.00 365.00
1999 574.00 192.00 382.00
2000 600.00 200.00 400.00

Note:

- _
Based on equivalent number of 1000 MWe reactors.
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benefits from the reprocessing of spent fuel and the recycling of uran-
ium and plutonium will be realized. firstly, the ability to recycle
uranium and plutonium would increase the effective amount of the uranium
resource and allow for a longer availability of natural uranium. This
increases the energy available from the uranium resource. Secondly,
there would be a reduction in the cost of nuclear power, as compared to

(6)

Finally, there would be an easing of
(13)

an industry with no recycle.
the problem of radioactive waste disposal.
The first plant built to reprocess commercial light water reactor
spent fuel was the West Valley, New York plant, operated by Nuclear
Fuel Services, Inc. From 1966 to 1972, the company reprocessed some
630 metric tons of spent fuel with irradiation exposures of up to
32,000 MWd/MTU. In 1972, the plant was closed in order to modify the
reprocessing capacity and efficiency from 300 MI of spent fuel per year
to 750 MT per year. As extensive modifications were planned for the
plant, the then Atomic Energy Commission (AEC) decided that a new con-
struction permit and operating license would be required. From last re-
port, the estimated costs of the continually increasingly extensive mod-
ifications had risen from $15 million to $600 million, and Nuclear Fuel
Services had withdrawn its application to the Nuclear Regulatory Commi~

(17)

sion (NRC) for permission to reopen the plant.

A second plant, located at Morris, Illinois, was constructed by
General Electric Company, Inc. The Midwest Reprocessing Plant ran into
serious technical difficulties, prior to startup, with an innovative
wet—-dry process. The plant was originally designed with a 300 MT per

ear capacity, but in 1974 was declared "inoperable in its present form"
y
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due to problems in handling fine radioactive solids.(lo’ 17, 18)

In 1968, the Allied General Nuclear Services announced plans to
build the Barnwell Nuclear Fuel Plant in Barnwell, South Carolina.
Construction began on the 1500 MT per year (5 MT per day) facility in

(17)

1971 and is now complete. Full operation of the plant is pending
decisions by the NRC and ERDA on two "tail end" facilities, plutonium
conversion and waste solidification, that might be necessary before the
plant can begin operating. At present, the Allied General request for an
operating license is in jeopardy. Additional problems have also arisen
due to the current moratorium on reprocessing.

A fourth plant, to be built by Exxon Nuclear Company, Inc., will
be located at Oak Ridge, Tennessee. The plant is designed to have a
1500 MT per year capacity. Construction of the plant is awaiting final
approval from the NRC.(13)

Although the future reflects a great deal of uncertainty with
regard to spent fuel reprocessing, many feel that reprocessing is inevi-
table. ERDA assumes that AGNS will begin reprocessing in 1982, followed
by Exxon Nuclear in 1986. Table 3.4 reflects the projected growth of
reprocessing plants for the three scenarios. New plants are assumed to
operate at 40 percent capacity the first year, 67 percent capacity the
second year, and 100 percent capacity thereafter.(la)

A 1975 study by Voltin and Draper estimated that the real cost of

(19) Assuming

(5)

reprocessing would increase 1.9 percent annually.
that the cost of reprocessing is $200 per kgU in 1976 , at a modest
inflation rate of 6 percent per year, the cost of reprocessing will be

$396.48 per kgU in 1985 and $1240.35 per kgU by the year 2000. Table 3.5
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Table 3.4. Reprocessing Capacity Schedules

Total Capacity - MIU/yr

(14)

Year MID Case LOW Case HIGH Case
1976 0 0 0
1977 0 0 0
1978 0 0 0]
1979 0 0 0
1980 0, O O*
1981 600 600 600
1982 1,000 1,000 1,000
1983 1,500 1,500 1,500
1984 1,500 1,500 1,500
1985 1,500, 1,500, 1,500*
1986 2,100* 2,100, 2,100,
1987 3,100, 3,100, 3,100*
1988 4,600* 4,600 4,600*
1989 6,100 5,500 6,100
* *
1990 7,600 6,000, 7,600
1991 8,500 6,600 8,500
1992 9,000 7,000 9,000
1993 9,000, 7,500, 9,600
1994 10,000 8,100 10,000
1995 10,500 8,500 10,500,
1996 10,500 9,000 11,100
1997 10,500 9,000 11,500
1998 10,500 9,000 12,000*
1999 10,500 9,000 12,600
2000 10,500 9,000 13,000

* B
Note: Indicates startup of new reprocessing plant.
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Table 3.5. Reprocessing Cost Projection(s’lg)
—

Year Cost Year Cost

$/kg-U $/kg-U
1976 215.80 1989 579.87
1977 232.85 1990 625.68
1978 251.24 1991 675.11
1979 271.09 1992 728.44
1980 292.51 1993 785.99
1981 315.62 1994 848.08
1982 340.55 1995 915.08
1983 367.45 1996 987.37
1984 396.48 | 1997  1065.37
1985 427.80 ; 1998 1149.54
1986 461.60 1999 1240.35
1987 498.07 2000 1338.34
1988 537.41
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summarizes the estimated cost of reprocessing through the year 2000.

3.3 Enrichment Capability Forecast

At the present time, all of the enrichment services for the U.S.
nuclear industry are provided by three government-owned and contractor-
operated gaseous diffusion plants (GDP). The facilities at Oak Ridge,
Tennessee, and at Puducah, Kentucky are operated by Union Carbide Corp.,
Nuclear Division, and the plant at Portsmouth, Ohio is operated by
Goodyear Atomic Corp.(13)

The federal government is currently engaged in modifying and up-
grading the three gaseous diffusion plants to increase their capacity to
produce enriched uranium necessary for use in nuclear reactors. The
capacity increases will be achieved in two phases: The Cascade Improve-
ment Program (CIP) and the Cascade Uprating Program (CUP). These will
result in about a 60 percent increase in the productive capacity to
yield an annual capacity of 27.7 million SWU per year by 1981l. Presently,
the three facilities operate at a production level of 17.2 million SWU
per year.(13)

In the 1976 GESMO report, it was stated that the demand for en-
riched uranium will exceed production capabilities in the first half of
the 1980's. In order to avoid a shortage, additional model plants of
9 million SWU per year capacity must be available in the 1980's. With
plutonium and uranium recycle, it is anticipated that the total demand
for seperative work in the year 2000 will be 91 million SWU in ten en-

richment plants.(la) The additional industry requirements may be met

by expanding the existing gaseous diffusion plants, by constructing
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additional GDPs, by installing gas centrifuge facilities, or by any
combination of these approaches.’ Tabie 3.6 represents a projected
schedule of separative capacity through the year 2000 for the three
scenarios.

The cost of enriching uranium is measured in terms of a unit called
a separative work unit (SWU). The various components necessary in
computing a SWU cost include electrical power costs, operation costs,
plant test programs, and depreciation.(zo)

The Voltin and Draper study estimates that the real price per SWU
for fixed-committment contracts will increase 1.4 percent annually.(lg)
Recently, however, ERDA has announced that the price of SWU, for a fixed-
committment contract, will increase from its present cost of $61.30 to
$74.85 per SWU, effective November 29, 1977. This represents a 22.10
percent increase. Similarly, for requirement contracts, the cost will
increase from its present value of $69.80 to $83.15 on March 29, 1978.
This represents an increase of 19.13 percent. The increase in SWU prices
has resulted from increased electrical costs, costs for advanced tech-
nology, and costs for construction projects.(21) Tables 3.7 and 3.8
represent current and predicted SWU and natural feed costs, as estimated

(22) Cost projections for SWU are

by the Tennessee Valley Authority.
very dependent on the erratic behavior of the various cost components,
making the projections more susceptible to sudden and substantial
changes.

Table 3.9 represents a subjective cost projection for obtaining

gaseous diffusion tails produced by the enrichment plant. In a study

2 .
by Fennern( 3 it was estimated that the cost of obtaining 1 kg of gas-
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(14)

Total Capacity — Million SWU/yr

Year MID Case LOW Case HIGH Case
1976 16.0 16.0 16.0
1977 18.0 18.0 18.0
1978 20.0 20.0 20.0
1979 22.0 22.0 22.0
1980 23.0 23.0 23.0
1981 23.0 23.0 23.0
1982 23.0 23.0 23.0
1983 24.0 24.0 24.0
1984 24.0 24.0 24.0
1985 28.0, 28.0 28.0*
1986 37.0 28.0, 37.0,
1987 37.0 37.0 46.0
1988 37.0, 37.0 46 .0
1989 46.0 37.0 46.0
* *
1990 46.0 46.0 55.0
1991 46.0* 46.0 55.0,
1992 55.0 46.0* 64.0
1993 55.0, 55.0 64.0*
1994 64.0 55.0 73.0
* * *
1995 73.0, 64.0 82.0
1996 82.0 64.0, 82.0,
1997 82.0, 73.0 91.0
1998 91.0 73.0, 91.0*
1999 91.0 82.0 100.0
2000 91.0 82.0 100.0

= .
Note: Indicates startup of new enrichment plant.
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Table 3.7. Separative Work Cost Projection(22

SWU Cost SWU Cost

Year Year
$/Swu $/swu

1976 63.00 1989 153.00
1977 71.00 1990 155.00
1978 77.00 1991 157.00
1979 81.00 1992 160.00
1980 85.00 1993 162.00
1981 99.00 1994 164.00
1982 114.00 1995 167.00
1983 129.00 1996 169.00
1984 143.00 1997 172,00
1985 145.00 1998 175.00
1986 147.00 1999 177.00
1987 149.00 2000 175.00
1988 151.00

)
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Table 3.8. Uranium Feed Cost Projection(zz)

Feed Cost Feed Cost
Year Year

$/kg-UF6 $/kg—UF6
1976 62.00 1989 170.00
1977 68.00 1990 192.00
1978 77.00 1991 216.00
1979 88.00 1992 236.00
1980 99.00 1993 251.00
1981 106 .00 1994 262.00
1982 112.00 1995 273.00
1983 115.00 1996 284.00
1984 119.00 1997 295.00
1985 126 .00 1998 309.00
1986 130.00 1999 322.00
1987 141.00 2000 335.00
1988 154.00
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Table 3.9. Gaseous Diffusion Tails Cost Projection

Cost Cost
Year Year

$/kgU $/kgU
1976 3.00 1989 10.34
1977 3.30 1990 11.37
1978 3.63 1991 12.51
1979 3.99 1992 13.76
1980 4.39 1993 15.14
1981 4.83 1994 16.65
1982 5.31 1995 18.32
1983 5.84 1996 20.15
1984 6.42 1997 22.17
1985 7.06 1998 24.39
1986 7.77 1999 26.83
1987 8.55 2000 29.51
1988 9.40

(23)
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eous diffusion tails in 1974 was $2.50. Assuming a 10 percent annual
increase in the price of gaseous diffusion tails, the cost is expected
to be $6.48 in 1985, increasing to $27.09 in the year 2000. The major
component influencing the increasing cost of gaseous diffusion tails is
the rising cost of storage and transportation of the depleted uranium.
Figures 3.2, 3.3, and 3.4 present a graphic view of the increasing

costs associated with SWU, natural uranium, and gaseous diffusion tails.

3.4 Fuel Fabrication Capacity Forecast

3.4.1 UO2 Fabrication Capacity Forecast

The feed material used in the fabrication of fuel for LWRs is
uranium hexafluoride (UF6) that has been enriched to about 2 to 4 percent

in the U-235 isotope at the enrichment plant. The enriched UF6 gas is

converted to UQO, powder, which is then formed into pellets, sintered,

2

and then loaded and sealed into Zircaloy or stainless steel tubes.
Currently, two types of conversion processes are used to convert

UF6 gas to UO2 powder. 1In one process, UF6 is reacted with water and

ammonia to yield a precipitate of ammonium diuranate and large volumes
of liquid effluents. This method is usually called the wet ammonium
diuranate process. In the other process, often referred to as the

dry conversion process or direct conversion, UF, is reacted with steam

6

and hydrogen to yield UO, powder. The latter process, when fully de-

2
veloped, will produce lower volumes of effluents containing less pollu-

tants than the first process.(l3)

At the present time, the UO, fuel fabrication industry consists of

2
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seven companies involved in the fabrication of LWR-—UO2 fuel. Current

capacity of the industry is 2700 MIU pér year in fuel assemblies.(13)

This is expected to be adequate in meeting LWR needs through the year
1979. By the year 2000, it is expected that between 13500 and 13800 MT

of UO2 fuel assemblies will be required, assuming no plutonium recycle.

With plutonium recycle, about 10900 MT of UO2 fuel assemblies will -

be required. To increase production, it is expected that the present
plants will be upgraded to 6300 MIU per year, and that any additional
plants will Be constructed having 1500 MTU per year capacity each. Tablé

3.10 represents the ERDA UO, fuel fabrication projections for the three

2

scenarios. It is assumed that the plants will operate at 50 percent

capacity the first year and 100 percent capacity the following years.(13’14)

Voltin and Draper estimate that fabrication costs will increase at

a rate of 1.4 percent per annum.(lg) Table 3.11 represents the UO2

fabrication cost projections as derived by Puechl.(24)

3.4.2 MOX Fabrication Capacity Forecast

The recycling of plutonium as fuel for LWRs requires production of
a mixed uranium dioxide-plutonium dioxide (MOX) fuel. Currently this
step is not a part of the fuel cycle. MOX fuel rods may be used to form
separate fuel assemblies of MOX fuel (PWR concept), or islands of MOX
fuel surrounded by enriched UO2 rods to form a single fuel assembly
(BWR concept).(l3’ 25)

Currently five companies have the capability of producing MOX fuel
on a pilot scale, with a total annual capacity of 50 to 75 MTHM (metric

(13)

tons of heavy metal; uranium and plutonium) per year. Due to
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Table 3.10. UO2 Fabrication Capacity schedules(la)

Total Capacity - MTU/yr

Year MID Case LOW Case HIGH Case
1976 1,800 1,800 1,800
1977 1,800 1,800 1,800
1978 2,000 2,000 2,000
1979 2,400 2,400 2,400
1980 2,800 2,400 3,000
1981 3,500 2,800 3,700
1982 4,200 3,500 4,500
1983 4,800 4,200 5,300
1984 5,300 4,800 5,800
1985 5,800 5,300 7,050"
1986 6,300 5,300 7,800
1987 6,300 5,300 7,800,
1988 6,300, 5,300 8,550
1989 7,050 5,800 9,300
1990 7,800, 6,300* 10,050*
1991 8,550 7,050 10,800
1992 9,300* 7,800 10,800*
1993 10,050 7,800, 11,550
1994 10,800 8,550 12,300
1995 10,800 9,300 12,300
1996 10,800 9,300 12,300
1997 10,800, 9,300 12,300
1998 11,550 9,300 12,300
1999 12,300 9,300 12,300
2000 12,300 9,300 12,300

* .
Note: Indicates startup of new UO2 Fabrication plants.
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(24

Table 3.11. UO2 Fabricat?on Cost Projection
Cost Cost

Year Year

$/kg-Uo2 $/kg-Uo2
1976 199.70 1989 165.40
1977 182.60 1990 169.34
1978 164 .50 1991 173.50
1979 147.25 1992 177.55
1980 136.00 1993 181.75
1981 133.75 1994 185.85
1982 137.40 1995 189.87
1983 141.10 1996 193.80
1984 145.00 1937 197.75
1985 148.80 1998 201.30
1986 153.10 1999 205.10
1987 157.10 2000 208.68
1988 161.10

)
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uncertainties surrounding reprocessing and recycling, no commercial
plants are presently available.

Production of fuel rods containing MOX fuel pellets is a combination
of chemical and mechanical operations. One chemical process that is
available is the oxalate process. In this process, plutonium nitrate,

Pu(NO3)4, is converted to PuO,_, powder by the addition of oxalic acid.

2
This powder is then mechanically blended with ceramic grade U02 to pro-
duce a mixed oxide ready for fabricating into fuel pellets. Alternative-
ly, MOX powder can be produced by the coprecipitation of ammonium di-
uranate (ADU) and plutonium hydroxide mixed crystals by the addition of
ammonia to a mixture of the nitrate solutions.(13)
Implementation of plutonium recycle in LWRs will require the

production of about 25000 MTHM as fuel assemblies over the 25 year period

).(13’ 14) Table 3.12 in-

and about 2450 MTHM in the year 2000 (MID case
dicates the ERDA anticipated production capacity of MOX fuel for the three
scenarios. MOX plants are assumed to operate at 50 percent capacity the
first year and 100 percent capacity thereafter. Table 3.13 reflects

projected MOX fabrication costs through the year 2000.(24)
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Table 3.12. MOX Fabrication Capacity Schedules(lé)

Total Capacity - MIHM/yr

Year MID Case LOW Case HIGH Case
1976 0 0 0
1977 0 0 0
1978 0 0 0
1979 0 0 0
1980 0 0 0
1981 0 0 0
1982 0* 0* O*
1983 175 175 175
1984 350 350 350
1985 350 350 350
1986 350* 350* 350*
1987 525* 525* 525*
1988 875* 875, 875*
1989 1,225 1,225 1,225
* *
1990 1,575* 1,400 1,575*
1991 1,925 1,400* 1,925
1992 2,100 1,575 2,100
1993 2,100 1,750 2,100*
1994 2,100 1,750 2,275
* %
1995 2,275 1,925 2,450
1996 2,450 2,100 2,450*
1997 2,450 2,100 2,625
1998 2,450 2,100 2,800
1999 2,450 2,100 2,800
*
2000 2,450 2,100 2,975

o .
Note: Indicates startup of new MOX Fabrication plant.



Table 3.13. MOX Fabrication Cost Projection
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Cost Cost

Year Year

$/kghM $/kghM
1976 306.25 1989 419.80
1977 311.00 1990 430.48
1978 317.00 1991 441.80
1979 323.00 1992 453.00
1980 330.00 1993 463.00
1981 339.00 1994 473.80
1982 348.00 1995 482.60
1983 358.00 1996 493.80
1984 368.00 1997 503.50
1985 378.40 1998 512.10
1986 387.50 1999 521.80
1987 397.50 2000 529.70
1988 409.00

(24)



4. SPENT FUEL VALUE

An important part of the spent fuel picture is the determination
of a value for plutonium and spent uranium residing in spent fuel.
Spent fuel may be considered a "mineral' which can be "mined" (repro-

(26) The value of these 'min-

cessed) to recover the unused nuclear fuel.
erals" will depend largely on the market demand for the recovered pro-
ducts and the "production" (reprocessing) costs. The analysis of the

value of spent fuel provides important parameters necessary in solving

the MOX fuel blending model and the reactor mix model developed in

Chapter 5.

4.1 Uranium Value of Spent Fuel

The uranium recovered in the reprocessing facility can be recycled
back into the nuclear fuel feed stream. LWRs, when operating under
equilibrium conditions, will discharge spent fuel with a fissile uranium
assay (U-235) higher than that of natural uranium. This characteristic
of spent fuel can provide a savings in natural uranium and separative
work.

The savings, in terms of the amount of natural uranium feed and
separative work required, is directly proportional to the price of the
enriched product from the enrichment facility. Enrichment expenses in
a gaseous diffusion plant are reflected in separative work, whose cost
encompasses the energy consumption needed to produce the enriched
uranium.

(27)

Upon analyzing the gaseous diffusion cascade, a fuel value for

53
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enriched uranium product can be calculated on the basis of the unit cost
of separative work and the unit cost of natural uranium feed. This is

represented by:

X X
= - P - —_—v
D CS((Zxp 1) In T (2xw 1) In Tox +
P W
¥y ¢ - (2x_.~-1) 1n~——f£~— })
—L2 ¥ ((2x -1) In —— f 1-x
X =X w 1-x f
f “w w
X =X '
+ ¢, —2—*- . (4.1)
f x.—x
f
where
D = price of enriched product, $/kg;
C = unit cost of separative work, $/kg;

C.= unit cost of natural uranium feed, $/kg;

xp= assay of Uranium-235 in the enriched product stream,
weight fraction;

X = assay of Uranium-235 in the feed stream, weight fraction,

X = assay of Uranium-235 in the diffusion plant tails, weight

fraction.

Utilizing the discharge assays of the spent nuclear fuel for the
PWR and BWR systems given in Table 2.1, the spent uranium values can be
calculated. Calculations for determining these uranium values are
based on an enrichment plant tails assay of 0.25 percent and the product
enrichment being the spent fuel assay. By substituting this data into

Equation 4.1, the value of the recovered uranium is given by:
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1. PWR (UO2 reactor)
D = (0.19491)C_ + (1.40998)C, - C_ (4.2)
2. BWR (UO2 reactor)

D= (0.12710)CS + (1.27983)0f ~ CC (4.3)

where Cc is added to represent the unit cost of conversion of uranium

to UF, gas. Table 4.1 reflects uranium conversion cost projections

6
through the year 2000.(28)

The results indicate that for the reference PWR-UO, reactor (using

_ 2
Equation 4.2), the spent uranium can reduce the front end requirements

of natural uranium feed by 1.41 units and separative work by 0.19 units.
A similar interpretation can be applied to the reference BWR—UO2 reactor

(using Equation 4.3). Formulas 4.2 and 4.3 corrected for losses during

reprocessing and fabrication are rewritten as:

D = ((0.19491)0s + (1.40998)Cf - CC)(l -0 - nz) (4.4)
D = ((0.12710)CS + (1.27983)Cf - CC)(l -n, - n2) (4.5)
where
_ . . (13)
n, = loss during reprocessing (= 0.005),
n, = loss during fabrication(13) (= 0.003).

A similar analysis can be applied to the data for the reference SGR
reactor systems found in Table 2.3, producing the same results as found
in Equations 4.4 and 4.5. Projections for spent uranium values (using
Equations 4.4 and 4.5) from 1976 to 2000 can be found in Table 4.2 for

the PWR and BWR systems. This is obtained upon applying the cost data
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(28

Table 4.1. Uranium Conversion Cost Projection

Cost Cost
Year Year

$/kg-U $/kg-U
1976 4. 32 1989 5.70
1977 4.41 1990 5.82
1978 4.50 1991 5.93
1979 4.59 1992 6.05
1980 4.68 1993 6.17
1981 4.77 1994 6.30
1982 4.87 1995 6.42
1983 4.97 1996 6.55
1984 5.06 1997 6.68
1985 5.17 1998 6.81
1986 5.27 1999 6.94
1987 5.48 2000 7.08
1988 5.59

)
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Table 4.2. Spent Uranium Value Projections
for PWR for BWR for PWR for BWR
Year Year
$/kg-U $/kg-U $/kg-U $/kg-U
1976 94.61 82.37 1989 261.71 229.47
1977 104.46 90.91 1990 262.75 257.53
1978 118.12 103.00 1991 326.59 288.14
1979 134.19 117.38 1992 355.03 313.79
1980 150.26 131.76 1993 376.27 332.97
1981 162.67 142.33 1994 391.92 347.06
1982 173.87 151.74 1995 407.76 361.28
1983 180.86 157.34 1996 423.41 375;37
1984 189.07 164.09 1997 439.24 389.59
1985 199.14 173.12 1998 459.28 407.61
1986 205.03 178.35 1999 477.72 424.24
1987 220.59 192.36 2-00 495. 38 440,35
1988 239.05 209.01




58

for separative work, natural uranium feed, and uranium conversion found
in Tables 3.7, 3.8, and 4.1.

From the above formulas, it is shown that the values of the uranium
recovered from the spent fuel is related to the prices of natural uranium
and separative work less the conversion costs. Since uranium is a scarce
commodity, its price will obey the laws of supply and demand. In other

words, as the supply of uranium decreases, the price will increase.

4.2 Plutonium Value

The value of plutonium residing in spent nuclear fuel depends on
the manner in which the plutonium is used. In order to establish a
value, it is necessary to distinguish between plutonium price and plu-

(26)

tonium value. A '"use value" is defined as the amount of money the
user is willing to pay in order to use the commodity. A "market price"
reflects the balance between supply and demand. In light of the current
moratorium on the reprocessing of spent nuclear fuel and the use of plu-
tonium in commercial reactors, the establishment of a firm market price
for plutonium is impractical.

However, for the purpose of this study, an "artificial market",
based upon the use value (limiting value for plutonium in the plutonium
market), is used. In order to define the use value, it is necessary to
know the technical and economic circumstances of plutonium utilization.(26)
Since 1.0 gram of fissile plutonium can replace approximately 0.85 grams

(5)

of U-235 , it is obvious that the plutonium market is linked with the
uranium price and uranium enrichment services costs.

Plutonium that is generated in the light water reactors can be used
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in several different ways. These ways consist of: in situ (some plu-
tonium that is formed in the reactor ié consumed before it is recycled),
for recycle in LWRs, for the High Temperature Gas Reactor based upon
plutonium fuel design, and for early fuelings of the fast reactors.(26)
For the purpose of this study, it will be assumed that only LWRs are
expected to contribute to the nuclear generating capacity through the

end of the century. More specifically, plutonium will be used only in
situ and in recycle, thereby establishing a plutonium market.

Fissile plutonium is constantly being produced in an operating
reactor as a result of radiative capture of neutrons in the U-238
nucleus. As more and more fissile plutonium (Pu-239 and Pu-241) is
created, the more it participates in the general fission reactions, like
U-235. 1In addition, it becomes more important in the in situ consumption.
The quantity of plutonium available for in situ consumption is a direct
function of the neutronic characteristics of the reactor and the degree
of core burnup. No value can be assigned to the plutonium produced in
the reactor core since it is freely available for use without repro-
cessing.

The unburned portion of the plutonium remaining in the spent fuel
can be chemically separated (reprocessed) from the uranium and fission
products contained in the spent fuel. This plutonium can be further
utilized in the same reactor or other reactors as fuel in the form of a
mixed-oxide. The effect of this recycled plutonium in the reactor will
depend on the isotopic composition of the plutonium, since the composi-

tion varies with the core burnup. As stated earlier, the purpose for

recycling the plutonium is to establish an "artificial market" in order
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to compute a value for plutonium.
There are several different ways in which the value of plutonium

can be established. The most frequently used method is the "indifference"

(29) The indiffer-

or "break-even" method that was proposed by Eschbach.
ence method defines the plutonium value as the value yielding the same
fuel cycle cost whether the plutonium discharged is sold or recycled.
For this method, firm numerical values for each fuel cycle cost component
for both enriched uranium fuel and plutonium recycle must be known,
leaving only the value of plutonium unknown. Due to the present uncer-
tainties surrounding reprocessing and plutonium recycle, a firm plutonium
market has not been established. Since this method depends heavily upon
the establishment of a well-defined plutonium market and the cost compo-
nents of the mixed-oxide fuel cycle, it seems that this method is not
useful in light of the present situation.

A second method for calculating the plutonium value is derived by

(13)

Deonigi. A generalized equation establishes a relationship between
fully enriched uranium(93% enriched), Pu-242 penalty factor, and the

differential fabrication cost correction for mixed-oxide fuel above

that of uranium fuel.<l3) Deonigi shows that the plutonium value is
expressed by:
V(Pu) = U(A-1.6R) - Pu Fabrication Penalty; $/kg-MOX (4.6)

grams fissile Pu/kg fuel

where

A = plutonium replacement value (relative worth of Pu-239 to

U-235 as a fissile material, gm U-235/gm Pu-fissile),
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U = the cost of fully enriched uranium (93% wt) at the
fabrication plant - $/kg, and
R = ratio of concentration of Pu-242 to the concentration

of fissile plutonium(Pu-239 and Pu-241).

For the purpose of this study, neither of the above methods are
used. The value of plutonium is best realized by considering the sav-
ings in the reduction of requirements for natural uranium feed and
separative work units that result frqm plutonium recycle.

In the GESMO study(l3)

,» an evaluation on the amount of savings in
uranium ore and separative work realized by plutonium recycle was con-
ducted. This evaluation is based on present offerings of the major fuel
suppliers. It was found that one gram of fissile plutonium in a PWR

is equivalent to 0.1906 kgs of separative work plus 0.180 kgs of natural
uranium. A similar analysis for the BWR indicates that one gram of
fissile plutonium is equivalent to 0.2037 kgs of separative work plus
0.1870 kgs of natural uranium. The actual value of plutonium, at a
specific time, depends upon the quantity of fissile plutonium available
at that time. Therefore, a correction is allowed for the decay of
Pu-241. Other factors that effect the value of plutonium are the losses
during reprocessing and MOX fuel fabrication, and the cost difference

between MOX fuel fabrication and uranium fuel fabrication. Hence, the

effective value of plutonium is summarized in the following formula:

xB) 1 -n, -n, ~n,) - AEE— 4.7)

V(Pu) = (CS x A+C 1 2 3

f

where
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V(Pu) = plutonium value, $/gm - fissile;
Cg = unit cost of separative work, $/kg;
Cf = unit cost of natural uranium feed, $/kg;
_ ) . (13)
n; = Loss during reprocessing (= 0.005);
. . . (13)
n, = loss during fabrication (= 0.003);
n, = loss in fissile Pu during reprocessing and fabrication
due to decay of Pu-241 (= 0.01);
g = number of grams of fissile Pu per kg of MOX fuel, g/kg;
4rc = plutonium fabrication penalty, $/kg.

The factors A (equivalent to one gram of fissile plutonium in terms
of separative work units), and B (equivalent to one gram of fissile
plutonium in terms of natural uranium), which vary with the type of
reactor, are summarized in Table 4.3.

The savings realized from plutonium recycle are dependent on the
price that one must pay for natural uranium and separative work, less
the fuel fabrication penalty, in the year in which the recycle occurs.
In a study by Puechl(za), an estimate was made (Tables 3.6 and 3.7) of
uranium and mixed-oxide fuel fabrication cost up to the year 2000.

Results of plutonium values (using Equation 4.7), for the SGR and PuO2

reactors, are summarized in Tables 4.4 and 4.5.
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Table 4.3. Plutonium Value for Uranium Feed

and Separative Work.Equivalents

(13)

Equivalents to 1 gm of Pu (fissile)

Type of reactor

PWR BWR
A = SWU Equivalent - kg 0.1906 | 0.180
B = Natural U Equivalent - kg 0.2037 0.1870
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Table 4.4. Plutonium Value Projections

for Self—generéting Reactors

for PWR for BWR for PWR for BWR
Year Year

$/kg-Pu $/kg-Pu $/kg-Pu $/kg-Pu
1976 20.13 17.74 1989 52.94 46.86
1977 21.99 19.28 1990 57.45 50.94
1978 23.99 20.91 _ 1991 62.37 -55.40
1979 26.05 22.59 _ 1992 66.67 59.29
1980 28.08 24.23 1993 69.81 62.14
1981 31.90 27.76 1994 72.10 64.17
1982 35.70 31.27 1995 74.69 66.52
1983 38.87 34.19 1996 76 .97 68.55
1984 42.06 37.13 1997 79.55 70.88
1985 43.58 38.47 1998 82.70 73.74
1986 44.57 39.34 1999 85.46 76.22
1987 46.92 41.45 2000 87.51 78.05
1988 49.60 43.85
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Table 4.5. Plutonium Value Projections

for Plutonium Burner Reactors

for PWR for BWR for PWR for BWR
Year Year

$/kg-Pu $/kg-Pu $/kg-Pu $/kg-Pu
1976 21.95 19.89 1989 57.29 51.99
1977 24.19 21.87 1990 61.92 56.21
1978 26.61 23.99 _ 1991 66.96 60. 80
1979 29.07 26.14 _ 1992 71.38 64 .84
1980 31.51 28.27 1993 74.63 67.80
1981 35.42 31.90 1994 77.04 69.99
1982 39.31 35.52 1995 79.71 72.42
1983 42.59 38.57 1996 82.12 74 .61
1984 45.88 41.62 1997 84.78 77.04
1985 47.51 43.10 1998 88.03 80.01
1986 48.59 44.07 1999 90.88 82.60
1987 51.04 46.29 2000 93.01 84.53
1988 53.85 48.85




5. MODEL DEVELOPMENT

Previous discussion has demonstrated the need for devising effective
stategies for the recycling of plutonium and spent uranium in order to
minimize the consumption of natural uranium. This chapter consists of
four sections. The first section deals with the development of a MOX
fuel blending model that is used to determine optimal MOX fuel blending
policies at a minimum cost. In this model, the amount of MOX fuel and
plutonium required is fixed, leaving‘the type and quantity of uranium ne-
cessary for blending to be determined. The development of the reactor
mix model is discussed in the second section. This model aids in deter-

mining the optimal mix of UO SGR, and APR reactors in order to minimize

2’
natural uranium depletion. The third section presents a summary of the

information pertinent to the implem:ntation of these models. The last

sections discusses the implementaticn of these models.

5.1 Formulation of the MOX Fuel Blending Model

In order for a nuclear reactor to utilize plutonium as a nuclear
fuel, the highly fissile plutonium must first be diluted, by blending it
with relatively non-fissile uranium. The objective of this part of the
study is to produce a methodology that identifies the components and
their associated quantities that must be blended with plutonium to pro-
duce MOX fuel at a minimum cost for the SGRs only. If the components are
defined to be the ingredients and the required quantity of MOX fuel la-
beled as the product, the problem of identifying the components can be

formulated as an optimization problem. To do this, the following

66
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variables are defined:

y_ = the quantity of ingredient n in kilograms (kg) where,
n=1 plutonium
n=2 spent uranium or enriched uranium derived from spent
uranium
n=3 natural uranium
n=4a gaseous diffusion tails
n=>5 enriched uranium derived from natural uranium;
C_ = the total unit cost associated with obtaining the nth ingredi-
ent ($/kg),

D = the total quantity of MOX fuel demanded (kg),

ay = the equivalent U-235 enrichment demanded in the MOX fuel (%),

a = the equivalent U-235 enrichment of the nth ingredient (%),

d1 = the quantity of plutonium demanded (kg),

52 = the quantity of spent uranium available for blending (kg),

S3 = the quantity of natural uranium available for blending (kg),

S4 = the quantity of gaseous diffusion tails available for blend-
ing (kg).

The objective is to minimize the total MOX fuel cost, subject to
the constraints imposed by the demand for fuel and the availability of
each ingredient. The objective can be mathematically represented in the

following manner:

Min: 2= ) Cy . (5.1)
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Seven basic constraints must be satisfied. The first constraint

assures that the demand for MOX fuel is met. This can be expressed as:

Z y = D. (5.2)

The next constraint requires that the equivalent U-235 fissile con-

tent of the MOX fuel be satisfied:
2: anyn = a_D. (5.3)

The third constraint requires that the amount of plutonium that is
used in the blending process is equal to that demanded by the blending

process. This is simply stated as an equality constraint, expressed as:
v, = dl. (5.4)

A fourth constraint requires that the quantity of spent uranium
used in blending is no greater than that available for blending. In this
situation, the spent uranium is transferred directly from the reprocess-
ing plant to the MOX fuel fabrication plant. The spent uranium does not

necessarily require re—enrichment v namely .
4 5 . 5

Alternately, the fourth constraint can require that the quantity
of spent uranium necessary in producing enriched uranium used in blend-
ing is no greater than that available for re-enrichment. 1In this situa-

tion, the reprocessed spent uranium is further enriched before being
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transferred to the MOX fuel fabrication plant, namely:

a_ - a
54}1
—_— |y, £8,. (5.6)
{az - 34 2 2

The fifth constraint restricts the amount of natural uranium that
can be directly blended with the plutonium or that can be used to pro-
duce enriched uranium, y5’ to be no greater than the natural uranium
available for blending. This is expressed as:

a_ - a

5 4 %

+ | — = 5. . .

Y3 {a—ajlys 3 (5.7
4

The sixth constraint requires that the amount of gaseous diffusion

tails that are blended with the plutonium be no greater than those avail-

able:
£

The final constraint assures that the decision variables, A will

be nonnegative:
y 20 ¥ n. (5.9)

This formulation is a linear program. It reflects the material use
costs of MOX fuel blending, but does not include the costs of the physi-
cal blending process. This is because these costs are not affected by

the choice of ingredients.
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5.2 Formulation of the Reactor Mix Model

Existing commercial light water reactors use only slightly enriched
uranium as fuel. With the implementation of reprocessing and spent-fuel
recycle, the use of plutonium as a nuclear fuel becomes possible. The
objective of this part of the study is to produce a methodology that
identifies the types of fuels that should be used in future nuclear reac-
tors in order to minimize the consumption of natural uranium. If the
types of fuel are viewed as activities competing for limited production
capabilities in order to meet the reactor fuel demand, then the problem
can be formulated as an optimization problem.

In order to construct the reactor mix model, three index sets must
be defined. First, it is necessary to distinguish the periods in the
planning horizon. This is necessary since the ability to make dccisions
rests with the activities occurring during a particular time period. For

this purpose, the index set t is defined:
¢ = [1, 2,3, ..., T ], (5.10)

where T represents the number of years in the planning horizon. For
the purpose of this study, the number of years in the planning horizon
is twenty~five years.

In order to distinguish and denote a particular reactor requiring
fuel, it is necessary to define an index that can describe each reactor
operating in a given time period. For this purpose, the identities of

the individual reactors are defined by the index set j as:

‘j = [1, 2, 3, .« ., J(t)] , (5.11)
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where J(t) denotes the total number of reactors of all types operating
in the time period t.

To be able to distinguish each type of fuel, it becomes necessary
not only to classify each reactor as a type of reactor, but also to iden-
tify the types of fuel that can be utilized in each reactor type. The

index set
i= [1, 2, 3, . . ., I] , (5.12)

is defined to represent this classification, where I denotes the total
number of combinations of reactor types and fuel types being considered.
For the purpose of this study, six different reactor-fuel types are con-

sidered:

i =3 PWR - SGR
i=4¢4 BWR - SGR
i=>5 PWR -~ PuO

i=26 BWR - PuO,.

Note that types 1 and 2 use only uranium as fuel, while types 3 through
6 use a mixture of plutonium and uranium as fuel. Using the defined
index sets, it is now possible to describe the variables of the reactor
mix model.

A decision as to the types of fuel that should be used in a parti-

cular reactor in any one year can be represented by:
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X =

1 , if type i fuel is used in reactor j in period t
ijt

0 , if type i fuel is not used in reactor j in period t.

The objective is to minimize the total consumption of natural uran-
ium subject to constraints reflecting the availability of spent fuel
and the capacities of reprocessing, fuel enrichment, and fuel fabrication
facilities. This objective is expressed as:

J(t) I
Min: Z };g iekiser (5.13)

0
n[“je

Pursuit of the objective is constrained by ten equations representing
the demand for each fuel and the available capacity to produce the fuels.
To simplify discussion of the various constraints, the following vari-

ables are defined:

qijt = the quantity of type i fuel required to fuel reactor j in

time period t,

Fl = the subset of I that corresponds to MOX fuel,

Mt = the MOX fuel fabrication capacity in time period t,

F2 = the subset of I that corresponds to UO2 fuel,

Ui = the UO2 fuel fabrication capacity in time period t,

di = the SWU requirement for production of 1 kg of type i fuel,

Ui = the SWU capacity in time period ¢t,

e, = the percent of 1 kg of offload spent fuel of type i fuel
that is recyclable Pu,

hi = the percent of 1 kg of offload spent fuel of type i fuel

that is recyclable U,
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sijt = the quantity of spent fuel.of type i fuel offloaded from
reactor j in time period t,

Rt = the reprocessing capability in time period t,

Cijt = the cost of using type i fuel in reactor j in time period t,

Nt = the total amount of money available to purchase fuel in time
period t,

bi = the percent of Pu in 1 kg of type i fuel,

8, = the percent of recycled U in 1 kg of type i fuel,

Pt—l = the recyclable Pu stockpile,

Qt—l = ;he recyclable U stockpile.

The first constraint assures that each reactor will be fueled or
refueled with one and only one type of fuel. 1In this model formulation,
a PWR is restricted to three types of fuel: a UO2 fuel, a SGR fuel, or

a Pqu fuel. Likewise, the BWR is restricted to the same three types of
fuel. Generally, each reactor j in time period t can be fueled with one

and only one type of fuel. This is represented by:
), X =1 ¥ 3, t. (5.14)

The second constraint expresses the limitation imposed on the use
of plutonium as a nuclear fuel due to the capacity to fabricate pluton-
ium into a fuel assembly form. The number of reactors that can utilize
plutonium are limited by the capacity to produce the required fuel. In
any period t, the quantity of MOX fuel demanded cannot exceed the MOX

fuel fabrication capacity in period t-1 plus the unused fabrication
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capacities in periods prior to t-1. This is denoted by:

J(t)
X £ M +
ggél ;;a Gietije - el

t-1 J(™
) [M%-l - 2: 1L qijTXijT] vieo G.15)

T=1 i€F  j=1

A similar constraint is also imposed on the use of uranium as a

nuclear fuel. Again, the quantity of UO, fuel demanded is period t

2

cannot exceed the UO2 fuel fabrication capacity in the period t-1 plus

the unused fabrication capacities in the periods prior to t~l1. This is

represented by:

5 X eyl 4
& = 95eM5e © Ce-l
t=1f J(™)
7251[ U, - £§¥2 P 9 ;57| ¥oE (5.16)

Next, the total amount of enrichment services demanded in period t
cannot exceed the enrichment capability in period t-1. Only reactors

involving slightly enriched uranium will require enriching services.

Thus:

J(t)

49585 € Ve ¥ E (5.17)

ierlor? =1 *
Another constraint affecting the availability of plutonium fuel is

the reprocessing capacity. In order for plutonium to be fabricated into

fuel assemblies it must first be recovered from spent fuel by reprocessing.
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Therefore, the amount of plutonium and spent uranium that is demanded
for recycle in period t is limited to the quantity of spent fuel that
can be reprocessed in period t-2, plus reprocessed spent fuel from

periods prior to t-2. This is represented by:

55 J(t)
> (b, +8)q,. X . €R__+
=1 §=1 i i’ ijt ije t~2

t-1 I J(r-1) J
R - b, +g8.)q...X, . ¥ t. 5.18
721[ T-2 iZ=:1 jgl ( i gl)quT ijT ( )

The sixth constraint allows for a monetary analysis of the reactor
mix problem. Generally, the total amount of money spent to acquire all

types of nuclear fuels cannot exceed some value, Nt' Thus:

i{f) Z: 1
c,. X.. <N vV t, (5.19)
N G A L
where,
C1 = f(ox q...), and
ijt it’ tije?’
i T the unit cost of type i fuel in time period t.

The next constraint represents the supply versus demand for pluton-
ium for each period in the planning horizon. Specifically, the total
quantity of plutonium utilized in period t must not exceed the available
supply, which consists of a Pu stockpile plus that which is available

from spent fuel offloaded in period t-2. Mathematically,
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¥ t, (5.20)

N
T
I
—
+
Ingly

I J()

NN X0 ©

i=1 i=1 1 1Jt ijt
where the Pu stockpile is expressed as:

P = ¥ t. (5.21)

t-1 I J(7=3)
o5

®i%ijr-2%157-2 7 Pi%i 7%y T]

T=1 Li=1 j=1

A similar constraint represents the recycled uranium supply versus

demand:

J(t) J(t=3)

L I
YY) e.q. X, +y ¥ oo XL o ¥t, (5.22)
i=1 j=1 * ijt 1Jt Q- =1 2: By 1Jt 27ijt=-2

where the uranium stockpile is expressed as:

t-1¢ I J(T-3)
{ ¥ t. (5.23)

Qy = 7.;

If desired, one can cause a specific reactor to remain using a fuel type

& & ni%i5p-2%147-2 ~ giqij’}‘xijT]

once it has gone to that fuel type. The ninth constraint allows for spe-
cific decision variables to be set to either 0 or 1, thus restricting

the choice of fuel type for particular reactors:

1]
o

Xgra
# (5.24)

[]
—
.

Xg'r's

In this analysis, this constraint is not utilized.
The final constraint assures that all the decision variables are

nonnegative:
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X e £ 0. ¥ i, j, t. (5.25)

5.3 The Reference Case

In order to investigate the properties of the two models, a refer-
ence case i1s assumed and the decision variable values for that case are
determined. The reference case selected for the MOX fuel blending model
includes a typical PWR and BWR requiring MOX fuel in the self-generating
recycle mode. For both reactors, 25 percent of the annual fuel reload
consists of MOX fuel, the remaining 75 percent is enriched uranium.(13)
The PWR requires 6365 kg of MOX fuel at an equivalent U-235 fissile
content of 2.8 percent, while the BWR requires 7325 kg at an equivalent
2.39 percent enrichment.(la) The parameter values are accordingly esti-
mated for 1984. Separative work is assumed to cost $129.00/SWU and
natural uranium is assumed to have a price of $115.00 per kg UF6'(22)
The required separative work and uranium feed quantities are computed
using the standard enrichment equations.(30) From this, the values for
plutonium and spent uranium are determined (see Tables 4.2 and 4.4).

(23) In addition,

Gaseous diffusion tails are assumed to cost $5.84/kg.
the amount of spent uranium that can be utilized by the PWR and BWR for
blending is limited to the amount of spent uranium that each reactor
generates, 24300 kg and 28200 kg respectively. Other fuel characteristics
are listed in Tables 2.3 and 2.4. Utilizing these parameter values,

the model is analyzed to determine which ingredients in what quantities
should be blended to satisfy the demands for MOX fuel while minimizing

the cost of the MOX fuel.

Tables 5.1 and 5.2 represent a summary of the information used in
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Table 5.1. Summary of Data Infarmation for the PWR* MOX Blending Model

Cn (8/kg) : a (%) :
C1 = 38870.00 a = 0.4845%%
C2 = 180.86 a, = 0.009
C3 = 115.00 a, = 0.00711
C4 = 5.84 a, = 0.0025
C5 = 228.08 . a, = 0.01
a = 0.028 : S, = 24300 kg
D = 6365 kg 5, = 99999.0 kg*¥x
d1 = 292.98 kg*** 54 = 99999,0 kgkkk*

*Based on fuel delivered in 1984, indicating costs are incurred in pre-
vious year (1983).

*%0,4845 = 0.85 x 0.57 (0.57 from Table 2.4, corrected to equivalent
U~235 content).

*%%167.0 kg + 0.57 (from Tables 2.3 and 2.4).

*k**%arbitrary large number
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Table 5.2. Summary of Data Information for the BWR* MOX Blending Model

C ($/kg): a_ (%)
C1 = 34170.0Q a, = 0.4845%%
c2 = 157.34 a, = 0.0084
¢, = 115.00 a, = 0.00711
c4 = 5.84 a, = 0.0025
C5 = 187.29 : a = 0.009
aj = 0.0239 ' 82 = 28200.0 kg
D = 7325.0 kg 53 = 99999.0 kgk**x
d1 = 285.96 kg*** 54 = 99999.0 kghk*k

*Based on fuel delivered in 1984, indicating costs are incurred in pre-
vious year (1983).

*%0.4845 = 0.85 x 0.57 (0.57 from Table 2.4, corrected to equivalent
U-235 content).

*%%163.0 kg + 0.57 (from Tables 2.3 and 2.4).

*kk*karbitrary large number
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implementing the MOX fuel blending model for both the PWR-SGR and the
BWR-SGR, respectively.

In order to demonstrate the utility of the reactor mix model, a re-
ference case, corresponding to projected growths in nuclear reactor elec-
trical production, reprocessing capacity, enrichment capacity, and fuel
fabrication capacity, is analyzed. Information for these projections
are defined as the MID case or reference case. Tables 3.1, 3.4, 3.6,

(14) In

3.9, and 3.11 represent the MID case data as published by ERDA.
addition, cost projections for reprocessing, separative work, uranium
feed, gaseous diffusion tails, and fuel fabrication are utilized (see
Tables 3.5, 3.7, 3.8, 3.9, 3.10, and 3.12). Incorporating these cost
and capacity projections, the model is analyzed to determine which types
of fuels must be utilized each year in order to minimize the amount of
natural uranium consumed.

Table 5.3 represents a summary of the information used in the imple-

mentation of the reactor mix model for the MID case.

5.4 Implementation of the Models

The MOX fuel blending model and the reactor mix model are both im-
plemented on the Virginia Polytechnic Institute and State University IBM

(31)

Computer System 370, using a linear program and a proprietary mathe-
matical programming system——MPS III(32), respectively. Appendices B and
C provide information pertinent to the implementation of the MPS--III
computer program. The execution time for a typical LP run for the MOX

fuel blending model is on the order of 0.5 seconds, while the execution

time for the reactor mix model is on the order of 12 hours.
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(MID Case)

25 years

use Table 3.1, column 1 (e.g., J(25) = 507 reactors)

6 reactor-fuel types

based upon fuel type, quantity, and enrichment (e.g.,

162922 kg)

from Tables 2.1, 2.3, and 2.5 (e.g., 47 = 25460 kg)

4 reactor-fuel types which utilize plutonium

use Table 3.12, column 1 (e.g., M15 = 1575 MTHM)

2 reactor-fuel types which utilize only uranium

use Table 3.10, column 1l (e.g., UiS = 7800 MTU)

Summary of Data Information for Reactor Mix Model

2
14

based upon fuel type, quantity, and enrichment (e.g., dl

107140 swu)

use Table 3.6, column 1 (e.g., Uis = 46.0 million SWU)

use Table 3.4, column 1l (e.g., R15 = 7600 MTHM)

based upon fuel type, quantity, and enrichment (e.g.,

$33.96 million)

arbitrarily large number (e.g., le = $99.99 billion)

1
€14

7=

;=

from Tables 2.1, 2.3, and 2.5 (e.g., 8147 = 24592, or 24300 +

167 = 0.57)

from Tables 2.1, 2.3, ard 2.5 (e.g.,

o
1l

from Tables 2.1, 2.3, and 2.5 (e.g., h

from Tables 2.1, 2.3, and 2.5 (e.g., b

from Tables 2.1, 2.3, and 2.5 (e.g., 8, =6072.02 + 6365

292.98 = 6365

292.98 - 24592 =1.19%)

24300 = 24592 =98.81%)

4.60%)

95.40%)
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The reactor mix problem contains an average of 14,000 decision vari-
ables and 6000 constraints, implying a.14,000 x 6000 aij matrix which
overwhelms the default working storage of the MPS(32) program. By manip-
ulating the job control language and using an IBM Utility package, the
problem is segmented by partial optimization and data preservation, thus
producing 24 segments requiring 12 hours of computer time and yielding
the desired results.

Although the reactor mix model is developed as an integer program
(IP), linear program solution techniques are utilized to obtain the solu-
tion. By using LP procedures, a continuous optimal solution results,
having some decision variables expressed as fractions of integer values.
Due to problem size and insufficient computer storage space, the non-
integer values are rounded, by hand, to integer values. This results

in an optimal integer solution that is not necessarily feasible after

rounding off.



6. RESULTS

The discussion of the results is divided into two sections. The
results of the MOX ruel blending model are presented in Section 6.1.
Section 6.2 presents discussion of the optimal scheduling of MOX fueled
reactors for the three reactor growth scenarios: LOW, MID, and HIGH.
Some of the tabular and graphic results for the reactor mix model are

also presented in Appendix A.

6.1 Results of the MOX Fuel Blending Model

Before plutonium can be used as a nuclear fuel, it must be blended
with uranium to produce the desired fissile content of the fuel mixture.
To attain this, two possible blending schemes are examined to determine
the minimum cost for MOX fuel delievered in the year 1984.

The first situation examined (Case 1) allows plutonium to be blended
with natural uranium, spent uranium, gaseous diffusion tails, and en-
riched uranium derived from natural uranium. Results for this case are
examined first on the basis that unlimited quantities of spent uranium,
gaseous diffusion tails, and natural uranium are available for blending.
Then, the supply of natural uranium is allowed to go to zero for the
purpose of testing the solution sensitivity. The quantities of fuel
demanded and their associated fuel charicteristics for the PWR-SGR
and the BWR-SGR are discussed in Sectio:. 2.3.2.

The second situation examined (Cas: 2) allows the enrichment of the
spent uranium to reach the same fissile enrichment level as the enriched

uranium derived from natural uranium. fgain, the supply of natural

83
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uranium is allowed to go to zero.

Results of these situations indicate that 4575.09 kg of natural
uranium and 1496.93 kg of gaseous diffusion tails must be blended with
the 292.98 kg of plutonium to produce the MOX fuel for the PWR-SGR at a
minimum cost. Likewise, for the BWR-SGR, 4105.17 kg of natural uranium
and 2933.87 kg of gaseous diffusion tails must be blended with the
285.96 kg of plutonium to produce the MOX fuel at a minimum cost.
However, as the supply of natural uranium becomes more restricted, the
demand for spent uranium increases, resulting in an increase in the
cost of the MOX fuel. Figures 6.1 and 6.2 depict the results obtained
by varying the supply of natural uranium for the PWR~SGR and the BWR-
SGR, respectively.

As can be observed from Figure 6.1, a 0.57 percent increase in cost
is incurred if no natural uranium is used in the fuel (Case 1). Simi-
larly, for Case 2, a 0.85 percent cost increase is incurred. 1In
contrast to these PWR-SGR costs presented in Figure 6.1, TFigure 6.2 shows
the BWR-SGR costs increasing by smaller percentages: 0.36 percent for
Case 1 and a 0.51 percent for Case 2.

Based on the material quantities used in the blending of MOX fuel
at a minimum cost, projections for MOX fuel cost are determined through

the year 2000. This is represented in Table 6.1 and is later used in

the reactor mix model.

6.2 Results of the Reactor Mix Model

Several situations were analyzed using the IP model in order to

compare effective reactor fuel loading schedules, for MOX and UO2 fuels,
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Table 6.1. Annual Minimum MOX Fuel Cost for a SGR Reactor

Quantity - Millions of Dollars

Year PWR - SGR BWR - SGR
1984 11.92 10.26
1985 12.88 11.13
1986 13.35 11.54
1987 13.66 11.81
1988 14.40 12.46
1989 15.25 - 13.20
1990 16.30 14.13
1991 17.73 15.39
1992 | 19.28 16,76
1993 ! 20.63 17.96
1994 l 21.62 18.84
|
1995 22.35 19.47
1996 23.16 20.19
1997 23.88 20.82
1998 24.69 21.54
1999 25.68 22.42
2000 26.55 23.23
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under three different reactor growth scenarios. The results of the
analyses for the three reactor growth écenarios, presented in Chapter 3,
are compared to the no recycle option for that particular reactor growth
scenario. In addition, it is determined that MOX fuel fabrication limits
the utilization of MOX fuel, so this parameter is increased by 50 per-
cent to investigate its effect on the solution.

As a frame of reference, ERDA has estimated that the current uran-

(8)

ium resource is about 3.7 million tons (or 3.37 million metric tons).

This represents approximately 2.85 million metric tons of UF6

6.2.1 LOW Case Scenario

The LOW reactor growth scenario assumes a slow rate of growth for
the nuclear industry, reaching only 400 operating reactors in the year
2000. Also assumed is that reprocessing will be re-initiated in 1981,
with MOX fuel fabrication starting in 1983. This permits the introduction
of MOX fuel assemblies into LWRs starting in 1984.

Table 6.2 represents the anticipated UF6 consumption incurred if
there is no recycle of plutonium and spent uranium. A cummulative total
of 945172 MT of UF6 is consumed if there is no rccycle, as compared to
644131 MT of UF6 (Table 6.3) if spent nuclear firel is recycled back into
self-generating reactors. This represents a 32 percent savings in the

total amount of UF, required. Figure 6.3 graphically represents the

6
annual demands for UF6 for both the no recycle and recycle cases.
At this point, it is necessary to note that additional tables and

figures describing the behavior of the results for components of the

nuclear industry are presented in Appendix A.
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UF, Consumption (No Recycle) - LOW Case

6
Quantity - MTIU

Year PWR BWR Anniual Cumm.

UO2 UO2 Total Total
1976 - - - -
1977 6517 2647 9164 9164
1978 7331 2647 9978 19142
1979 8146 3893 12039 31181
1980 8961 4204 13165 44346
1981 11242 6384 17626 61972
1982 11567 6540 18107 80079
1983 14011 8409 22420 102499
1984 14989 8097 23086 125585
1985 19225 9966 29161 154746
1986 21994 13392 35386 190132
1987 23461 13080 36541 226673
1988 24601 12302 36903 263576
1989 27371 13548 40919 304495
1990 28511 14326 42837 347332
1991 30792 15727 46519 393851
1992 33725 17284 51009 444860
1993 36006 17752 53758 498618
1994 37798 19309 57107 555725
1995 40893 21022 61915 617640
1996 42360 20399 62759 680399
1997 42523 21800 64323 744722
1998 43989 21489 65478 810200
1999 44967 22112 67079 877279
2000 45781 22112 67893 945172
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Table 6.3. UF6 Consumption (With Recycle) - LOW Case
) Quantity - MTU

Vear PWR BWR PWR BWR PWR BWR Annual Cumm.
€ vo, vo, SGR SGR Pu0,  Pu0, | Total | Total
1976 - - - - - - - -
1977 6517 2647 - - - - 9164 9164
1978 7331 2647 - - - - 9978 19142
1979 8146 3893 - - - - 12039 31181
1980 8961 4204 - - - - 13165 44346
1981 11242 6384 - - - - 17626 61972
1982 11567 6540 - - - - 18107 80079
1983 14011 8409 - - - - 22420 | 102499
1984 10590 8097 1927 - -~ - 20614 | 123113
1985 10427 9966 3853 - - - 24246 | 147359
1986 13197 13392 3853 - - - 30442 1 177801
1987 14663 13080 3853 - - - 31596 | 209397
1988 11242 12302 5994 - - - 29538 | 238935
1989 8146 11056 8421 1101 - - 28724 | 267659
1990 7494 5762 9206 3786 - - 26248 | 293907
1991 7657 5294 10133 4612 - - 27696 | 321603
1992 8798 8253 10918 3993 - - 31962 | 353565
1993 9124 6696 11775 4888 - - 32483 | 386048
1994 8635 19309 12774 - - - 40718 { 426766
1995 9449 7163 13773 6127 - - 36512 | 463278
1996 8798 4360 14700 7091 - - 34949 | 498227
1997 6517 4671 15771 7573 - - 34532 | 532759
1998 5865 3737 16698 7848 - - 34148 | 566907
1999 5376 18842 17341 1446 - - 43005 | 609912
2000 4725 3114 17983 8399 - - 34221 | 644133
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By the year 20Q0, there will be 252 PWRs and 122 BWRs operating as
self~-generating reactors (Table A.1l, Figures A.1 and A.2), the remaining
reactors being fueled with UO2 fuel. To sustain the MOX fueled reactors,
a total of 22015 MT of MOX fuel is fabricated (Table A.2 and Figure A.3),
requiring 85041 MI of reprocessed spent fuel (Table A.3 and Figure A.4).

A total of 605.44 million SWU (Table A.4) are required for the no
recycle case. With recycle, a total of 521.69 million SWU are required
(Table A.5 and Figure A.5), resulting in a 14 percent savings. This is
(5)

less than the anticipated 20 percent reported by the Atlantic Council.

The total amount of UO, fuel fabrication for the recycle case

2
(Table A.6) represents a 14 percent savings over the 157863 MT of UO2 fuel
fabrication required by the no recycle case (Table A.7 and Figure A.6).
This is expected since part of the fuel is fabricated in a MOX fuel fab-
rication plant.

One final parameter that is necessary in the comparison of alterna-
tive strategies is the cost incurred by each strategy. For the no re-
cycle case, a total of $324.50 billion is spent just to obtain the re-
quired nuclear fuels (Table A.8). The recycle option offers an 8 percent
reduction in the overall cost of the nuclear fuels (Table A.9 and Figure
A.7). This assumes that the capital costs associated with constructing
and maintaining each type of nuclear reactor are relatively the same.

Tables A.10 through A.16 represent the behavior of the nuclear in-
dustry if the ability to fabricate MOX fuel is increased by 50 percent.

For this case, 620059 MT of UF, are required to support the recycle

6

industry. This represents a 34 percent savings in UF6 requirements over

the no recycle case. In addition, it was found that a 50 percent



93

increase in the amount of MOX fabrication capacity did not result in an
appreciable increase in the conservation of UF6. Results also indicate

that no reactors are found to be operating as plutonium burners.

6.2.2 MID Case Scenario

The MID reactor growth scenario assumes a moderate rate of growth
for the nuclear industry, reaching 507 operating reactors in the year
2000. As assumed in the LOW case, reprocessing will be re-initiated in
1981 with MOX fuel fabrication starting in 1983. This again permits the
introduction of MOX fuel assemblies into LWRs starting in 1984,

Table 6.4 represents the anticipated UF, consumption incurred if

6
there is no recycle of plutonium and spent uranium in the MID case. A
cummulative total of 1136686 MT of UF6 is consumed if there is no re-
cycle, as compared to 792644 MT of UF6 (Table 6.5) if spent nuclear fuel
is recycled back into self-generating reactors. Comparable to the re-
sults of the LOW case, a 30 percent savings in the total amount of UF6
required is realized. Figure 6.4 graphically represents the annual de-

mands for UF, for both the no recycle and recycle cases.

6
In the year 2000, 312 PWRs and 63 BWRs will be operating as self-
generating reactors, the remaining 26 PWRs and 106 BWRs being fueled with

U0, fuel (Table A.17 and Figures A.8 and A.9). To sustain the MOX fueled

2
reactors for the MID case, a total of 25702 MT of MOX fuel is fabricated
(Table A.18 and Figure A.10), requiring 99293 MT of reprocessed spent
fuel (Table A.19 and Figure A.1l1).

A total of 728.53 million SWU (Table A.20) are required for the no

recycle case. With recycle, a total of 626.62 million SWU (Table A.21
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Table 6.4. UF6 Consumption (No Recycle) - MID Case

Quantity - MTU

Year PWR BWR Annual Cumm.
UO2 UO2 Total Total
1976 - - - -
1977 7657 3270 10927 10927
1978 8309 2803 11112 22039
1979 8309 3426 11735 33774 |
1980 9449 4827 14276 48050
1981 10753 5917 16670 64720
1982 14663 9032 23695 88415
1983 16129 9032 25161 113576
1984 17921 10589 28510 142086
1985 21669 11056 32725 174811
1986 23624 13859 37483 212294
1987 25905 14637 40542 252836
1988 28674 14637 43311 296147
1989 32096 15572 47668 343815
1990 33888 17752 51640 395455
1991 37309 19000 56309 451764
1992 40568 20866 61434 513198
1993 43011 21645 64656 577854
1994 46270 23513 69783 647637
1995 49202 24915 74117 721754
1996 51646 25693 77339 799093
1997 53438 26939 80377 879420
1998 55393 27562 82955 962425
1999 57186 28652 85838 1048263
2000 59304 29119 88423 1136686 J




Table 6.5.

UF
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Consumption (With Recycle) - MID Case

6
Quantity - MTU
vear | PWR BWR PWR BWR PWR  BWR | Annual Cumm.
ea vo U0 SGR SGR Pu0, PuO.| Total Total
2 2 2 2

1976 - - - - - - - -
1977 7657 3270 - - - - 10927 10927
1978 8309 2803 - - - - 11112 22039
1979 8309 3426 - - - - 11735 33774
1980 9449 4827 - - - - 14276 48050
1981 | 10753 5917 - - - - 16670 64720
1982 | 14663 9032 - - - - 23695 88415
1983 | 16129 9032 - - - - 25161 113576
1984 | 11893 12146 1927 - - - 25966 139542
1985 (13197 11056 3711 - - - 27964 167506
1986 | 15803 13859 3425 - - - 33087 200593
1987 | 15966 14637 4353 - - - 34956 235549
1988 | 14663 14637 6137 - - - 35437 270986
1989 | 10753 14793 9348 3442 - - 38336 309332
1990 | 10101 11523 10419 2754 - - 34797 344119
1991 | 10753 7630 11632 5025 - - 35040 379159
1992 | 11567 6852 12702 6196 - - 37317 416476
1993 | 11242 6384 13915 6747 - - 38288 454764
1994 | 11567 6852 15200 7366 - - | 40985 495749
1995 | 11730 7007 16413 7917 - - | 43067 538816
1996 | 11242 24603 17698 4819 - - | 58362 597178
1997 |10753 13392 18982 5989 - - | 49116 646294
1998 9287 8409 20195 8468 - - 46359 692653
1999 8635 5450 21266 10257 - - 145608 738261
2000 8472 19309 22265 4337 - - 54383 792644
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and Figure A.12) are required, resulting in a 14 percent savings. This
savings is comparable to the savings obtained in the LOW case.

The total amount of UO, fuel fabrication required for the recycle

2
case (Table A.22) represents a 13 percent savings over the 189680 MT of

U0, fuel fabrication required by the no recycle case. (Table A.23 and

2
Figure A.13). Again, this is expected since part of the fuel is fabrica-
ted in a MOX fuel fabrication plant.

The total monetary expenditure required in producing the fuels for
the no recycle case is $395.36 billion (Table A.24). The recycle option
offers an 8 percent reduction in the overall cost of the nuclear fuels
(Table A.25 and Figure \.14). This again assumes that the capital costs
associated with constructing and maintaining each type of nuclear reactor
are relatively equivalent.

Tables A.26 through A.32 represcant the behavior of the nuclear in-
dustry if the ability to fabricate M(X fuel is increased by 50 percent.

For the MID case, 758196 MT of UF, are required to support an industry

6
that has 312 PWRs and 152 BWRs operating as self-generating reactors in
the year 2000. This represents a 373 percent savings in UF6 requirements
over the no recycle case. Again it was found that it is not necessary to
implement a 50 percent increase in the amount of MOX fabrication capacity
in order to conserve a great quantity of UF6. Results also indicate

that no reactors are found to be operating as plutonium burners.

6.2.3 HIGH Case Scenario

The HIGH reactor growth scenario assumes a healthy rate of growth
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for the nuclear industry, reaching 60Q operating reactors in 2000.
As assumed in the LOW and MID cases, réprocessing will be re-initiated
in 1981 with MOX fuel fabrication starting in 1983. This again permits
the introduction of MOX fuel assemblies into LWRs starting in 1984.

Table 6.6 represents the anticipated UF6 consumption incurred if
there is no recycle of plutonium and spent uranium for the HIGH case. A
cummulative total of 1302369 MT of UF6 is consumed if there is no recycle,
as compared to 930579 MT of UF6 (Table 6.7) if spent nuclear fuel is
recycled back into self-generating reactors. Comparable to the results
of the MID case, a 29 percent savings in the total amount of UF6 requir-
ed is realized. Figure 6.5 graphically represents the annual demands for
UF6 for both the no recycle and recycle cases.

In the year 2000, 365 PWRs and 65 BWRs will be operating as self-
generating reactors, the remaining 35 PWRs and 135 BWRs being fueled with
UO2 fuel (Table A.33 and Figures A.l15 and A.16). To sustain the MOX fuel-
ed reactors for the HIGH case, a total of 26880 MT of M0X fuel is fabri-
cated (Table A.34 and Figure A.17), requiring 103796 MT of reprocessed
spent fuel (Table A.35 and Figure A.18).

A total of 834.06 million SWU (Table A.36) are required for the
no recycle case. With recycle, a total of 730.96 million SWU (Table A.37
and Figure A.19) are required, resulting in a 12 percent savings. This
savings is lower than those observed in the LOW and MID cases.

The total amount of UO, fuel fabrication required for the recycle

2

case (Table A.38) represents a 12 percent savings over the 217599 MT of

U0, fuel required by the no recycle case (Table A.39 and Figure A.20).

2

Again, this is expecﬁed since part of the fuel is fabricated in a MOX
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Table 6.6. UF6 Consumption (No Recycle) - HIGH Case

Quantity - MTU

Year PWR BWR Annual Cumm.
UO2 UO2 Total Total

1976 - - - | -
1977 7331 2803 10134 i 10134
1978 8309 2803 11112 21246
1979 8798 4049 12847 34093
1980 10590 4983 15573 49666
1981 10264 6073 16337 66003
1982 17270 10433 27703 93706
1983 18084 10122 28206 121912
1984 20691 11834 32525 154437
1985 23461 11834 35295 189732
1986 25416 14637 40053 229785
1987 27697 16039 43736 273521
1988 32421 16817 49238 322759
1989 36495 17440 53935 376694
1990 38938 20243 59181 435875
1991 43011 21800 64811 500686
1992 45944 24136 70080 570766
1993 50180 25226 75406 646172
1994 53275 27406 80681 726853
1995 56697 28496 85193 812046
1996 59629 30053 89682 901728
1997 62399 31455 93854 995582
1998 65983 32545 98528 1094110
1999 67776 34569 102345 1196455
2000 71034 34880 105914 1302369
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Table 6.7. UF6 Consumption (With Recycle) - HIGH Case
Quantity - MIU
Year PWR BWR PWR BWR PWR BWR Annual Cumm.
e uo Uo SGR SGR Pu0, PuO, | Total Total
2 2 2 2

1976 - - - - - - - -
1977 7331 2803 - - -~ - 10134 10134
1978 8309 2803 - - - - 11112 21246
1979 8798 4049 - - - - 12847 34093
1980 10590 4983 - - - - 15573 49666
1981 10264 6073 - - - - 16337 66003
1982 17270 10433 - - - - 27703 93706
1983 18084 10122 - - - - 28206 121912
1984 16292 11834 1927 - - - 30053 151965
1985 14663 11834 3853 - - - 30350 182315
1986 16618 14637 3853 - - - 35108 217423
1987 18899 16039 3853 - - - 38791 256214
1988 19062 16817 5852 - - - 41731 297945
1989 14174 17440 9776 - - - 41390 339335
1990 12708 16039 11489 1859 - - 42095 381430
1991 13360 13236 12988 3855 - - 43439 424869
1992 13197 10433 14344 6058 - - 44032 468901
1993 14011 10744 15842 6402 - - 46999 515900
1994 13843 13703 17269 6058 - - 50878 566778
1995 13685 17907 18839 4681 - - 55112 | 621890
1996 13197 16662 20338 5920 - - 56117 678007
1997 12545 20866 21836 4681 - - 59928 737935
1998 12871 20866 23264 5163 - - 62164 800099
1999 11567 21800 24620 5645 - - 63632 863731
2000 11567 24759 26047 4475 - - 66848 930579




120-

110-

1004

80+

M1U (lej)

No Recycle

With Recycle

'77

'78

'79

'80

'8l '82

'83 '84 '85 '86

Figure 6.5.

UF

6

'87 '88 '89 '90 '91 '92 '93

Year

Consumption - HIGH Case

'94

'95

'96 '97 '98 '99

'00

101



102

fuel fabrication plant.

Finally, the total monetary expenditure required in producing the
‘nels for the no recycle case is $450.26 billion (Table A.40). The re-
«vcie option offers only a 6 percent reduction in the overall cost of
the nuclear fnels (Table A.41 and Figure A.21). Results also indicate

that no reactors are found to be operating as plutonium burners.



7. CONCLUSIONS

It is concluded that the scheduling of reactor fuel (UO2 and MOX)
can be modeled by linear programming. The formulation of the MOX fuel
blending model and the reactor mix model specifically lead to solutions
yielding optimal use of MOX fueled reactors, restricted by the availabil-
ity of plutonium and the ability to produce MOX fuel (i.e. spent fuel
generation, reprocessing, and MOX fuel fabrication).

Conclusions from the MOX fuel blending model indicate that gaseous
diffusion tails and natural uranium are preferable to spent uranium and
enriched natural uranium in the production of MOX fuel. However, as the
availability of natural uranium is restricted, spent uranium exhibits a
preference to enriched natural uranium in the blending process. The use
of spent uranium leads to a small increase in the overall cost of the
MOX fuel. 1If the spent uranium is further enriched, not only does the
MOX fuel cost increase, but the requirements for enrichment services
also increase.

From the analyses performed, the conclusions reached by this study
is that the recycling of spent uranium and plutonium into the LWR fuel
cycle (via self-generating reactors) is the optimal policy for conserv-
ing the natural uranium resources. This policy prevails only with the
existence of plutonium and spent uranium recycle. However, controversies
over reprocessing and plutonium diversion have forced the suspension of
reprocessing. Thus, the absence of recycling places a higher demand on
the natural uranium resources and SWU availability. The policy determined

will help in specifying the types of fuel each reactor should utilize
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each year upon the re-initiation of reprocessing and the recycling of
uranium and plutonium.

Also to be concluded from this study is that MOX fuel fabrication
and, at times, reprocessing capacities are the areas of greatest solution
sensitivity. From the analyses performed, it is found that increasing
the MOX fuel fabrication capacity results in a more efficient use of MOX
fueled reactors. At this point, it is found that reprocessing begins to
restrict the introduction of these reactors. From this, it can be con-
cluded that by properly scheduling reprocessing and MOX fuel fabrication
capacities, a significant savings in natural uranium resources and SWU
can result. Not only the scheduling of these capacities, but the amount
of the capacity scheduled is crucial for the effective use of MOX fueled
reactors. As seen in Figure 6.3, if MOX fuel fabrication is increased,
additional savings of natural uranium can be incurred. Therefore, it can
be concluded that the reprocessing and MOX fuel fabrication capacities
as projected by ERDA(IA) are low when considered in conjunction with
projected nuclear demand and the optimal reactor mix to minimize uranium
consumption. Intense consideration must be given in determining these
two capacity schedules. The other components of the nuclear industry
have demonstrated ample capacity in order to mcet required reactor demands.

The purchase of SWU is another parameter effected by recycle. From
the analyses performed, it is inconclusive whether or not sufficient
enrichment capability will exist for the domestic nuclear reactor pro-
gram. This is due to an undefined foreign demand for U.S. enrichment
services. In view of the U.S. government stance on restricting enrich-

ment technology from foreign countries and the progressive growth of
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nuclear power outside the U.S., an even greater demand for U.S. enrichment
services will be required. From this it can be concluded that SWU avail-
ability is also a decisive factor when considering the possibility of
spent uranium and plutonium recycle.

As reported at the 1976 Atlantic Council(S), a 21 percent savings
in the cummulative demand for natural uranium and a 12 percent savings
in the cummulative demand for SWU is obtained if plutonium and spent
uranium are recycled. This compares favorably with the 29 to 34 percent
savings in natural uranium and the 12 to 14 percent savings in SWU ob-
tained in this study. Also reported by the Atlantic Council is that the
cummulative demand for natural uranium will probably exceed the uranium

(5)

resource by the mid-1990s. This further substantiates the need to
recycle plutonium and spent uranium in order to conserve the natural

uranium resources.



8. SUMMARY AND RECOMMENDATIONS

The models developed constitute worthwhile tools for evaluating the
efficiency of the use of MOX fueled reactors. In light of the present
controversy over spent nuclear fuel reprocessing and plutonium diversion,
the models developed should be utilized to analyze the importance of
closing the nuclear fuel cycle by allowing spent nuclear fuel to be
recycled. 1In view of the importance of the conclusions of this study,
several areas of additional work have been identified. These areas
could result in a more realistic treatment of the reactor mix model, and
more importantly the use of MOX fueled reactors.

An important extension of this work would involve allowing each
decision variable to represent reactors that are operating, under con-
struction, or planned, coupled with actual reprocessing and fuel fab-
rication capacity projections. By representing actual reactors, specific
fuel characteristics can be utilized, thus resulting in a more realistic
solution.

Another important extension of this work would involve the assumption

of a definite PuO, burner reactor growth schedule in order to study the

2
effect on various components of the nuclear industry (i.e. reprocessing
and MOX fuel fabrication).

Finally, in view of the cessation of the fast breeder reactor
program, the model should be modified to allow for the introduction of
the fast breeder reactor in order to study the effects on spent nuclear

fuel and the growth of the light water reacto: industry.

Specifically, as a result of this study, it is recommended that
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spent uranium and plutonium be utilized in self-generating reactors, and
that this strategy be adopted as a policy for minimizing the consumption

of the natural uranium resource.
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Appendix A

This section contains results of implementing the reactor mix
model on the IBM-370 computer system. These graphic and tabular results
represent the optimal fuel loading schedules for UO2 and MOX fuels as

established for each of the three reactor growth scenarios examined.

Discussion of these results is found in Chapter 6.2,
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Table A.1.

Reactor Fuel Schedule - LOW Case
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Quantity - Number of Operating Reactors

Year PWR BWR PWR BWR PWR BWR
UO2 UO2 SGR SGR PuO Pu0
1976 - - - - - -
1977 30 17 - - - -
1978 35 17 - - - -
1979 40 19 - - - -
1980 45 21 - - - -
1981 53 26 - - - -
1982 59 30 - - - -
1983 68 36 - - - -
1984 49 40 27 - - -
1985 36 46 54 - - -
1986 51 56 54 - - -
1987 64 63 54 - - -
1988 47 67 84 - - -
1989 24 56 118 16 - -
1990 24 22 129 55 - -
1991 23 16 142 67 - -
1992 26 32 153 58 - -
1993 28 25 165 71 - -
1994 27 103 179 - - -
1995 28 22 193 89 - -
1996 28 13 206 103 - -
1997 22 12 221 110 - -
1998 18 12 234 114 - -
1999 17 109 243 21 - -
2000 15 11 252 122 - -
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Table A.2. MOX Fuel Fabrication - LOW Case

Quantity - MTHM

Vear PWR BWR PWR BWR PWR BWR Annual Cumm.
vo Uo SGR SGR PuO PuO Total Total
2 2 2 2
1976 - - - - - - - -
1977 - - - - - - - -
1978 - - - - - - - -
1979 - - - - - - - -
1980 - - - - - - - -
1981 - - - - - - - -
1982 - - - - - - - -
1983 - - - - - - - -
1984 - - 172 - - - 172 172
1985 - - 344 - - - 344 516
1986 - - 344 - ~ - 344 860
1987 - - 344 - - - 344 1204
1988 - - 535 - - - 535 1739
1989 - - 751 117 - - 868 2607
1990 - - 821 403 - - 1224 3831
1991 - - 904 491 - - 1395 5226
1992 - - 974 425 - - 1399 6625
1993 - - 1050 520 - - 1570 8195
1994 - - 1139 - - - i 1139 9334
1995 - ~ 1228 652 - - 1880 11214
1996 - - 1311 754 - - 2065 13279
1997 - - 1407 806 - - 2213 15492
1998 - - 1489 835 - - 2324 17816
1999 - - 1547 154 - - 1701 19517
2000 - - 1604 894 - - 2498 22015
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Table A.3. Reprocessing - LOW Case
Quantity - MTHM
¥ PWR BWR PWR BWR PWR BWR Annual Cumm.
car | vo Uo SGR  SGR  Pu0, Pu0, | Total | Total
2 2 2 2

1976 - - - - - - - -
1977 - - - - - - - -
1978 - - - - - - - -
1979 - - - - - - - -
1980 - - - - - - - -
1981 - - - - - - - -
1982 - - - - - - - -
1983 - - - - - - - -
1984 ~ - 663 - - - 663 663
1985 - - 1325 - - - 1325 1988
1986 - - 1325 - - - 1325 3313
1987 - - 1325 - - - 1325 4638
1988 - - 2062 - - - 2062 6700
1989 - - 2896 455 - - 3351 10051
1990 - - 3166 1564 - - 4730 14781
1991 - - 3485 1905 - - 5390 20171
1992 - - 3755 1649 - - 5404 25575
1993 - - 4049 2019 - - 6068 31643
1994 - - 4393 - - - 4393 36036
1995 - - 4737 2531 - - 7268 43304
1996 - - 5056 2929 - - 7985 51289
1997 - - 5424 3128 - - 8552 59841
1998 - - 5743 3242 - - 8985 68826
1999 - - 5964 597 - - 6561 75387
2000 - - 6185 3469 - - 9564 85041
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Table A.4. Enrichment Services (No Recycle) - LOW Case
Quantity - Million SWU
Yvar PWR BWR Annual Cumm.
¢ UO2 UO2 Total Total
1976 - - - -
1977 4.29 1.61 5.90 5.90
1978 4.82 1.61 6.43 12.33
1979 5.36 2.36 7.72 20.05
1980 5.89 2.55 8.44 28.49
1981 7.39 3.87 11.26 39.75
1982 7.61 3.97 11.58 51.33
1983 9.21 5.10 14.31 65.64
1984 9.86 4.91 14.77 80.41
1985 12.64 6.05 18.69 99.10
1986 14.46 8.13 22.59 121.69
1987 15.43 7.94 23.37 145.06
1988 16.18 7.47 23.65 168.71
1989 18.00 8.22 26.22 194.93
1990 18.75 8.69 27.44 222.37
1991 20.25 9.55 29.80 252.17
1992 22.18 10.49 32.67 284,84
1993 23.68 10.77 34.45 319.29
1994 24,86 11.72 36.58 355.87
1995 26.89 12.76 39.65 395.52
1996 27.86 12.38 40.24 435.76
1997 27.96 13.23 41.19 476.95
1998 28.93 13.04 41.97 518.92
1999 29.57 13.42 42.99 561.91
2000 30.11 13.42 43.53 605.44
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Table A.5. Enrichment Services (With Recycle) - LOW Case
Quantity - Million SWU
v PWR BWR PWR BWR PWR BWR Amnual Cumm.
R ) Uo SGR SGR  Pu0, Pu0, |Total Total
2 2 2 2
1976 - - - - - - - -
1977 4.29 1.61 - - - - 5.90 5.90
1978 4.82 1.61 - - - - 6.43 12.33
1979 5.36 2.36 - - - - 7.72 20.05
1980 5.89 2.55 - - - - 8.44 28.49
1981 7.39 3.87 - - - - 11.26 39.75
1982 7.61 3.97 - - - - 11.58 51.33
1983 9.21 5.10 - - - - 14.31 65.64
1984 6.96 4.91 2.22 - - - 14.09 79.73
1985 6.86 6.05 4,43 - - - 17.34 97.07
1986 8.68 8.13 4.43 - - - 21.24 118.31
1987 9.64 7.94 4,43 - - - 22.01 140. 32
1988 7.39 7.47 6.90 - - - 21.76 162.08
1989 5.36 6.71 9.69 1.10 - - 22.86 184 .94
1990 4,93 3.50 10.59 3.79 - - 22.81 207.75
1991 5.04 3.21 11.66 4.61 - - 24,52 232.27
1992 5.79 5.01 12.56 3.99 - - 27.35 259.62
1993 6.00 4.06 13.55 4,89 - - 28.50 288.12
1994 5.68 11.72 14.70 - - - | 32.10 320.22
|

1995 6.21 4.35 15. 84 6.13 - - 32.53 352.75
1996 5.79 2.65 16.91 7.09 - - 32.44 385.19
1997 4.29 2.84 18.14 7.57 - - 32.84 418.03
1998 3.86 2.27 19.21 7.85 - - 33.19 451.22
1999 3.54 1.44 19.95 1.45 - - 36.38 | 487.60
2000 3.11 1.89 20.69 8.40 - - 34.09 521.69
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Fuel Fabrication (With Pecycle) - LOW Case

2
Quantity - MTU

Year PWR BWR PWR BWR PWR BWR | Annual Cumm.

Uo Uo SGR SGR Pu0 Pu0, { Total Total

2 2 2 2

1976 - - - - - - - ~
1977 1018 498 - - - - 1516 1516
1978 1146 498 - - - - 1644 3160
1979 1273 733 - - - - 2006 5166
1980 1400 791 - - - - 2191 7357
1981 1757 1201 - - - - 2958 10315
1982 1808 1231- - - - - 3039 13354
1983 2190 1582 - - - - 3772 17126
1984 1655 1524 516 - - - 3695 20821
1985 1629 1875 10371 - - - 4535 25356
1986 2062 2520 1031 - - - 5613 30969
1987 2291 2461 1031 - - - 5783 36752
1988 1757 2315 1604 - - - 5676 42428
1989 1273 2080 2253 352 - - 5958 - 48386
1990 1171 1084 2463 1209 - - 5927 54313
1991 1197 996 2711 1472 - - 6376 60689
1992 1375 1553 2922 1275 - - 7125 67814
1993 1426 1260 3151 1560 - - 7397 75211
1994 1349 3633 3418 - - - 8400 83611
1995 1477 1348 3685 1956 - - 8466 92077
1996 1375 820 3934 2263 - - 8392 100469
1997 1018 879 4220 2417 - - 8534 109003
1998 917 703 4468 2505 - - 8593 117596
1999 840 3545 4640 461 - - 9486 127082
2000 738 586 4812 2681 - - 8817 135899




128

Table A.7. UO2 Fuel Febrication (No Recycle) - LOW Case
Quantity - MTIU
Year PWR BWR Annual Cumm.
UO2 UO2 Total Total

1976 - - - -
1977 1018 498 1516 1516
1978 1146 498 1644 3160
1979 1273 733 2006 . 3166
1980 1400 791 2191 7357
1981 1757 1201 2958 10315
1982 1808 1231 3039 13354
1983 2190 1582 3772 17126
1984 2342 1524 3866 20992
1985 3004 1875 4879 25871
1986 3437 2520 5957 31828
1987 3666 2461 6127 37955
1988 3844 2315 6159 44114
1989 4277 2549 6826 50940
1990 4456 2696 7152 58092
1991 4812 2959 7771 65863
1992 5270 3252 8522 74385
1993 5627 3340 8967 83352
1994 5907 3633 9540 92892
1995 6390 3956 10346 103238
1996 6620 3838 10458 113696
1997 6645 4102 10747 124443
1998 6874 4043 10917 135360
1999 7027 4161 11188 146548
2000 7154 4161 11315 157863
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Table A.8. Fuel Cost (No Recycle) - LOW Case

Quantity ~ Billions of Dollars

Year PWR BWR Annual Cumm.
UO2 UO2 Total Total
1976 - - - -
1977 0.88 0.36 1.24 1.24
1978 1.05 0.39 1.44° 2.68
1979 1.25 0.60 1.85 4.53
1980 1.47 0.69 2.16 6.69
1981 1.97 1.11 3.08 9.77
1982 2.22 1.25 3.47 13.24
1983 2.92 1.74 4,66 17.90
1984 3.33 1.78 5.11 23.01
1985 4.53 2.32 6.85 29.86
1986 5.38 3.24 8.62 38.48
1987 5.88 3.24 9.12 47.60
1988 : 6.48 3.21 9.69 - 57.29
1989 7.62 3.74 11.36 68.65
1990 8.45 4.21 12.66 81.31
1991 9.87 5.00 14.87 96.18
1992 11.68 5.95 17.63 113.81
1993 13.29 6.51 19.80 133.61
1994 | 14,59 7.41 22.00 155.61
1995 16.31 8.34 24,65 180.26
1996 17.47 8.37 25.84 206.10
1997 18.10 9,22 27.32 233.42
1998 19.31 9.38 28.69 262.11
1999 20.48 10.02 30.50 292.61
2000 21.54 10.35 31.89 324,50
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Table A.9. Fuel Cost (With Recycle) - LOW Case

Quantity- Billions of Dollars

Year | PWR  BWR PWR BWR  PWR  BWR |Annual | Cumm.
vo, o, SGR SGR  Pu0, Pu0, |Total Total
1976 - - - - - - - -
1977 | 0.88  0.36 - - - - 1.24 1.24
1978 | 1.05  0.39 - - - - 1.44 2.68
1979 | 1.25  0.60 - - - - 1.85 4.53
1980 | 1.47  0.69 - - - - 2.16 6.69
1981 | 1.97  1.12 - - - - 3.09 9.78
1982 | 2.22  1.25 - - - - 3.47 | 13.25
1983 | 2.92  1.74 - - - - 4.66 | 17.91
1984 | 2.35  1.78  0.86 - - - 4.99 | 22.90
1985 | 2.46  2.32  1.84 - - - 6.62 | 29.52
1986 | 3.23  3.24  1.91 - - - 8.38 | 37.90
1987 | 3.67  3.24  1.95 - - - 8.86 | 46.76
1988 | 2.96  3.21  3.19 - - - 9.36 | 56.12
1989 | 2.27  3.05  4.73  0.62 - - 10.67 | 66.79
1990 | 2.22  1.69  5.49 2.2 - - 11.66 | 78.45
1991 | 2.45  1.68  6.52  2.97 - - 13.62 | 92.07
1992 | 3.05  2.84 7.58  2.78 - - 16.25 | 108.32
1993 | 3.37  2.45  8.70  3.62 - - 18.14 | 126.46
1994 | 3.33  7.41  9.86 - - - 20.60 | 147.06
1995 | 3.77  2.84 10.99  4.90 - - 22.50 | 169.56
1996 | 3.63  1.79 12.12  5.87 - - 23.41 | 192.97
1997 | 2.77  1.98 13.41  6.46 - - 24.62 | 217.59
1998 | 2.57  1.63 14.64  6.91 - - 25.75 | 243.34
1999 | 2.45  8.54 15.77  1.32 - - 28.08 | 271.42
2000 | 2.22  1.46 16.88  7.91 - - 28.47 | 299.89
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UF, Consumption (450% MOX Fuel Fabrication Capacity)

6
LOW Case
Quantity - MTU

Year PWR BWR PWR BWR PWR BWR Annual Cumm.

UO2 UO2 SGR SGR PuO2 Pul Total Total
1976 - - - - - - - -
1977 6517 2647 - - - - 9164 9164
1978 7331 2647 - - - - 9978 19142
1979 8146 3893 - - - - 12039 31181
1980 8961 4204 - - - - 13165 44346
1981 11242 6384 - - - - 17626 61972
1982 11567 6540 - - - - 18107 80079
1983 14011 8409 - - - - 22420 ] 102499
1984 8309 8097 2926 - - - 19332 | 121831
1985 8146 9966 4853 - - - 22965 | 144796
1986 9612 13392 5423 - - - 28427 | 173223
1987 13197 13080 - 4496 - - - 30773 | 203996
1988 10753 12302 6066 - - - 29121 [ 233117
1989 8146 13547 8421 - - - 30114 | 263231
1990 7494 5450 9206 3924 - - 26074 | 289305
1991 7657 4827 10133 4819 - - 27436 | 316741
1992 8798 5294 10918 5301 - - 30311 | 347052
1993 9124 5761 11775 5714 - - 32374 | 379426
1994 86 35 4827 12774 6196 - - 32432 | 411858
1995 9449 6073 13773 6609 - - 35904 | 447762
1996 8798 4360 14700 7091 - - 34949 | 482711
1997 6517 4516 15771 7641 - - - 34445 [ 517156
1998 5865 3426 16698 7986 - - 33975} 551131
1999 5376 5450 17341 6540 - - 34707 | 585838
2000 4725 3114 17983 8399 - - 34221 | 620059
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Table A.11. Reactor Fuel Schedule (+30% MO0X Fuel Fabrication Capacity)
LOW Case

Quantity - Number of Operating Reactors

Year PWR BWR PWR BWR PWR BWR
UO2 UO2 SGR SGR PuO2 PuO2
1976 - - - - - -
1977 30 17 - - - -
1978 35 17 - - - -
1979 40 19 - - - -
1980 45 21 - - - -
1981 53 26 - - - -
1982 59 30 - - - -
1983 68 36 - - - -
1984 35 40 41 - - -
1985 22 46 68 - - -
1986 29 56 76 - - -
1987 55 63 63 - - -
1988 44 67 85 - - -
1989 24 72 118 - - -
1990 24 20 129 57 - -
1991 23 13 142 70 - -
1992 26 13 153 77 - -
1993 28 13 165 83 - -
1994 27 13 179 90 - -
1995 28 15 193 96 - -
1996 28 13 206 103 - -
1997 22 11 221 111 - -
1998 18 10 234 116 - -
1999 17 35 243 95 - -
2000 15 11 252 122 - -
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Table A.12. MOX Fuel Fabrication (+50% MOX Fuel Fabrication Capacity)
LOW Case

Quantity - MTHM

Yoar PWR BWR PWR BWR PWR BWR Annual | Cumm.
Uo Uo SGR SGR PuO Pu0 Total Total
2 2 2 2
1976 - - - - - - - -
1977 - - - - - - - -
1978 - - - - - - - -
1979 - - - - - - - -
1980 - - - - - - - -
1981 - - - - - - - -
1982 - - - - - - - -
1983 - - - - - - - -
1984 - - - 261 - - - 261 261
1985 - - 433 - - - 433 694
1986 - - 484 - - - 484 1178
1987 - - 401 - - - 401 1579
1988 - - 541 - - - 541 2120
1989 - - 751 - - - 751 2871
1990 - - 821 418 - - 1239 4110
1991 - - 904 513 - - | 1417 5527
1992 - - 974 564 - - 1538 7065
1993 - - 1050 608 - - 1658 8723
1994 - - 1139 659 - - 1798 10521
1995 - - 1228 703 - - 1931 12452
1996 - - 1311 754 - - 2065 14517
1997 - - 1407 813 - - 2220 16737
1998 - - 1489 850 - - 2339 19076
1999 - - 1547 696 - - 2243 21319
2000 - - 1604 894 - - 2498 23817
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Table A.13. Reprocessing (+50% MOX Fuel Fabrication Capacity)
LOW Case
Quantity - MTHM

v BWR Annual Cumm.
ear SGR Total | Total
1976 - - -
1977 - - -
1978 - - -
1979 - - -
1980 - - -
1981 - - -
1982 - - -
1983 - - -
1984 - 1006 1006
1985 - 1669 2675
1986 - 1865 4540
1987 - 1546 6086
1988 - 2086 8172
1989 - 2896 11068
1990 1621 4787 15855
1991 1991 5476 21331
1992 - 2190 5945 27276
1993 2360 6409 33685
1994 2559 6952 40637
1995 2730 7467 48104
1996 2929 7985 56089
1997 3157 8581 64670
1998 3299 9042 73712
1999 2702 8666 82378
2000 3469 9654 92032
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Table A.l4. Enrichment Services (+50% MOX Fuel Fabrication Capacity)
LOW Case

Quantity - Million SWU

Year PWR- BWR PWR BWR PWR BWR | Annual Cumm.
uo uo SGR SGR Pu0 Pu0, | Total | Total
2 2 2 2
1976 - - - - - - - -
1977 | 4.29 1.61 - - - - 5.90 5.90
1978 | 4.82 1.61 - - - - 6.43 12.33
1979 5.36 2.36 - - - - 7.72 20.05
1980 | 5.89 2.55 - - - - 8.44 28.49
1981 7.39 3.88 - - - - 11.27 39.76
1982 7.61 3.97 - - - - 11.58 51.34
1983 | 9.21 5.11 - - - - 14.32 65.66
1984 5.46 4.91 3.37 - - - 13.74 79.40
1985 5.36 6.05 5.58 - - - 16.99 96.39
1986 6.32 8.13 6.24 - - - 20.69 117.08
1987 8.68 7.94 5.17 - - - 21.79 138.87
1988 7.07 7.47 6.98 - - - 21.52 160. 39
1989 5.36 8.22 9.69 - - - 23.27 183.66
1990 4.93 3.31 10.60 3.92 - - 22.76 206.42
1991 5.04 2.93 11.66 4.82 - - 24.45 230.87
1992 5.79 3.21 12.56 5.30 - - 26.86 257.73
1993 | 6.00 2.93 13.55 5.71 - - 28.19 285.92
1994 5.68 3.21 14.70 6.20 - - 29.79 315.71
1995 | 6.21 3.69 15.84 6.61 - - 32.35 348.06
1996 5.79 2.65 16.91 7.09 - - 32.44 380.50
1997 | 4.29 2.74 18.14 7.64 - - 32.81 4:3.31
1998 3.86 2.08 19.21 7.99 - - 33.14 | 446.45
1999 3.54 4.44 19.95 6.54 - - 34.47 | 480.92
2000 3.11 1.89 20.69 8.40 - - 34.09 515.01
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Table A.15. UO2 Fuel Fabrication (+50% MOX Fuel Fabrication Capacity)

LOW Case

Quantity - MTU

Year | PWR BWR PWR BWR PWR BWR Apnual | Cumm.
uo Uo SGR SGR PuO Pu0 Total Total
2 2 2 2
1976 - - - - - - - -
1977 | 1018 498 - - - - 1516 1516
1978 | 1146 498 - - - - 1644 3160
1979 1273 733 - - - - 2006 5166
1980 1400 791 - - . - - 2191 7357
1981 1757 1201 - - - - 2958 10315
1982 1808 1231 - - - - 3039 13354
1983 { 2190 1582 - - - - 3772 17126
1984 1299 1524 783 - - - 3606 20732
1985 1273 1875 1298 - - - 4446 25178
1986 1502 2520 1451 - - - 5473 30651
1987 | 2062 2461 1203 - - - 5726 36377
1988 { 1680 2315 1623 - - - 5618 41995
1989 1273 2549 2253 - - - 6075 48070
1990 1171 1026 2463 1253 - - 5913 53983
1991 | 1197 908 2711 1538 - . - 6354 60337
1992 1375 996 2922 1692 - - . 6985 67322
1993 | 1426 908 3151 - 1824 - - 7309 74631
1994 1349 996 3418 1978 - - 7741 82372
1995 1477 1143 3685 2110 - - 8415 90787
1996 1375 820 3934 2263 - - 8392 99179
1997 1018 850 . 4220 2439 - - 8527 | 107706
1998 917 645 4468 2549 - - 8579 116285
1999 840 1377 4640 2088 - - 8945 | 125230
2000 738 586 ~ 4812 2681 - - 8817 | 134047
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Fuel Cost (+50% MOX Fuel Fabrication Capacity)

LOW Case

Quantity - Billions of Dollars

Year | EWR  BWR PWR BWR PWR  BWR |Annual | Cumm.
U0 U0 SGR SGR  Pu0, PuO, |Total Total
2 2 2 2
1976 - - - - - - - -
1977 | 0.88  0.36 - - - - 1.24 1.24
1978 | 1.05  0.39 - - - - 1.44 2.68
1979 | 1.25  0.60 - - - - 1.85 4.53
1980 | 1.47  0.69 - - - - 2.16 6.69
1981 | 1.97  1.12 - - - - 3.09 9.78
1982 | 2.22  1.25 - - - - 3.47 | 13.25
1983 | 2.92  1.74 - - - - 4.66 | 17.91
1984 | 1.8  1.78  1.31 - - - 4.93 | 22.84
1985 | 1.92  2.32 2.3l - - - 6.55 | 29.39
1986 | 2.35 -3.24  2.68 - - - 8.27 | 37.66
1987 | 3.31  3.24  2.28 - - - 8.83 | 46.49
1988 | 2.83  3.21  3.23 - - - 9.27 | 55.76
1989 | 2.27  3.74  4.73 - - - 10.74 | 66.50
1990 | 2.22  1.60  5.49  2.35 - - 11.66 | 78.16
1991 | 2.45  1.53  6.52  3.11 - - 13.61 | 91.77
1992 | 3.05 1.82  7.58  3.69 - - 16.14 | 107.91
1993 | 3.37  1.77 8.70  4.23 - - 18.07 | 125.98
1994 | 3.33  2.03 9.8  4.80 - - 20.02 | 146.00
1995 | 3.77  2.41 10.99  5.29 - - 22.46 | 168.46
1996 | 3.63  1.79 12.12 5.86 - - 23.40 | 191.86
1997.| 2.77  1.91 13.41  5.87 - - 23.96 | 215.82
1998 | 2.57  1.50 14.64  7.03 - - 25.74 | 241.56
1999 | 2.45  3.03 15.77  5.97 - - 27.22 | 268.78
2000 | 2.22  1.46 16.88  7.91 - - 28.47 | 297.25




Table A.17.
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Quantity - Number of Operating Reactors

Year PWR BWR PWR BWR PWR BWR
UO2 UO2 SGR SGR PuO2 PuO
1976 - - - - - -
1977 33 18 - - - -
1978 39 18 - - - -
1979 43 19 - - - -
1980 48 22 - - - -
1981 54 26 - - - -
1982 66 34 - - - -
1983 77 40 - - - -
1984 51 47 27 - - -
1985 51 53 52 - - -
1986 69 62 48 - - -
1987 70 70 61 - - -
1988 60 76 86 - - -
1989 32 77 131 5 - -
1990 32 50 146 40 - -
1991 32 25 163 73 - -
1992 35 17 178 90 - -
1993 35 17 195 98 - -
1994 35 17 213 107 - -
1995 36 18 230 115 - -
1996 35 134 248 7 - -
1997 32 62 266 87 - -
1998 29 33 283 123 - -
1999 27 14 298 149 - -
2000 26 106 312 63 - -
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Table A.18. MOX Fuel Fabrication - MID Case

Quantity - MTHM

Year PWR BWR PWR BWR PWR BWR | Annual Cumm.
uo go SGR SGR Pu0 Pu0 Total Total
2 2 2 2
1976 - - - - - - - -
1977 - - o= - - - - -
1978 - - - - - - - -
1979 - - - - - - - -
1980 - - - - - - - -
1981 - - - - - - - -
1982 - - - - - - - -
1983 - - - - - - - -
1984 - - 172 - - - 172 172
1985 - - 331 - - - 331 503
1986 - - 306 - - - 306 809
1987 - - 388 - - - 388 1197
1988 - - 547 - - - 547 1744
1989 - - 834 36 - - 870 2614
1990 - - 929 293 - - 1222 3836
1991 - - 1037 535 - - 1572 5408
1992 - - 1133 659 - - 1792 7200
1993 - - 1241 718 - - 1959 9159
11994 - - 1356 784 - - 2140 11299
1995 - - 1464 842 - - 2306 13605
1996 - - 1579 51 - - 1630 15235
1997 - - 1693 637 - - 2330 17565
1998 - - 1801 901 - - 2702 20267
1999 - - 1897 1091 - - 2988 23255
2000 - - 1986 461 - - {1 2447 ~ 25702
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Table A.19.
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Reprocessing -~ MID Case

Quantity - MTHM

Year | P¥R BWR  PWR  BWR  PWR  BWR | Ammual | Cumm.
vo, U0, SGR SGR  Pu0, Pu0,|Total | Total
1976 - - - - - - - -
1977 - - - - - - - -
1978 - - - - - - - -
1979 - - - - - - - -
1980 - - - - - - - -
1981 - - - - - - - -
1982 - - - - - - - -
1983 - - - - - - - -
1984 - - 663 - - - 663 663
1985 - - 1276 - - - 1276 1939
1986 - - 1178 - - - 1178 3117
1987 - - 1497 - - - 1497 4614
1988 - - 2111 - - - 2111 6725
1989 - - 3215 142 - - 3357 | 10082
1990 - - 3583 1137 - - 4720 | 14802
1991 - - 4000 2076 - - 6076 | 20878
1992 - - 4368 2559 - - 6927 | 27805
1993 - - 4786 2787 - - 7573 | 35378
1994 - - 5227 3043 - - 8270 | 43648
1995 - - 5645 3270 - - 8915 | 52563
1996 - - 6086 199 - - 6285 | 58848
1997 - - 6528 2474 - - 9002 | 67850
1998 - - 6945 3498 - - | 10443 | 78293
1999 - - 7314 4237 - - {11551 | 89844
2000 - - 7657 1792 - - 9449 | 99293
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Table A.20. Enrichment Services (No Recycle) - MID Case
Quantity - Million SWU
Year PWR BWR Annual Cumm.
UO2 UO2 Total Total
1976 - - - -
1977 5.04 1.98 7.02 7.02
1978 5.46 1.70 7.16 14.18
1979 5.46 2.08 7.54 21.72
1980 6.21 2.93 9.14 30.86
1981 7.07 3.59 10.66 41.52
1982 9.64 5.48 15.12 56.64
1983 10.61 5.48 16.09 72.73
1984 11.79 6.43 18.22 90.95
1985 14.25 6.71 20.96 111.91
1986 15.54 8.41 23.95 135.86
1987 17.04 8.88 25.92 161.78
1988 18.86 8.88 27.74 189.52
1989 21.11 9.45 30.56 220.08
1990 22,29 10.96 33.25 253.33
1991 24,54 11.72 36.26 289.59
1992 26.68 12.85 39.53 329.12
1993 28.28 13.14 41.42 370.54
1994 30.43 14.27 44.70 415.24
1995 32.36 15.12 47.48 462.72
1996 33.96 15.59 49.55 512.27
1997 35.14 16.34 51.48 563.75
1998 36.43 16.73 53.16 616.91
1999 37.61 17.39 55.00 671.91
2000 39.00 17.62 56.62 728.53
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Table A.21. Enrichment Services (With Recycle) - MID Case
Quancity - Million SWU
Year PWR BWR PWR BWR PWR BWR Annual Cumm.
UO,) UO2 SGR SGR PuO2 Pqu Total Total

1976 - - - - - - - -
1977 5.04 1.98 - - - - 7.02 7.02
1978 5.46 1.70 - - - - 7.16 14.18
1979 5.46 2.08 - - - - 7.54 21.72
1980 6.21 2.93 - - - - 9.14 30.86
1981 7.07 3.59 - - - - 10.66 41.52
1982 9.64 5.48 - - - - 15.12 56.64
1983 10.61 5.48 - - - - 16.09 72.73
1984 7.82 6.43 2.22 - - - 16.47 89.20
1985 8.68 6.71 4.27 - - - 19.66 108.86
1986 10.39 8.41 3.94 - - - 22.74 131.60
1987 10.50 8.88 5.01 - - - 24.39 155.99
1988 9.64 8.88 7.06 - - - 25.58 181.57
1989 7.07 8.98 10.75 0.34 - - 27.14 208.71
1990 6.64 6.99 11.99 2.75 - - 28.37 237.08
1991 7.07 4.63 13.38 5.03 - - 30.11 267.19
1992 7.18 4.16 14.61 6.20 - - 32.15 299. 34
1993 6.96 3.87 16.01 6.75 - - 33.59 332.88
1994 7.18 4,16 17.49 7.37 - - 36.20 369.08
1995 7.29 4.25 18.88 7.92 - - 38.34 407.42
1996 6.96 14.93 20.36 0.48 - - 42.73 450.15
1997 6.64 8.13 21.84 5.99 - - 42.60 492,75
1998 6.11 5.10 23.23 8.47 - - 42.91 535.66
1999 5.68 3.31 24.47 10.26 - - 43.72 579.38
2000 5.57 11.72 25.61 4.34 - - 47.24 626.62
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Table A.22.
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UO. Fuel Fabrication (With Recycle) - MID Case

2
Quantity - MTU
Year PWR BWR PWR BWR PWR  BWR | Annual | Cumm.
ea Uo 14(0) SGR SGR  PuO Pu0 Total Total
2 2 2 2

1976 - - - - - - - -
1977 1197 615 - - - - 1812 1812
1978 1298 527 - - - - 1825 3637
1979 1298 645 - - - - 1943 5580
1980 1477 908 - - - - 2385 7965
1981 1680 1113 - - - - 2793 10758
1982 2291 1699 - - - - 3990 14748
1983 2521 1699 - - - - 4220 18968
1984 1859 2285 516 - - - 4660 23628
1985 2062 2080 993 - - - 5135 28763
1986 2470 2608 917 - - - 5995 34758
1987 2495 2754 1165 - - - 6414 41172
1988 2291 2754 1642 - - - 6687 47859
1989 1680 2784 2501 110 - - 7075 54934
1990 1579 2168 2788 879 - - 7414 62348
1991 1680 1436 3112 1604 - - 7832 70180
1992 1808 1289 3399 1978 - - 8474 78654
1993 1757 1201 3724 2154 - - 8836 87490
1994 1808 1289 4067 2351 - - 9515 97005
1995 1833 1319 4392 2527 - - 10071 107076
1996 1757 4629 4736 154 - - 11276 118352
1997 1579 2520 5079 1912 - - 11090 129442
1998 1451 1582 5404 2703 - - 11140 140582
1999 1349 1026 5690 3274 - - 11339 151921
2000 1324 3633 5958 1384 - - 12299 164220
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Table A.23. UO2 Fuel Fabrication (No Recycle) - MID Case
Quantity - MTU
Y PWR BWR Annual Cumm.
ear Uo Uo Total Total
2 2

1976 - - - -
1977 1197 615 1812 1812
1978 1298 527 1825 3637
1979 1298 645 1943 5580
1980 1477 908 2385 7965
1981 1680 1113 2793 10758
1982 2291 1699 3990 14748
1983 2521 1699 4220 18968
1984 2801 1992 4793 23761
1985 3386 2080 5466 29227
1986 3692 2608 6300 35527
1987 4048 2754 6802 42329
1988 4481 2754 7235 49564
1989 5016 2930 7946 57510
1990 5296 3340 8636 66146
1991 5830 3575 9405 75551
1992 6340 3926 10266 85817
1993 6721 4073 10794 96611
1994 7231 4395 11626 108237
1995 7689 4659 12348 120585
1996 8071 4805 12876 133461
1997 8351 5040 13391 146852
1998 8656 5157 13813 160665
1999 8936 5362 14298 174963
2000 9267 5450 14717 189680
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Table A.24. TFuel Cost (No Recycle) - MID Case

Quantity - Billions of Dollars

Year PWR BWR Annual Cumm.
UO2 UO2 Total Total
1976 - - - -
1977 1.03 0.45 1.48 1.48
1978 1.19 0.41 1.60 3.08
1979 1.27 0.53 1.80 4.88
1980 1.55 0.80 2.35 7.23
1981 1.88 1.04 2.92 10.15
1982 2.82 1.73 4,55 14.70
1983 3.36 1.87 5.23 19.93
1984 3.98 2.33 6.31 26.24
1985 5.11 2.58 7.69 33.93
1986 5.78 3.35 9.13 43.06
1987 - 6.49 3.63 10.12 53.18
1988 - 7.56 3.82 11.38 64.56
1989 8.94 4,30 13.24 77.80
1990 10.05 5.22 15.27 93.07
1991 11.95 6.04 17.99 111.06
1992 14.05 7.18 21.23 132.29
1993 15.87 7.93 23.80 156.09
1994 17.86 9.02 26.88 182.97
1995 19.63 9.88 29.51 212.48
1996 21.30 10.54 31.84 244,32
1997 22.73 11.40 34.13 278.45
1998 24.32 12.03 36.35 314.80
1999 26.05 12.98 39.03 353.83
2000 27.90 13.63 41.53 395.36




Table A.25.
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Fuel Cecst (With Recycle) — MID Case

Quantity - Billions of Dcllars

Year PWR BWR PWR BWR PWR BWR |Annual Cumm.
Uo Uo SGR SGR Pu0 PuO Total Total
2 2 2 2
1976 - - - - - - -
1977 1.03 0.45 - - - 1.48 1.48
1978 1.19 0.41 - - - 1.60 3.08
197? 1.27 0.53 - - - 1.80 4.88
1980 1.55 0.80 - - - 2.35 7.23
1981 1.88 1.04 - - - 2.92 10.15
1982 2.82 1.73 - - - 4.55 14.70
1983 3.36 1.87 - - - 5.23 19.93
1984 2,64 2.33 0.86 - - 5.83 25.76
1985 3.11 2.58 1.77 - - 7.46 33.22
1986 3.87 3.35 1.69 - - 8.91 42.13
1987 4.00 3.63 2.20 - - 9.83 51.96
1988 3.86 3.82 3.26 - - 10.94 62.90
1989 2.99 4,08 5.25 0.19 - - 12.51 75.41
1990 2.99 3.39 6.22 1.65 - - 14.25 89.66
1991 3.45 2.43 7.49 3.24 - - 16.61 106.27
1992 4,01 2.36 8.82 4,31 - - 19.50 125.77
1993 4.15 2.34 10.28 5.00 - - 21.77 147.54
1994 4.46 2.63 11.74 5.71 - - 24.54 172.08
1995 4.68 2.78 13.09 6.34 - - 26.89 198.97
1996 4,64 10.09 14,59 0.40 - - 29.72 228.69
1997 4,30 5.67 16.14 5.11 - - 31.22 259.91
1998 4,08 3.67 17.71 7.45 - - 32.91 292.82
1999 3.93 2.27 19.34 9.36 - - 34.90 327.72
2000 3.99 8.31 20.90 4.09 - - 37.29 365.01
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Table A.26. UF6 Consumption (+50%Z MOX Fuel Fabrication Capacity)
MID Case
Quantity - MIU
Year PWR BWR PWR BWR PWR BWR | Annual Cumm.
¢ Uo Uo SGR SGR Pu0, PuO, | Total Total
2 2 2 2

1976 - - - - - - - -
1977 7657 3270 - - - - 10927 10927
1978 8309 2803 - - - - 11112 22039
1979 8309 3426 - - - - 11735 33774
1980 9449 4827 - - - - 14276 48050
1981 10753 5917 - - - - 16670 64720
1982 14663 9032 - - - - 26395 88415
1983 16129 9032 - - - - 25161 113576
1984 11242 12146 2926 - - - 26314 139890
1985 9124 11056 5495 - - - 25675 165565
1986 12382 13859 4924 - - - 31165 196730
1987 15966 14637 4353 - - - 34956 231686
1988 14826 14637 6066 - - - 35529 267215
1989 11567 15572 8991 - - - 36130 303345
1990 10101 12302 10419 2409 - - 35231 338576
1991 10753 7630 11632 3924 - - 33939 372515
1992 11567 6852 12702 6196 - - 37317 409832
1993 11242 6384 13915 6747 - - 38288 448120
1994 11567 6852 15200 7366 - - 40985 489105
1995 11730 7007 16413 7917 - - 43067 532172
1996 11242 6384 17698 8536 - - 43860 576032
1997 10753 6229 18982 9156 - - 45120 621152
1998 9287 5606 20195 9707 - - - 44795 665947
1999 8635 5450 21266 10257 - - 45608 711555
2000 8472 5450 22265 10464 - - 46641 758196
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Table A.27. Reactor Fuel Schedule (+50% MOX Fuel Fabrication Capacity)

MID Case

Quantity - Number of Operating Reactors

Year PWR BWR PWR BWR PWR BWR
UO2 UO2 SGR SGR PuO2 PuO2
1976 - - - - - -
1977 33 18 - - - -
1978 39 18 - - - -
1979 43 19 -~ - - -
1980 48 22 - - - -
1981 54 26 - - - -
1982 66 34 - - - -
1983 77 40 - - - -
1984 47 47 41 - - -
1985 26 53 77 - - -
1986 48 62 69 - - -
1987 70 70 61 - - -
1988 61 76 85 - - -
1989 37 82 126 - - -
1990 32 55 146 35 - -
1991 32 25 163 57 - -
1992 35 17 178 90 - -
1993 35 17 195 98 - -
1994 35 17 213 107 - -
1995 36 18 230 115 - -
1996 35 17 248 124 - -
1997 32 16 266 133 - -
1998 29 15 283 141 - -
1999 27 14 298 149 - -
2000 26 17 312 152 - -
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Table A.28. MOX Fuel Fabrication (+50% MOX Fuel Fabrication Capacity)
MID Case

Quantity - MTHM

Year PWR BWR PWR BWR PWR BWR Annual Cumm.
U0 Uuo SGR SGR Pu0 PuO Total Total
2 2 2 2
1976 - - - - - - - -
1977 - - - - - - - -
1978 - - - - - - - -
1979 - - - - - - - -
1980 - - - - - - - -
1981 - - - - - - - -
1982 - - - - - - - -
1983 - - - - - - - -
1984 - - 261 - - - 261 261
1985 - - 490 - - - 490 751
1986 - - 439 - - - 439 1190
1987 - - 388 - - - 388 1578
1988 - - 541 - - - 541 2119
1989 - - 802 - - - 802 2921
1990 - - 929 256 - - 1185 4106
1991 - - 1037 418 - - 1455 5561
1992 - - 1133 659 - - 1792 7353
1993 - - 1241 718 - - 1959 9312
1994 - - 1356 784 - - 2140 | 11452
1995 - - 1464 842 - - 2306 | 13758
1996 - - 1579 908 - - 2487 | 16245
1997 - - 1693 974 - - 2667 | 18912
1998 - - 1801 1033 - - 2834 | 21746
1999 - - 1897 1091 - - 2988 | 24734
2000 - - 1986 1113 - - 3099 | 27833
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Table A.29. Reprocessing (+50% MOX Fuel Fabrication Capacity)
MID Case’
Quantity - MTHM

Year PWR PWR BWR Annual Cumm.

a vo, SGR  SGR Total | Total
1976 - - - - -
1977 - - - - -
1978 - - - - -
1979 ~ - - - -
1980 - - - - -
1981 - - - - -
1982 - - - - -
1983 - - - - -
1984 - 1006 - 1006 1006
1985 - 1890 - 1890 2396
1986 - 1693 - 1693 4589
1987 - 1497 - 1497 6086
1988 - 2086 - 2086 8172
1989 - 3092 - 3092 11264
1990 - 3583 995 4578 15842
1991 - 4000 1621 5621 21463
1992 - 4368 2559 6927 | 28390
1993 - 4786 2787 7573 | 35963
1994 - 5227 3043 8270 | 44233
1995 - 5645 3270 8915 | 53148
1996 - 6086 3526 9612 | 62760
1997 - 6528 3782 10310 73070
1998 - 6945 4010 10955 | 84025
1999 - 7314 4237 11551 | 95576
2000 - 7657 4322 11979 (107555
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Table A.30. Enrichment Services (+50% MOX Fuel Fabrication Capacity)

MID Case

Quantity - Million SWU

r' PWR BWR PWR BWR PWR BWR Annual Cumm.
Year vo, vo, SGR SGR  Pu0, Pu0, |Total Total
1976 - - - - - - - -
1977 | 5.04  1.98 - - - - 7.02 7.02
1978 | 5.46  1.70 - - - - 7.16 14.18
1979 | 5.46  2.08 - - - - 7.54 21.72
1980 | 6.21  2.93 - - - - 9.14 30.86
1981 | 7.07  3.59 - - - - 10.66 41.52
1982 | 9.64  5.48 - - - - 15.12 56.64
1983 | 10.61  5.48 - - - - 16.09 72.73
1984 | 7.39  6.43  3.37 - - - 17.19 89.92
1985 | 6.00  6.71  6.32 - - - 19.03 | 108.95
1986 | 8.14  8.41  5.66 - - - 22.21 i 131.16
1987 | 10.50  8.88 5.0l - - - 24.39 ' 155.55
1988 | 9.75  8.88  6.98 - - - 25.61 | 181.16
1989 | 7.61  9.45 10.34 - - - 27.40 | 208.56
1990 | 6.64  7.47 11.99  2.41 - - 28.51 | 237.07
1991 | 7.07  4.63 13.38  3.92 - - 29.00 | 266.07
1992 | 7.18  4.16 1l4.61  6.20 - - 22,15 | 298.22
1993 | 6.96  3.87 16.01  6.75 - - 53.59 | 331.81
1994 | 7.18  4.16 17.49  7.37 - - 6.20 | 368.01
1995 | 7.29  4.25 18.88  7.92 - - 38.34 | 406.35
1996 | 6.96  3.87 20.36  8.54 - - 39.73 ! 446.08
1997 | 6.64  3.78 21.84  9.16 - - 41.42 | 487.50
1998 | 6.11  3.40 23.23  9.71 - - 42.45 | 529.95
1999 | 5.68  3.31 24.47 10.26 - - 43.72 | 573.67
2000 | 5.57  3.31 25.61 10.46 - - 44.96 | 618.62
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Table A.31. UO2 Fuel Fabrication (+50% MOX Fuel Fabrication Capacity)

MID Case

Quantity - MIU

PWR BWR PWR  BWR PWR  BWR | Annual | Cumm.

Year |y o SGR  SGR  Pu0. PuO, | Total | Total
2 2 2 2

1976 - - - - - - - -
1977 1197 615 - - - - 1812 1812
1978 | 1298 527 - - - - 1825 3637
1979 | 1298 645 - - - - 1943 5580
1980 | 1477 908 - - - - 2385 7965
1981 | 1680 1113 - - - - 2793 | 10758
1982 | 2291 1699 - - - - 3990 | 14748
1983 | 2521 1699 - - - - 4220 | 18968
1984 | 1757 2285 783 - - - 4825 | 23793
1985 | 1426 2080 1470 - - - 4976 | 28769
1986 | 1935 2608 1318 - - - 5861 | 34630
1987 | 2495 2754 1165 - - - 6414 | 41044
1988 | 2317 2754 1623 - - - 6694 | 47738
1989 | 1808 2930 2406 - - - 7144 | 54882
1990 | 1579 2315 2788 769 - - 7451 | 62333
1991 | 1680 1436 3112 1253 - - 7481 | 69814
1992 | 1808 1289 3399 1978 - - 8474 | 78288
1993 | 1757 1201 3724 2154 - - 8836 | 87124
1994 | 1808 1289 4067 2351 - - 9515 | 96639
1995 | 1833 1319 4392 2527 - - 10071 106710
1996 | 1757 1201 4736 2725 - - 110419 |117129
1997 | 1579 1172 5079 2923 - - 10753 127882
1998 | 1451 1055 5404 3098 - - | 11008 |138890
1999 | 1349 1026 5690 3274 - - 111339 1150229
2000 | 1324 1026 5958 3340 - - 111648 |161877
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Table A.32. TFuel Cost (+50% MOX Fuel Fabrication Capacity)
MID Case
Quantity - Billions of Dollars

Year PWR BWR PWR BWR PWR BWR Annual Cumm.

Uuo vo SGR SGR PuO PuO Total Total

2 2 2 2

1976 - - - - -
1977 1.03 0.45 - - 1.48 1.48
1978 1.19 0.41 - - 1.60 3.08
1979 1.27 0.53 - - 1.80 4,88
1980 1.55 0.80 - - 2.35 7.23
1981 1.88 1.04 - - 2.92 10.15
1982 2.82 1.73 - - 4,55 14.70
1983 3.36 1.87 - - 5.23 19.93
1934 2.49 2.33 1.31 - - 6.13 26.06
1985 2.15 2.58 2.62 - - 7.35 33.41
1986 3.03 3.35 2.43 - - 8.81 42,22
1987 4,00 3.63 2.20 - - 9.83 52.05
1988 3.91 3.82 3.23 - - 10.96 63.01
1989 3.22 4.30 5.05 - - 12.57 75.58
1990 2.99 3.62 6.22 1.44 - - 14.27 89.85
1991 3.45 2.43 7.49 2.53 - - 15.90 105.75
1992 4,01 2.36 8.32 4,31 - - 19.50 125.25
1993 4,15 2.34 10.28 5.00 - - 21.77 147.02
1994 4.46 2.63 11.74 5.71 - - 24,54 171.56
1995 1 4.68 2.78 13.09 6.34 - - 26.89 198.45
1996 4.64 2.62 14.59 7.06 - - 28.91 227.36 |
1997 4.30 2.64 16.14 7.81 - - 30.89 258,25
1998 4.08 2.45 17.71 8.54 - - 32.78 291.03
1999 3.93 2.27 19.34 9.36 - - 34.90 325.93 !
2000 3.99 2.55 20.90 9.86 - - 37.30 363.23 J




Table A.33.

Reactor Fuel Schedule - HIGH Case
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Quantity - Number of Operating Reactors

Year PWR BWR PWR BWR PWR BWR
Uo uo SGR SGR PuO PuO
2 2 2
1976 - - - - - -
1977 33 18 - - - -
1978 39 18 - ~ - -
1979 44 20 - - - -
1980 51 23 - - - -
1981 55 27 - - - -
1982 72 37 - - - -
1983 85 44 - - - -
1984 72 52 27 - - -
1985 60 58 54 - - -
1986 74 67 54 - - -
1987 88 76 54 - - -
1988 79 84 82 - - -
1989 45 91 137 - - -
1990 40 73 161 27 - -
1991 40 45 182 o6 - -
1992 41 34 201 & - -
1993 42 39 222 93 - -
1994 43 55 242 88 - -
1995 42 85 264 68 - -
1996 41 77 285 86 - -
1997 39 104 306 68 - -
1998 39 107 326 75 - -
1999 37 110 345 82 - -
2000 35 135 365 65 - -
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Table A.34. MOX Fuel Fabrication - HIGH Case

Quantity - MTHM

Year PWR BWR PWR BWR PWR BWR Annual Cumm.
Uo uo SGR SGR PuO PuO Total Total
2 2 2 2
1976 - - - - - - -~ -
1977 - - - - - - - -
1978 - - - - - - - -
1979 - - - - - - - -
1980 - - - - - - - -
1981 - - - - - - - -
1982 - - - - - - - -
1983 - - - - - - - -
1984 - - 172 - - - 172 172
1985 - - 344 - - - 344 516
1986 - - 344 - - - 344 860
1987 - - 344 - - - 344 1204
1988 - - 522 - - - 522 1726
1989 - - 872 - - - 872 2598
1990 - - 1025 198 - - 1223 3821
1991 - - 1158 410 - - 1568 5389
1992 - - 1279 645 - - 1924 7313
1993 - - 1413 681 - - 2094 9407
1994 - - 1540 645 - - 2185 11592
1995 - - 1680 498 - - 2178 13770
1996 - - 1814 630 - - 2444 16214
1997 - - 1948 498 - - 2446 18660
1998 - - 2075 549 - - 2624 21284
1999 - - 2196 601 - - © 2797 24081
2000 - - 2323 476 - - 2799 26880
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Table A.35. Reprocessing - HIGH Case

Quantity - MTHM

Year PWR BWR PWR BWR PWR BWR Annual Cunim.
UO2 UO2 SGR SGR PuO2 Pqu Total Total
1976 - - - - ~ - - -
1977 - - - - - - - -
1978 - - - - - - - -
1979 - - - - - - - -~
1980 - - - - - - - -
1981 - - - - - - - -
1982 - - - - - - - -
1983 - - - - - - - -
1984 - - 663 - - - 663 663
1985 - - 1325 - - - 1325 1988
1986 - - 1325 - - - 1325 3313
1987 - - 1325 - - - 1325 4638
1988 - - 2012 - - - 2012 6650
1989 - - 3363 - - - 3363 10013
1990 - - 3951 768 - - 4719 14732
1991 - - 4467 1592 - ~ 6059 20791
1992 - - 4933 2502 - - 7435 28226
1993 - - 5448 2645 - - 8093 36319
1994 - - 5939 2502 - - 8441 44760
1995 - - 6479 1934 - - 8413 53173
1995 - - 6994 2446 - - 9440 62613
1997 - - 7510 1934 - - 9444 72057
1298 - - 8001 2133 - - 10134 82191
1999 - - 8467 2332 - ~ 10799 92950
2000 - - §958 1848 - - 10806 103796
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Table A.36. Enrichment Services (No Recycle) - HIGH Case

Quantity - Million SWU

Year PWR BWR Annual Cumm.
UO2 UO2 Total Total
1976 - -
1977 4,82 1.70 6.52 6.52
1978 5.46 1.70 7.16 13.68
1979 5.79 2.46 8.25 21.93
1980 6.96 3.02 9.98 31.91
1981 6.75 3.69 10.44 42.35
1982 11.36 6.33 17.69 60.04
1983 11.89 6.14 18.03 78.07
1984 13.61 7.18 20.79 98.86
1985 15.43 7.18 22.61 121.47
1986 16.71 8.88 25.59 147.06
1987 18.21 9.73 27.94 175.00
1988 21.32 10.21 31.53 206.53
1989 24,00 10.58 34.58 241.11
1990 25.61 12.29 37.90 279.01
1991 28.28 13.23 41.51 320.52
1992 30.21 14.65 44,86 365.38
1993 33.00 15.31 48.31 413.69
1994 35.03 16.63 51.66 465.35
1995 37.28 17.29 54.57 519.92
1996 39.21 18.24 57.45 577.37
1997 41.03 19.09 60.12 637.49
1998 43.39 19.75 63.14 700.6"
1999 44.57 20.98 65.55 766.13
2000 46.71 21.17 67.88 834.06
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Table A.37. Enrichment Services (With Recycle) - HIGH Case

Quantity - Million SWU

Year PWR BWR PWR - BWR PWR BWR Annual Cumm.
Uo Uuo SGR SGR PuO PuO Total Total
2 2 2 2
1976 - - - - - - - -
1977 | 4.82  1.70 - - - - 6.52 6.52
1978 | 5.46  1.70 - - - - 7.16 13.68 |
1979 | 5.79  2.46 - - - - 8.25 21.93
1980 | 6.96  3.02 - - - - 9.98 31.91
1981 | 6.75  3.69 - - - - 10.44 42.35
1982 111.36  6.33 - - - - 17.69 60.04
1983 |11.89  6.14 - - - - 18.03 78.07
1984 |10.71  7.18  2.22 - - - 20.11 98.18
1985 | 9.64  7.18  4.43 - - - 21.25 | 119.43
1986 |10.93  8.88  4.43 - - - 24.24 | 143.67
1987 |12.43  9.73  4.43 - - - 26.59 | 170.26
1988 |12.54 10.21  6.73 - - - 29.48 | 199.74
1989 | 9.32 10.58 11.25 - - - 31.15 | 230.89
1990 | 8.36  9.73 13.22  1.86 - - 33.17 | 264.06
1991 | 8.79  8.03 14.94  3.86 - - 35.62 | 299.68
1992 | 8.69  6.33 16.50  6.06 - - 37.58 | 337.26
1993 | 9.21  6.52 18.23  6.40 - - 40.36 | 377.62
1994 | 9.11  8.32 19.87  6.06 - - 43.36 | 420.98
1995 | 9.00 10.87 21.67  4.68 - - 46.22 | 467.20
1996 | 8.68 10.11 23.40  5.92 - - 48.11 | 515.31
1997 | 8.25 12.66 25.12  4.68 - - 50.71 | 566.02
1998 | 8.46 12.66 26.76  5.16 - - 53.04 | 619.06
1999 | 7.61 13.23 28.32  5.65 - - 54.81 . 673.87
2000 | 7.61 15.03 29.97  4.48 - - 57.09 | 730.96
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Table A.38. UO2 Fuel Fabrication (With Recycle) - HIGH Case
Quantity - MIU
Year PWR BWR PWR BWR PWR BWR Annual Cumm.
Uo uo SGR SGR PuO PuO Total Total
2 2 2 2
1976 - - - - - - - -
1977 1146 527 - - - - 1673 1673
1978 1298 527 - - - - 1825 3498
1979 1375 762 - - - - 2137 5635
1980 1655 938 - - - - 2593 8228
1981 1604 1143 - - - - 2747 10975
1982 2699 1963 - - - - 4662 15637
1983 2826 1905 - - ~- - 4731 20368
1984 2546 2227 516 - - - 5289 25657
1985 2291 2227 1031 - - - 5549 31206
1986 2597 2754 1031 - - - 6382 37588
1987 2953 3018 1031 - - - 7002 44590
1988 2979 3164 1566 - - - 7709 52299
1989 2215 3282 2616 - - - 8113 60412
1990 1986 3018 3074 593 - - 8671 69083
1991 2088 2491 3475 1231 - - 9285 78368
1992 2062 1963 3838 1934 - - 9797 88165
1993 2190 2022 4239 2044 - -~ 10495 98660
1994 216¢ 2578 4621 1934 - - 11297 109957
1995 2139 3370 5041 1494 - - 12044 122001
1996 2062 3135 5442 1890 - - 12529 134530
1997 1960 3926 5843 1494 - - 13223 147753
1998 2011 3926 6225 1648 - - 13810 161563
1999 1808 4102 6588 1802 - - 14300 175863
2000 1808 4659 6970 1428 - - 14865 190728
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UO. Fuel Fabrication (No Recycle) - HIGH Case

2
Quantity -~ MTU
Year PWR BWR Annual Cumm.
€ uo Uo Total Total
2 2

1976 - - - -
1977 1146 527 1673 1673
1978 1298 527 1825 3498
1979 1375 762 2137 5635
1980 1655 938 2593 8228
1981 1604 1143 2747 10975
1982 2699 1963 4662 15637
1983 2826 1905 4731 20368
1984 3233 2227 5460 25828
1985 3666 2227 5893 31721
1986 3972 2754 6726 38447
1987 4328 3018 7346 45793
1988 5067 3164 8231 54024
1989 5703 3282 8985 63009
1990 6085 3809 9894 72903
1991 6721 4102 10823 83726
1992 7180 4542 11722 95448
1993 7842 4767 12609 108057
1994 8325 5157 13482 121539
1995 8860 5362 14222 135761
1996 9318 5655 14973 150734
1997 9751 5919 15670 166404
1998 10311 6124 16435 182839
1999 10591 6505 17096 199935
2000 11101 6563 17664 217599
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Table A.40. Fuel Cost (No Recycle) — HIGH Case

Quantity - Billions of Dollars

Year PWR BWR Annual Cumm.
UO2 UO2 Total Total
1976 - - - -
1977 0.99 0.39 1.38 1.38
1978 1.19 0.41 1.60 2.98
1979 1.35 0.63 1.98 4.96
1980 1.74 0.82 2.56 7.52
1981 1.80 1.06 2.86 10.38
1982 2.25 2.00 4.25 14.63
1983 3.77 2.10 5.87 20.50
1984 4.59 2.60 7.19 27.69
1985 5.53 2.76 8.29 35.98
1986 6.22 3.54 9.76 45.74
1987 6.94 3.98 10.92 56.66
1988 8.54 4.39 12.93 69.59
1989 10.16 4,81 14.97 84.56
1990 11.54 5.95 17.49 102.05
1991 13.78 6.93 20.71 122.75
1992 15.91 8.30 24.21 146.¢7
1993 18.52 9.25 27.77 174.74
1994 20.56 10.51 31.07 205.81
1995 22,62 11.30 33.92 239.73
1996 24.60 11.36 35.96 275.69
1997 26.55 12.26 38.81 314.50
1998 28.97 13.08 42.05 356.55
1999 30.87 14.41 ' 45.28 401.83
2000 33.42 15.01 48.43 450.26
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Table A.41. Fuel Cost (With Recycle) - HIGH Case

Quantity - Billions of Dollars

Year PWR BWR PWR BWR PWR BWR Annual Cumm.
[8{0] Uo SGR SGR PuO PuO Total Total
2 2 2 2
1976 - - - -
1977 0.99 0.39 - - 1.38 1.38
1978 1.19 0.41 - - 1.60 2.98
1979 1.35 0.63 - -~ 1.98 4.96
1980 1.74 0.82 - - 2.56 7.52
1981 1.80 1.06 - - 2.86 10.38
1982 2.25 2.00 - - 4.25 14.63
1983 3.77 2.10 - - 5.87 20.50
1984 3.62 2.60 0.86 - - 7.08 27.58
1985 3.46 2.76 1.84 - - 8.06 35.64
1986 4.07 3.54 1.91 - - 9.52 45.16
1987 4.74 3.98 1.95 - - 10.67 55.83
1988 5.02 4.39 3.11 - - 12.52 68.35
1989 3.95 4.81 5.49 - - 14.25 82.60
1990 3.77 4.72 6.86 1.11 - - 16.46 99.06
1991 4.28 4.21 8.36 2.49 - - 19.34 118.40
1992 4,57 3.59 9.62 4,22 - - 22.00 140.40
1993 5.17 3.94 11.71 4.74 - - 25.56 165.96
1994 5.35 5.26 13.34 4,69 - - 28.64 194.60
1995 5.46 7.10 15.03 3.75 - - 31.34 225.94
1996 5.44 6.83 16.77 4.90 - - 33.94 259.88
1997 5.34 8.83 18.56 3.99 - - 36.72 296.60
1998 5.65 9.11 20.40 4.54 - - 39.70 336.30
1999 5.27 9.88 22.39 5.15 - - 42.63 378.93
2000 5.44 11.59 24,45 4,22 - - 45.70 424,63
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Appendix B

Fortran Computer Program for MPS-IIT Data Generation
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SRR S R

COISTRATMT TYoZ A LUSsS=T00

Y=TAUAL=-T)

CONSTRAINT

v

CATI=DR-EDYML =T

V)

=

CAISTRAINT Las STt =r =20t sy,

M28901299
1PSI1200
MPSI1310
MPS0o132)
MPSA1330
MPSJ1342)
MRS o135
MNSN1260
4P S21270
MSI138Y
M255139)
MOS01400
MPSI141)
MI2S01420
MPSO1433
AP SO 144
425914590
MPSOL1460
MPS 14790
APSJ 1430
4PSO1490
MPSA150)
A9S501510
WP S 1822
MeSI1530
AP 3501540
MP301559)
MPSO1560
42501879
M2SI1539
MPSOLS9Y
AP S) 16590

781



OO0

OO0 OV

N eNe]

[ov)

O~ CO

(@)

DEFINGS THS SEVENTA COUSTRAINT TYOE AS A LESS=THAN=TR=FLULL-TO
COMSTRAT T

D3 9 J=10X,7EAF
JJI=J+75
WALTE (3,60) JJ
CONTINUE

DEFINZS THE ZIGHTH COVSTRALNT TYPE AS 4 LESS=1UHAN-NR-E0QUAL-T
CONSTRLINT

WRITZ (3,01)
COLWUMNS SECTILH OF IHPUT DATA

WRITE (3,402)

DI 32 J=2,NYEAR

Jd=J+75

NE=NRX(J)

DO 32 1=1,".7%

Dq :(’ \:l,".‘

I5 (Jdelra It )e v D (T Lo UEY)Y b T 1o
TF ((JSaLCaIFA0M) e NIl o NTONUIE) ) () T 22
1P (S S nT IR anX)) S0 Ta 1é

FORONULLEAR INDUSTRY PRICY T LHNPLEVENTATIN, - G-nyr &
Cour 1ur

IF: WEAEED R RIS R

| S R EV A VA 44

’
(NN

Kt

,_
A
noh
(>
!
L

~

MPSILC LY
MOS 120
MPS)1630
MPSULE 4O
MOS)LES)
MPSD1650
MPSILE T
M353168)
MPSO1690
M2 S3170%
MPSOLT7 L)
MPSILT 20
MPS3173)
MPSU1740
MPSH1750
MPSU1T60
MPSILT T

MOS2LT3 )

MBS 31729
MPSO150D
MPSOLIELY
MPSN1329
MPSH1810
MPSO1P40
WPSI1850
APSVLEHG
MPSH1I]70
"MPS21830
MPSOLPON
APS53199)
REANOR R ]
495015920
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-0 00

-0

Ki=0
CALL CL‘ST (-J,K’[yx"\'y‘l",)‘)r PUC,SV.‘P'FQ)
GJ TO (11,120, 1

OCESSES COLUMN DATA FOR US2-"+% feiik Ty YEAS (OF

IF {KSOGTaNeA(IY) 5D T 52

Ir (KLEJN2R(JI=1) ) THeb=my(1,3)%Fp
I 0 etz 2 0t=1)) TS =TC=xM{],3)
IF (Ko GTMNPHR{I=-1) ) Ty ="0( T, L) <Ep
I (aGTaNPWRIJ=1)) TRC=1C3 (1, 1)

AA=1.D
[ (KallTe9) wWRITE (3463) 1aXsJJeTUFSH ¥, 00,74

IF ((KeGEa1d) AN K, LELSI)) v ITE (ché) Tak s JJ s TUF Gy Keddyid
TUE G Ky d

I': ((KnGEol\)\). 1\).(‘\.L>_l\;r‘)) v\r'\ITE—' (5,:15‘ Iv(y-JJ'
IF {KaLlZani?-n{d-1)) 4=1(1,3)

[F {KeGT P (d=11) A= (T,1)

IF (KelLENPRIJ=1)) Du=Su2=(1,73)

[F {KaGTaNPaR{d=10) D=3 iyt

IF IKaLEGT) wWRITZ (3,00) 14Ky JJydd,y 40,00

IF (K GEaLY) e dMNDa (KL Zo92) ) =R0ITE (Sy67) [yXeddeduy s
[F ({KGELL20) dAHD G {K LE =) 22 JTF (2,87) Ter,ddytd,y

GO 7O |3

PRICESS™S Could ' 2NTA Fio« UD2=200 P10 T Y-8 F
AR (Y )*J

IL (K OGTaei S 03)) S5 Ty 32

IF (KJl=. ‘%.\(J 1YY Taro= U{1,3)=0
[F (Kol Zei3dR()=1)) THU=TOYY(1,43)
IF (Koo ToN3a=<(Jd=11) Taro=""{1,L1)=Fp

PECYOLE

K]

RUNERR

R RV ]

MSD1740)
M2S501%4)
MPS01%59
MPSI1260
MPSuUlaTo
MPSOLE3)
MPSOLO9U
4PS0N20 )0
MOS22G190
MPSN2C20)
MPSO2039
MPS02347)
MPSO2050
4PS020490
MPSO207)
APSC2)3U
YPSO2599)
MDSD21D0
MPSS2110
MPSn212

MPSO213D
MPSD2L 4D
MP<i2150
MPS0D21863
MESJ21749
MPSJ213)
MPSO219y
MOSH2200
MPSO22 10
MP30222)
1£50223)
MESU2240

981



IF (KoGT oM IR
AA=1,0

[F (K.L2a9) wR
[F ((X.58,15).

J-1)) TRC=T2=i{1,1)

ITE (3.71) T, K,IJ TOFA KT, Jd N4
AN, (K, Lr.)‘). T e d{KJeGrmelu) oA

L3,72) 14Ky JdJdyTUFGH,KUydd,

IF {(XK.6E8.100)
LUFEyKJwJJdy AA
IfF {((K.GE.L1Q).
lU:f)' KJ rJ Uiy
[F {{K.GE4100)
LTURS Ky JdJ AR
IF U K.LZaive ax{
IF (KeLZonitviR(
IF [K.GTaNuR(
IF (KaGTonNhimR |
IF {(K.LEe9) W+

[F ((KJGEaLU)eaNDe (KL a3D)) WRITE (3,67) 1

IF ((K.38F.10))
C
C PROGCESSES CoLuv
C
12 DC 14 II1=10X,N

[2=11+75

IF (J,.=0.1124-1
[F {(K.5T,. P wR
IF ({K.OT 3wk
HO==1H{ ) ®MSE(]
EQ=—-Z(l)=a357 (1
IF (1).GTanyY iz
[F {(K.LZ.9) 2
Il'. ((\.;_.lu).

a:~-\‘}‘:)0(K.L

"‘).ﬂ
Ao (Ko LELI) o AID {KI B b 0 )) b [T

‘fxﬁ\éhﬁ((.LE.’\%R)""‘I‘iD.(kJO"’EI].L)(-.), ."‘FITE

J-1)) 4?='( v3)

J=1)) D2=SadEni(l,3)

J-11) 4= 4(191’

J-1)) D0=SuP=(T,1)

[T (3,66) TeykypddedIsmM,J0,07
'

SN G SUFE (34,03) 1,

ODATA FO~ BOTH 4n2=-Plx 8 34X Fi2

CLNSTRAINT TYPES 5 & 4,

YiAR

) [d=T11+75
(J l))nA?'l’)c(I.E\fvl)o.:
(J=1)) e TL8r

e (JJenE oV E0() )
-d’oL\“\o (JJ- I..o {" "‘»-;)(~) )

)
)
SHTR)Y G0 T L4

FTZ 03,374) TakKyJIyIneT0, 1y,
AdDL (L Limesia) ) BRITRE (3,79) Ivv"’oJJyl'—\.‘

Te{XJLE

MWl KL ZeG0)) v 1T (3,7

T Te¥,Jl)

K,JJ;JJv“
TRCIN PN IV Y I R AR

L99)) VR ITE

MPSD)225)
MPS022450
MPSQ2270

(PS§22230

MPSQ2290

P T4 S502303

MPS02310

v ET) 1K, Jd, THMRPSO232)

(3,7) T1.K,4J,

'y}J,“T

S PR

MPS0)23239
MPSU2340
MPSO2250
MPSD2340
MPS22370
MOSQ02380

4PS02390
MPS0O2400
APS32410

WSa2520

MPSO2430
MPS02447%
MPS0D245)
MPSI2460

2502470
MPS02430
MPS224G0
MPS50255)
YPSD2519
MPS02520
4950293)
BSR4
MPSI2550)
HPSU2o50

L81



OO0 -

T OO0

—-— 0D

IF ({XeGEaLUN) N (KoL SeNR) ) wRITE (33760 [ynoddy 1070, 10,0
ONT 19U

PRACESSES ZuLUMh DATA FUA 30TH LC2-2.« & Ja F &
CONSTRALHT Tyos 2,

JK=J+1

D7 1S I1I=JK,NYZAx

Ji=1 [+75

IF (JI.GT.NYEAR+T5) 35 Ty 15

MU= (14 3)

IF ((1.5Qul) e iDa (3T anPRI=1)1) Mu=u( [, 1)
IF ((1.5Q.2) oaNDa (K 5T am3Wwa(J=1))) H¥=M{1,1)
IF (KaLELS) NRITS (23,77) Dak,ddydl,mn

IF (X580l e (alie92)) ar ITT (3,748) [y%,0dydl, o
IF (KeBEelud) wilTeE (3,79) L1yKydd,dT,
CONTINUS

P

A

]

(@}
'm

=5SES COLuM SATA FIS 30Th UD2-Pux & AWl P2

i e

) - -
LIS R SR LI

[

I (Kalce9) URITE (3,118) I,K,31,TFC

IF ({KGSEWLu) ANk ebc i) ) v lTn (59109) [yakydd,T0C
[F {K.3%.120) WRIT= (3,12)) T,k JJd,THC

G3 TO 32

FORONJCLEAR [NDUST2ZY AITH RECYCLE AVAILAALE

CONTINYE

KK=1

IR CIRaHBTaN2wR =20 ) e il a Tl et el oMo (T o500 3 00230 {1aF245)
T ({4 a0Tatind7 (d=20) e 0D et {Tef0a2) e inall o dat)ei?a{loinas)

=0

})
)} ®K=J

MPSU2HT)
MPS02530
MPS02590
MPS02690
M2 SQ2510
MPS2252)
MDSD2630
M0S02640
MDS$D2650
MESgCLAD
MPSU26TD
MPSU2630
M2S02690
MPSD2700
MPSQ2719
MpSQ2r22
MO0S532739
MPSQ2740
MPSD2752

AP SN275Y

MeS327790
MDSg2730
MPSJ2790
wosa23eD
4250231y
M2522829
4852530
MPSA284D
MPSO2350
MR 822850
12532370
425922840

881



~ OO0

- OO0

IF (T.LCMuUm) K=y
CALL CIST (J gyl oKy TE 3 DUy PUC 4 SHP 4 F D)
GO TO (17,123419,20,21422), 1

PRUCESSTS CIOLU DATA TR U2-pur

IF (KeGTN2G(J)V) 50 TO 32

If (Kelmoi2920J=1)) TUT5= {],43)~F0

IF (Kol E 242 J=1)) TFC=TC =M (1,3)

IF {KeGTewPu(J=1)) TUFG="(1,41 ) F&

[ (KeGTai2dR(J=1)) TEC=TCx4 (], 1)

Ad=1.0

IF (KoLF.9) WALITE [ 34383) TeXedJyTUFGH,JdyAN

IF (MK eGEaLU) AN (KalCaS9) ) W ITE (3,34) 144,003 TR Kedd,yal
IF {((KeGEGLID) oM (KL LE
IF (KaLSM2wR{J-1)) 4= 4(1,3)

IF (KeLEN2w<ld=1)) d=Sue=t{1,3)

IF (KeGTavipur (J=1)) =11 1,1)

IF (KoGT PR (J=1)) O3=SwP=nM{1,41)

IF (K-L:.")) WP ITE (39’10) I,T(oJJyJJy”"yJJy')

IF ({KeGEelU) e AN {KeLEY9)) wnlTZ (Seal) Loty ddyddy ¥y ddenn
IF C{C0AEGLI) AN S (KGLEJNR) ) wRITE 3927) 1y, ddyJdy it dd,nn
G TG 23

PROCESSES COLUMA DATA B Un2-3 P

KJI=0PI0R(Jd) +

IE (KaGT ity i{d)) 50 T 32

[F (KebLEannw3{d=1)) TUFs=""(144)xFP
I5 (KeLoemdwR(d=1)) TFl=T0=(1,3)
[F (KaGTaH3.2(J-1)) Tgrn="i(l,1)~Fp
T KWOTM3REY=-1)) TEC=TC =0 (1,1)

UTNY LRATT 02,350 Ty, 05, TUME Ky,

MPS02299
MPS02307
MPS502%10
MPSO29290
M2S5232930
MPSG29490
MPS92¢59
MPS32G60
285324979
MY50299)
MPSQ2930
MP2S0383)
v8S903u1l0
M2S33520
175032 30
42592040
MPS33050

MP503550

MPSU3RL I
M2503025
“PSA3C70
M2S5233100
MPSI3110
MPS0O31290
“4PSU3130
MPSO314D)
MPS03169
2803160
ADSK’)I—,:)

PS73313)
stn'—jlr\ %
5032490
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OO0

AA=].
IF (U.LE.’).MV
LFOKJ,yJJy A4

‘o('\J-\) .L\,.,‘\

IF ((K.LE.Q).\aU.(%J-GZ.l)O)) SRITE (oy=0) [y,

[F {UKeGELLD) o AND G (KoL B0 99) s AN o (M dahr sl ) e dida
13,90) [yKyJJo T'J<3y»<J1JJy‘\»\

IF LR SE Lol s AMD o (Ko LE 99 LA (KL G2 LG« T (3,
LUFGy Ky ddy it

IF LUK S EalDD) e M (Ko LELMR) oV DG {KJ GEL LN o 10D

L (3:91) T4, 00T 05 05,<dyJdyA
[F (KLZ.436830d=-100) =101, 3)
IF (KolLE MEw(Jd=1)) Di=Swox
I[f (KeSTanNodR{J-1)) 1i=3(1,1)

o, 3)

3)-(#\‘\";..-:‘.";"‘))

IF (K.GT .WBJ-(J-l)) 20=Sw2 T, L)

IF (KJ.LE ARITE (3,35) [ngJJyJJv“JyJJy7(
I; ‘('I\n;_ol)).r 4‘).(\.!F.'*;‘,))) !"t".IT: (375,’ ’
IF ((KeGELLUD) ANDL{KLLEMNR)Y) WRITE (3,83) 1
G2 7O 23

PROCESSES CHLUMN DATA Fiik SGR-74R

[F {(K.GT 42 vg=200 52 T4 32
TRJC=20l—={Cn0X (J=-1)=CUn2(J=1) ) 7 (e (T 4 3) 21000,

TEC=TRPUCHL D0, %P (T 3)=X{] }+T(~

1-1)

TUFRS =11 43) %F0

Ad=1.,)

IF (KelE,2) wWwii7TZ 12,33)
I {({K.hE. 1)).Aw).(n.LL.vv))
[F ((Ka52-00)) A KalLZeNa))
MUD2=U021{l,3)

MASX=A49X A1y 3)

TyKyJ ),
el T
SRITE

T+ . 4 ;
T, Cypddn,

(3+9%)
(3y00)

’u

Keddeddev

JJyJd,

(3,34)

92)

.(!QJ.[-EQ

MS03210

TyKydJdy TUMPSU3229

Jy TURG Yy Jdy A
K--:QL_.(‘))) V\”)!TE

MPS032390
MPS 33240
(PS03 259
MPSN3260
TeXKyJJyTHPSH3270

MPS0323)

NF)) RRITEMPSU329)

W), ne

WA, 00

AP/ T43))
MUCT 3y #3301) vD0I0 X (1,3)7

['}’,JJ,TUCT).L’" lJ_vl‘-»"\

[y

<y d, T

A

“addy s

425073300
MPSNO321)

4P5033290

MPSUT3330
MPS033490
MD5)3250
MPS33360
4PS9337)
MPSD 332D
MP 503399

Y2 503400

MP5a3418
MPSU5%2
AP523430

C0X(J4APSD3440

MRS 3459
APS03449)
ArS034 170
MPS 33430
198336499
4P S5SA3500
MIS()3519
APSJ3529

061



NOO O

DAI=54P ([, 3)

[F (K.L;._)) IS (Bv*/(‘) IyK,JJ,JJ,"”‘”:“X,Jl,l""'\'ti
IF ((KeBELED) AID {KaLEL99) ) WRITE (34,95)

[F ({K.GEGLOO) D (oL EaNw ) ) Wl ITE (3,90) 1,7

A '\’\))-’J’
IF (KolLFa9) A%ITf (3,97) T4€,ddsd),y,00

/f’

IF (K38 L) o AN (L H9)) WnlT2 (3592) TekeddyddyNi
I+ ((K.()E.l‘)'\)).‘-\ﬂ."<.Lt.?-iF‘)) WRITZ (3,99) [,X,0d, 30,002
GO 10O 23

PRICESSES COLUMAN DATA Fde SGR=1K

KJ= NP L) 4K

IF (KeGTaN2iald=2)) 65 T 32

TPUC=PUC—(TH0X [J=1)=CUL2 (J=1)) /(42 (T, 3) #1900,
) Ep

TEC=TPUC*L000«*APU (] [y3) 700Ul 20 ¢20( 1)
1-1)

TUFS=ULT, 3) =202

AA=1.D

IF 0 KeLFaSi ATt Lo tydetiiielKdeliieys)) - 0T (3,89)

ltéyr\d)JJyl\f«
IF (oL Ee?) dANDJ{RKILGELLIO) ) wRIT
[F ((K.BFJL)) e AD.(K-LE.‘):’).An.f).(
139300 T3RKyJdJdeyTUTGy<)yJds a0
IF ((K.JE.IJJ).-NJ.(K.LE.T;).l“.f“
lTUFk‘.‘,I*'\JyJJ)‘—‘-/\
Ik ({500 1)04
LURos X dyin
MUN2=032{1,3)
MHASX="10X {1 ,3)
DA=SWR= (1, .)
I (KoL)
I[F (-

(5,23) 1
T nl\))o llr:"n(k-.,‘.LL-

1.0 Za 1)) P o F

M e (KQLL.Q))'[ﬁ"'fl).(.'\'\JO{_)

AAITE 3474) [4X43)

< r -J-‘y.",_"\ o
R AV B P N 0 B B ) !

TeMaJddy Jd et

DTy S

{3, °1)

SelDa}) T ITs (3,97) 4%

k‘}\,\‘J’JJ' q U(yJJv "..932

Ky Jddy 2

Ty2))

FLUCHMOXIT 21 CHOX(J

MPSo3%32
MPS03540
125033550
1S53 3050
MPSO3570
4PS03530
MP2S503590
MPSU3500
MPS0O34190
1P S03520
M2S034630
MPSO 364D
MDS3345D)
MPSI365D
MOSD3LTY
MPSO3680)
1PSG3690

MPSO3TOO

TexXyJ I, TUMPS503T7 L)

2 ¥y JI W TUF S MUy Jdy 1A
37Y) 21 TE

Vadde a2

M2533720
MPSus7 3
42503740
"M2S93759

T+X4J.3,MPSD3767)

MPSO37T9)

y JJ» TH2S0O3730

MPSH3T90
MI5032304)
1PSS3410
AiPSJ30 290
S350
MNG) 34T

161



e NeNe!

re

I[9 00520 ba0) oADKt 0 2 0 0TT (3,95) Taaddy ddy 1MX 0], #1102 MRS 037150

[F (KLt e9) wRITE ()y?/) [yXoddy D MR 503450
IF (R aSEGII)LAND o {KaLELS9) ) v T5 (3,9%) Tex,jdydd,nn MPSA3370
I (KeDZalUC) wWhITE {3,39) [4K4JdyJdd4007 4253730
GO T3 23 MOS D334
MBSD3G0)
PROCESSES COALUMY DATA EQ: Pull2—#iv AL S)3IG1Y
PS¢0
[F (UKD T a2l ) ) e JRG (R GLELMPUP{IFEMTX=T73))) 10 T 32 495393
IF IKGGTeNPWRIJI=1)) TPUC=PLC—(CI0X{I=Ld=C 20 0=10) ) /0l g L)1 00) e D5 0304
ILXPULT) /(1,1 )) VIR
IF {X0h e irn2{d=11) TEC=TRUCH " U I, L) 2Ll0C U +CF{g= =M T )40 X (], 112503240
Ly =CMa4(J4-1) MPSO3LT)
IF (KeGTaNPAR(S=1)) Turo=1u(l, 1) S a333)
IF (KeLZaiPar{d=1)) ToUC=PUC—(COX{Jd=1)y=Cun2 (=13 ) /7{"2(1,2)=1090 .28 320000
LXPUHT) /(L 43)) WP S400)
IF (WL SawiPuR(J=1)) TRC=TRUC="O(T,3) =150, +CA{d=1 "0 01,3)+#v"X{I,24°33401)
LY=Ca0xXtJ-1) MPSD4020
IF (KelL&oMP 07 {J=1)) TUFOG="{1,3) 1PSI4530
Ad=1,0 250424
IF { oLZ.9) aRITE (3,323) UaXK,JJd,TUFL 30,50 “PS3435)
IF (- P AN WKL TSI ) NI ETE {3y TV JIaTUES L )y AN “PSJ’Lé”
IF ({ReGma L) GATIY IR, T 0w ) ) URTITE (2,35) Law o JdyTUF G W%y d,ehs SAHCTL
[F (KT awPuR(J=1)) idX={1,1) !PSO+L,3
IF (KoL MPWwRI=1)) T X="(1,5) MOSNGT TS
TE (KelZa93 WXITE {3,100) Tekyddydd, vk 2SS 24100
[P e Ca 02, D (LD a9 ) ) W TS (3,101) Ty Xeddyddy ity 4253410
[C Ll eHEaIV0) e AND G IRKG LT oV m ) CFITE (3,002) LexyddyJdd, iy 254120
G} TD 23 UDS534130
2S04l 4
PxJICZ5SES COLUAY DATY FIs PUOZ=BYY MES)ALSD

1280414
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25

EO==E{ 1)y =1575 (1)
HI==H{ 1) =a3F (1)
BI=301)=iA{ [, 3)
G=5G01)*M({,3)

[F (L.5TaNMY7) GO T 24

[7 (KeLEeD) WRITE (345103) 14X, JJ0, 14

IF (K euce L) AND (KaLE9)) [ TE

IF {((K.GReLUI) eV iDL (KoLE
Guo TO 25

IF {([.GT4) GO TN 25
Bo=2 w302

HG=HQ+ 39

TF (42,55 10) WA T (K oeLZ49))
IF {{JJ+2.GE.1101) a0 e (KGR 10) o™
lyIUySJ, UyJ)

eMREY ) iR IT

IF ((JJ"Z.) .IL).f.JJ.(&.GE.[U\J).%"‘“

].J'[Jv\l\.ylu,(‘v)
IF ((JI+2,LTeI0) e A De{XKalT.9)) aRI
IF ((JJ+2, 170 JAMND (K,
LelSe8Z,10,H5

E‘IT: {1, 174) | ,%

C’Ecl(;‘)oLr\-i!)c(K.LionQ)) I.'T"-I]‘

‘<,JJ7I("

g
.(K L(‘.‘/i)) I.')I
LedXalE

RN I TN I

TE (3,106Y T,91,1),

IT'- ((JJ+2-LT.I"]).-Xl'i“t“o(K-GF.l(.""))o/\'\ian(r\cLL:o.;;)) x":i-i.!;

LI R A I RO IR A

GU 1J 2o

B““)J B!

=5 (L)<l ,1)

IF (I0.0Tedud 25=3{1)=1{1,3]}

IF ((I.zQ.)).A.Q.{\.u_,”"’(d—l)))
[= {{: e O) e AN G L L T i (d-1) 1))
IF ((JJfL.:'.IJ).AUJ.(K.L‘.Q)) Bkl

IF (2o s2alid
Lel.Je9
I= (g 2.77 010

L ’\‘[/.(K-’J?ol(") ® ~h

. T\\.'I,J‘.(:r\.'j)rclo’ C-A.'\“L}-(

Sus ), 3)
ﬁﬁiq(l)*W(.vﬁ)
T2 {3,09) [4K,0d,!
veloe?2) g WRIET A

AU N R TATED I L I 5

[y dde T2,

T, 10,0

L, 197)

SRR
Tyll)
{3.111)

Ey 10, HG
Ty, 10450

R I0, HG
2 LoT) 1,K, 00"

r)"\)/ 7,90
YPSO4500
MPSDO4a51Q
MESD452)
MPS045 30
MSI4540
APS2453)
10534560
MPSJ4570
MPS D450
19334590
MPSD46 )
MDS)4 rln

[oKyJJWPSHAE20

MPSD453¢Q

Ty dM2S:34640)

AP SD2650
MPSO4560
2524570

“UPSI4L3)

[ 4Ky J¥WPSO4670)

%P 304700
M2594710
MPS9472)
MP S4T30
10854740
MPSO4750)
iPSI4T 50
M3 S9477.)

[sKyJIHOSI4T3)

“PSIATIY

[ 1f"’- 9J MDSD42D0)
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23

29

1J,17,34

IF ((JJ+2.LTelU) e a (KeLZeQ)) WRITE {3,109) 1y,

[F (U420 LT o IU) aaND el GT ol D) o ADoK L= o2 3) ) . I
1,10,0z
IF ((JJ”Z:LTO[L‘)Q (f\n“l o‘.“))) ‘*‘-:"IT'E (3?111)

CONT INUE
JK=J+1]

DG 29 Iv=
JI=IV+75
[F (JlebTaNYERR
IF (Te37 40cii™)
M4=M(1,3)

IF ({IeEQel) eAMUS(KGTHFNR{I-1) ) dr=
IF ({IENL2) A D {IK ST MWl d=1))) =™ 1,1)
IF (Kal%e9) A2ITT (34377) Takyddydlymm

IF ((KeGESL1D)ear Do (Kalra@9)) 3 ITE {3470)

JA‘\, \}Y_

+75) G0 TO 2¢

T T 27

ACT. 1)

H;

y I
(2

Tynydd yJIyl“v'z

IF (KeGrelud) RITE (3,79) Tanyddedi,

Gl T3 29

I- tiv.Zen) G4 TN 24

IF (Kolto) ETT L ti20) LyKeddad T, YT 0 X

IF ((K.GE.10)JATID (K eLFe99) ) v 7T (;ALL,) Loyl d,d7,
TE 0, GTLL00) wRITE (3,104) LhiRyddyd U2, d7 .00

Gu T0 29

AMEX =20X (1, 3)

IF (T eFed) d AN UK GGT oy (=13 ) ) =) 4
[F ((T.506) d AND IR GT G iR (d=1) 5 cosE oAl
IF (KelBaQ) WRITE (3,115) LyKydd,yJd iyt

IF ((KeGEGLO) s AN (S LELOT)) v ETTFRE (3,100) I,%
[5 (X .05.19D) H""’,I»T:ﬁ: (3+L17) Te¥eddyeydlevnlx
CIamT INUE

DY 2 Tl=g,ynYSse

I5 (febdenwdrd ) T35 31

— -
-
—
-—

w D

+

'
?

TSy Jddr Ty

MPSU4%12

MPSI)4220)
19Ky JJ285043730

MDSS4240
b MPSJ4%50
M2S5)40250
4PS343T7)
M2534%39)
195943290
175734920
MPSD491)
MDSO4G2)
M2S0493D
MPSY940
MDS534%5)
MrS34c80
MPS24GT)
MPSOA35Q
UR2S534590
42535300
V’S‘) )-J J
M2505029
12835030
2505040
7535058
MPSO50460
M2505974)

119)

X A0S 050580

MPS0569)
MESI5100
4PSO5110

MO595120
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39

31

[AV]

[aERER NS

AOOO0O

[0=11+75

I (IG.6TauYEAPHTS) GU TH 31

S=MSE(I)

IF (1.6T.4) 500 T 30

IF (KalZag) WAITE (3,30) T,X,Jdy173,5S

[5 ((KGELL) NN (3\.1‘ GV WRITE (345L0) Tyt dd,in,sS

]
T

(heWDelUD) WRITE {2432) 145,JJ010,5
TC 31

5

IF (TeRyeS) S=MSE(5)+2.04SF (L)

[F (To5066) S=nSF(H5) F5.0=45F ()

IF (0700 QAN (KL OT 2 L g= ) ) ) S=31.0=4SF 1)

IF ({L.200b) aince (A OT a2 {d=1) ) S=20,045F 1)

[F (KalZe3) WRITE (3,30) TeKyedJ-T:i2yS

IF ({KGELLD) o AMD (KaLZoG9) ) wrRITE {3481) I,4K,0d,10,8

IF (KaeBealud) WaITi {3482) T4KedJdyllysS

COnNT INY=Z

I[F (KaLZaG) WRITE {3,118) [,KyJJ,TF7

IF ((KeGELL10) e AvDe (KalEaTY) )~ T2 (3,107) T4<,JJ,TFC
IF (KoJlo JJ) H;[Ti (37120, I'KyJJ'TFC

CONT INUE

DI TTTTO Y 2E 1euT DATA

WRITE (3,121)

DZFINES THd RHS FOR THE FIRST CurSTRALw] TY?-
AA=1.0

DG 33 Jd=2,uyz2

JJI=J+75

NR=MNRX(J)
DO 33 K=1,N¢

MPSIS1 5
495&%14]
4PSI513)

“PSs1L7O
MPS0s1G0
APS051 29
125052 O)
MPSD521

XQEO)LQJ
MPS 5230
MPSO5240)
MPSI5250
MDSONB250)
NPSasetu
MPSuS2A0
MDSS5260
45505300

"MPE2SRLO

wn5:35320
MPSI5338
MPSU5340
MPS05350
MeSHSI60
MOSJ5370
MPSN53a20
MPCIHE GO
MPS354:30
v2S08417
MESOHA20
v“OS505437)
AWSNRQ*
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OO0 W OO0 0O W

OO0 0w

IT (KelZev) WRLITE (3,123 KeJdd,yad

TR UK ESLUN e aNI (K LEL95)) L ITE (3,124) Ky dd,An
IF (KaGE100) « 8N IKaLE &MR) ) =RITE (3,0122) ¥,J0,44
ConTInue

DEFINZS THe RMS FUR Trd SECOKD CONST=alNT Tyo:
(A°X FASTCATION CAPACITY)

DU 34 J=TuUX,NYZIAR

JI=3+75

MO=FN{J=-1)%1000,.

WRITE (24125) Jdy5MG

CINT I NUE

DEFINES THE AHS Far Tot Trlrd CONSTYAINT Yvor

{ 02 Fa32ICATION CAPACITY)

DO 35 J=2,NYEAK
JI=J+75
FUO=FJ32(J-11=159D.
WRITS (3,125) J2,71
CONT U

OEFINES Trl R4S =70 T8 FNURTH CONSTZAINT Tyi-
{S'U CAPACITY)

DD 36 J=2,NYZAR
SU=SWuld~L)1*1000.
JJ=J+75

WRITE {(2y1a0) JJeS
CanTINUE

ACS05H450
MOSOS4E7
MPSI547T)
MR SD5L90
MOS 540y
MRSO5507%
MOSU5= 10
“MPS535%20
MOSI55 3
RN SRV
APSDH55)
MESO5560)
MRSO557)
408055:2)
MHSI5590
MPSU5600
“P535¢ 10
MPS39520
\1')5(){;{,3:)
MOSOHE 4G
A SDHe B0
NOSTSH0
MES G5 TO
MPSILHGE)
MRS IH6ND)
MRS TONY
MICH8T1L0
505720
A2S957 30
MPSO5T 47
RSN THY)

YS9 L g
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OGO W

(@Y
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OO

39

eNeNeRE|!

(@)

3

D=FIh7™S Tl R4S - :
= Ur2LyY VS- DE"h\A«‘)

.
(PLUTGINT M S
Ac=0.90
DG 37 J=TUX,dlYZAY
Jd=d+70
WRITE (3,123) JJ,A8

COoNT MY

DEFIMES Todz W7 "0 Tz STXTH ConSTaalNy
(SP_ T uanlu = SUPPLY V3. DREYAND)

AF=0."

DO 35 J=1dxyNTIAK
JI=J+75

ARITY (3,45129) JJ,AF
CONT IUE

DEEINIS Tiis

{RELZHCESSING CLPACITY)

D0 39 J=TuXyNYzZaAR
JJ=Jd+75
RP=2FE2(J=-2)~13U9.
WRTTE (34133) JJ,20P
CONT MU=

DEFINGS THE RIS Fu2 TdZ ZIGHTH CUNSTE AT .Y

(C2sT)

WRITE (3,131) [T8C,TITFC

THE FTETH COMST2A1NT
)

TYRE

AHS FOX TrRZ SEVEMNTH CUMSTRALINT Ty:s*

Tyo:

MPSHST TN
MPS0HTH)
ABESDST99
MOSa550))
MRPSOSHTY)
MPSI55 3D
MPSUHARLD
MP G555
MOPSU5%% 5
R RN AN
MPSSELD
MPSG573)
MPSUSSY)
MOoSaLTL)
MPSD57520)
MPGHsT N
oS 059 %410
MPSH595
MPSO594T
MPS)537)
M5 )57
MPS059 0
IS 0HGI0
MPSOEG LY
M2 SInt 20
"".DS-'.‘)(r()B')
APS36CAD
MPS30L50
S N6060
MOSOEDTO
RISV ISEIRERY:

861



49

2

4%

MPSV6IIC
4PS0612)
MPS061 1)
MPSIAKL1 20
MpSI6130
MPS06140
MPSO6L5D
MoSdolaen
MPSIA61TY
MPSO618D
MPS0619D
MPSO6299
42506210
0595220

2505230

4MPS06240

2

BIJYNDS SECTLIGN Or TMPYT DATA
SETS UpPPZIRA LISIT 3 ALL DECISTON VAR AILSS T L.0
WRITE (3,132
N2 42 J=2,dY=Ax
NR=MEX{J)
Jd=J+75
AA=1.0
D 42 =Ly NTF
DY 42 K=1,xR
IF (Jeade2i o) T2 40
IF ({IeECe3) s AN {RKeSTaNPHANLI=2))) G T3 42
ITF UL eBQea) oADK a ST ANDNRIJ=2)Y) 52 T 42
IF (K aGTeN2 A=) o ANl llaEhal) el el lelwa3) N (1.5205))) A5 T2
12
IF ((KeSTan 3R (I eV e {(Ter0a2) eaDnallea? ) el Z2e(ieCah))) 52 T
12
IF ({JJ LB, T2 ) D (.07 2y G0 TU 42
IF (JJGEL[FAIX+L) GO T3 &)
[F (KelFe9) wRITE {3,134) T,KeJdd,8A
IF (KB EL1I) V0. (X LEGTI) )Y VvIITT {3,125) Te<, A"
IF C{KeBTalI0) e AND(KLLT NE)) WuITF (3,133) Iy%y3d,a4
GroTaon
IF (i elEe+) e dAlDedKalDeI)) WRITE ({3,134) [,<,y00,\0
IF (lIelFad) oA D (K0T el 0) e AND (KoL EWGT) ) 710 (3,135) T 4KedJd,a
IF {{IelEad] s A" M e (¥ o081 3D} aAVD e {Kalfoa3)) crl?T (3,133) [,XK
IFMC=1Fr0X~-75
IF 0l eTQeB ) o 00D el e ST oMU I 0) e d e (Ko LE =) ) w2 1TT (2,124) 1,X
Led e AA
IF ({(1.5Qe5) 0D, (K,'}T,\jﬁu“«’(I.‘-",.’_‘])),;\.’-;._(‘g(.f‘,j__{,),\\"'\,,(K.[_F,“’))) !
LITe (34139) T4, J0d4%0
[F ((lef@eh) edliN e (el o P (T5 7 ) e el e 3 0l o0) o d Y (Mo LFoN™))

;.

"D‘;r)é?SJ
ADCJ(\ )

‘4"Sdori7u
MPSU6239
MOS 523
MPS06330
4PSI62LD
MPSIAZ2D
MDGN53 30

v JJy AAMPS

iP55053%)
wps 76’5]
’DSQ 3

APSNA29Y
15606400

661



IRITE (349135) [4XsdJy\A MPSD6410
IF ({lerQed) « MWD oK ST aium W I740) Y e e (K oLE ) ) «2TTH {3,124) T,KM2S50642)

LyJdJ,AA “PS)643)

IF ({1 o%Qe%) QN {KaBTaNBYI(IZ 0] ) ad N e (K e 53T 10 ) o3 D LK LF,D9Y) ) HRUMDSD5443

LITE (3,133) I.KedJdyiha M2826450

IF ({1e5Qen) a AMD I e l3T o MNBARCTFA0)) oaNT el e57e 13 ) AMD G (K LLFE LT ) ) 2438596457

LRITE (3,133) T4KyJddy\A M2 S$35470

42 CONT [yuye MPSJ643)
C 40535490
C END QF INPUT 2ATA MPSDAS539)
C M2S)551 0
WRITS (3,135) MPS35520

STOP MPSD5513)

C MPSI6540)
43 FORPMAT (5]2) MDS35530
4% FORYMAT {12,4%5.2.7271) APS056552
45 FORMAT (R iy Foe by T el yF 30l osFea2yF5e2450.2) MPSUSE5TY)
S5 FORPMAT (3Fsel) 401453
47 FOIMAT (315.3,2F7.1) 425 355 )
43 FORMAT (4]4) ADSJ56 3J
40 Fﬂ‘”XT {44 AME , LUK,y aHFUSL) MPSI651 2
54 FOAMAY {4ry-06S) MRSH542)
51 FQ&“AT (LA 1M 92Xy 4HTUFS ) DS 34430
52 FUR PA™ (1, LHE 22Xy 4 e ylt, [2) M2S95647
53 FCRMAT (IR LHZ 32Xy 390\ 0, 12,12) MPSI6H5)
4 FORMAT (LA LHT 32X 2H00,15.12) MDSNGLE)
55 FORKYAT (1A, LML, 2X,2HAN, 1 2) MOSAA6TS
55 ET2AAT (1A HL 2K, 2:038,12) AP30549)
57 FORYAT [ LXy LHL g 2Xy 21iAN [ 2) 2506690
583 FORMAT (LXK, LHL,y2X,y 2437, 12) 42 S)573)
59 FORMAT (14, LHL 2%, 200, 2) 4253571 )

o FORMAT (11X, LlAaL,2X, 2:405,12) 4253572

002



61
62
&3

64

65
6O

67

79
71

12
713

14

16
17
78
7
30
31
a2

FORMAT
FOAMAT
FCrRVAT

l'FlZ.))

FORMAT
112.0)
FORMAT
FORMAT
l OO)
FORMAT
10)
FUR4AT
FORHAT
12.0)
FOARMAT
FORMAT
1F12.0)
FOXMAT
112.90)
FCRMAT
1)
FURMAT
1.0)
FORMAT
10)
FORMAT
FORMAT
FOIMAT
FOMAT
F< AT
FOAMAT
FORMAT

(LXK LHL g 2Ky %HAHG L) M2S9673)
(THCLLUMNS) 1P ST %)
C4Xp LM TLy 2Haay LLy 123X, AHTUR G0 K, TL200y 34, 4H 20 oy 11, 12,3198 35755
126675)
(4 g LHX DLy Lte g 125123 3K g AHTUS Gy 4K,y T1240 53K, 3HAL 4o 124 124 3K, 549535770
CREDEAED

(‘kXyLHX'IlyIB,IZ,Bl\vy{fHTUF:f‘)yf‘\\v L'zn\),3XyC.{~“.:v!3y["13;1-7'”‘12_.‘))‘-033;)67;\)
(A LHX s T Lo 2 e n L Lo T 2y vy iy T 200 3 F 12000332000, 12,0x,7 12425 353 ).)

A2SIAC LD
(le\y'.”X'Ilyl.-uovIZ,]:Zys;\ yZH"\CyIZ,CA]CLZ-\,y},‘\'?HA[."'[?,";?‘\'ﬁlz.."'-.‘sw,ﬁ?‘.’(:\)
13336130
CAXy Ly T1y 139029 3Xy ZHIC 31200, 7 L24 29343 2H 0,012,504, F12.0) 428367345
(4K:1HX,IL'1H.,I2,IZ, 3,\.,4HTIJF<,~.:’>X,L'-L,Z.;:,J-X,)_l‘-fm 2134 1243X,°1 7975235250
42506950
(4 LKy Tl 130129 3Xy4HTUFO A5 1200, 3X,240°,13,12,2%,F12,0)4252437.)
(4K LHX 3 L1092y I Lo I20 /0 amTUTL a0 Xy TL2400 93X 9 2H YAy 12,1233 X, 428262230
MRSI5393)
(4?\91.“)()111 l"i-v[ZyIZyB:“ 'Lr?*TlJFé,bA('C'_Z.L),:}(»’;)'L;"A:‘\l'I2,[2'3X'C"‘l?s)‘3lj':))‘
dPSA67 LD
(4xy LX Ty D30 12 3Ky tHTURO X, 120Dy 3X,4HAM o3 T2,72,3X,F12,01050692)
1083523)
(4)(91.*'{/(' [1‘2"-.7[ lyIZy"‘}\lyZHI\E,I21 T)‘(y'f;l().-’Jy 5}('2‘“"’\:1 I?v‘)X,Fl’)ADS)'ﬁQQ)
MPSC5757)
CaXy LUy TL, L ias 23T 293K 2HAE 3 1290X s L2409 3% 2HAF,1245X,T12.4195)6947
MASGLTTD
MPS0609)
PSS 16500
MPRSITOND)

(X LHX yT Ly I 3531233X32H0 312 ,0X0FLl2ed034420. T ol?30%sF124)
(44X IHX gy I 19 241easlly 12 23Xy 24080, T2,5%,F1.0)

{aXs LHX g ULy Liday 125123 3X32HAC, 1 290X Lol
([fx'lHXley!3,[213X,2H»"‘«C7{296K9‘:12-‘)) MPSOTOLD
(4Xs LHX g T1y 29 ea s L1y T2,3%32H G, 12064,5072.0) ARSHTI)
(4K IHX Ty Lite g 123129 3K5 218G, 1295%X,502.30) MPSI7%0
(4R LMy T Ly T2y 12, 3%,211300G,12,8%yF1240) 1S)T704)
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33

84

90
97
98
9
1.3)
121
102
123

FIORIMAT
1,F1l2.0)
FOURMIT
112.9)
FORMAT
FORMAT
1 .\))
FURAT
19)
FURAMAT
FO2MAT
LF12.0)
FORMAT
112.0)
FORMAT
FCRMAT
12.9)
FORMAT
112.90})
FORMAT
l.0)
FOwAAT
10)
COURMAT
E2SMAT
FaaaT
FOAAT
SN AT
FORMAT
FORMAT
EORMAT
1.2)

(’r)\',lHX.[ly
{4y LHX, 11,

(4Xy LHXy T Ly
{4XyLHX, I1,

(4K, LHX, 11y

(4XyLHX,I1,

[ 4Xy1t4Xe1 1y

{4X s LAy T Lo
(4Xy LHXy 1Ly

{aXsLHXyI1,
{aday LA, U1,
{4Xy LHX, 11,
(4Xs LHX 41 L,

(42(,1'1)(,{1.1
(’f:(;!.HX,Ilv

(le’ l"/(, i Lr‘

{4Xy iHX i1,y
("f‘,lHX!IL?
(4X, 11X, 1L,
(a4, LK, 11,

2

ey 12,12y 3%,

L3902y 3XaHTHRL 36Xy F124033 8y 2M8 013,12,
2‘4..'1].,IZ,SX,ZH;‘-C,I&,’QY,C et }, (K'_)“A_ﬁ'IQ AX'

it

[3,12,3%,
(QX'lriX,Ilc?_:h.,IlyI/_ 3)\,4111-'":((_"():\'

14

I),[Z 3/\9’}?‘11"" 61,0/\)

i

>

4

E

13,0293

i
1
T

ot

<

Taar L Lo I 203 X040 TUFELOXWFL2000 23X,

"oy;

2y T Lyl 2e3xy2110

HHA

AHTUFR G 6A3 71240y 3X3HAA L, 12,17 4934,5°

3¥,F12.0)

Yo l2491233%02H2C, 12404

y:‘-ldox)o ;"\9?.}"'“' 771‘.‘\'11:12.
7h\",12 (JX,CLZ.,),3}\Q2i’i\«n112!f’)X'Fl2o“))
2y 1243X%,

“ld y:}r‘l\y’g.‘"!"‘ix.,[

et I29 T 293Xy AHTURS 36X 3 F 1200, 3X38AN L, 12,12,3%,F
3 2HAVGT 2,12,

] \(y-L(_oJ)
1 /:,v})('/, h

ch)
= e T3, 0243X,F L

oyl._ I{.’ 5,(,/0T1TUL096{,

1..,[l.,l&ij,"HT‘JFo,oX,:lZ.O, 3‘(y?HA!\y,5vI?'3(QE

1-oyL1_yI_1_z>\12H\l‘1r?,b/( Fl._o;, )X,L_{"-

2HA D

? 3)\9.. 71’90(1;1;1'",473)\97‘4‘r9I/'/“Xv"’.?
(9bHXL‘1129OX “'Ld. )y 5) 1--
‘7[&94.(77'114-))
{o7[21!2132’&12514\”1I/?,')/(tr:l.'_)-‘\’)
5,1213)':'2'?“-\3,YZ‘)VJ.\,;lgo’\I))

‘,-oyllv[ ',2‘1; yIZ, ).\',Flﬂ-\,

.~C712'(‘):‘(,-C120'.))

1oy 12,12 rgAyd“\“yIff 1 El2.:0)
IleL 3<. H-J,IK_,‘)(,“L_cF\)
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XMF=,00711

Nl=.0725

N2=,003

N3=,01

GI TOD (Lly1y5+59545), 1

IF (KK.E2Q.1) GO T 2

FO=( XjlI)=Xu)/ LANS=X 1)
SWHP={VXULI)I=VIX))=FPR s (VIXNF)Y=VIY i))
TC=SUHP=CS{J=1) P07 (J=-L)Y+CuUi22id-1)

GO TQ 7

FPT=(XUlTl) =X/ {XNF=XY)
FOU=(XUCT)=X ) /702001y =Aw)

FP=0 (1T 43)={CUlTI}Y/FIU))=FPT)/J{]1,3)
FO=(XDULT)=xXW)/{XNF=X.!)

WUT=( VXTI =V{R W) ) =FoT =V XNEy=V{X.))
SAUYU=(VIXDU I =X ) =FO (VX =m)=V(X. )}
S#=S 5 T=S 40U
TC=SHP+0 (J=13+E2=CF{U-11+2UGC2(J)=1)

IF ({T.EQal) et To2),3)) G TO 5
Ic ([T1.2Qe21e 7 (Lo Y0a)) G0 T 4
EUC={0a194 791 %C5(J=1) +l 4 0SQuxCF{J=1)=Crn(d=1)) <l 0=M1=-82)
3 TO 7
DUC={De12715CS(U=1 )+ 12723520 (S=1)=C0(d=1) )= LleD=-N1I=-%7)
G T 7
PUC={0.1%00 05 (u=1)*%),2037=CF(J=-1))*(1.0—=il=-"7=-43)
IF (1.5d.5) G 70 7
GC TO 1
PUC={Da1805CS{I=1) FrlalndTOYCPFLI=1) ) (=L =12-"3)
IF (1.59.%) Gu T 7
Gu 10 1
CUuNT INI=
RETHYRY

MOS03330
MPS0307990
MeS$S941090
MPSJ311)
MPSD3120
M25981390
MPSO5140
428082150
MPSO31460
“PS595170
2598139
MPSHala0
4P S282919
MPS0R210
MPSURs222
¥pSn323)
MPS38249
M2S50Q259
MPS2372460

M2S53270

iPSI823 )
4PSAR299)
4PS$033350
MPSI321)
PS03320
MPSJ3332
MPSO3349)
4P 533239
MPSO835)
MI5S83T7D
W2SJ3%3)
#2533393

90t
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Appendix C

MPS-III Computer Program



209

The following is an example of typical IBM Control Language (JCL)
necessary when large linear programs are involved. The JCL consists
of two steps. The first step involves the implementation of an IBM
Utility Program, IEBCOPY. The purpose of this step is to compress the
partitioned data set, A99999.MAPSFILE, in place and catalog the data set.
This is utilized to reduce the amount of storage space necessary while
computing the LP solution. This step is not used in the first program
and can only be used if the data set, preserved on MAPSFILE by the MPS
program, is on a magnetic tape or an off-line disk. The second step
executes the MPS linear program.

// JOB CARD
//STEP1 EXEC PGM=IEBCOPY,TIME=1,REGION=200K

//SYSPRINT DD SYSOUT=A
//INOUTS DD DSNAME=A99999.MAPSFILE,UNIT=SYSDA,

// VOL=SER=USR305,DISP=(0LD, CATLG)
//SYSUT3 DD DSNAME=&&TEMP1,UNIT=SYSDA,

// DISP=(NEW,DELET®:) ,SPACE=(TRK, (5))
//SYSUT4 DD DSNAME=&&TEMP2,UNIT=SYSDA,

// DISP=(NJiW,DELET.) ,SPACE=(TRK, (5))

//SYSIN DD *
COPY QUTDD=INOUTS , INDD=INOUT5

/7‘<
//STEP2 EXEC LP,TIME=30,REGION=990K,ETA=2000,MATRIX=1500

//LP.SYSIN DD *

(Insert MPS program here)

/>'<

//GO.SCRATCH1 DD DSNAME=A99999.SCRATCHI,UNIT=SYSDA,
// VOL=SER=USR305,

// SPACE=(3120, (400) , ,CONTIG,ROUND) ,

// DISP=(NEW, CATLG)

//GO.SCRATCH2 DD DSNAME=A99999.SCRATCH2,UNIT=SYSDA,
// VOL=SER=USR305,

// SPACE=(3120, (400), ,CONTIG,ROUND) ,

// DISP=(NEW,CATLG)

//GO.PROBFILE DD DSNAME=A99999.PROBFILE,UNIT=SYSDA,
/] VOL=SER=USR305,

/] SPACE=(3120, (160), ,CONTIG,ROUND) ,

// ' DISP=(NEW, CATLG)
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//GO.MAPSFILE DD DSNAME=A99999.MAPSFILE,UNIT=SYSDA,

// VOL=SER=USR305,

// SPACE=(TRK, (15,10,10)),

// DISP=(NEW, CATLG)

//GO.SYSIN DD DSNAME=MPS,DISP=(OLD,KEEP),

/] UNIT=TAPE9 ,VOL=SER=DH62Z,

// LABEL=(1,SL),

/] DCB=(LRECL=80 , RECFM=FB , BLKSIZE=8000)
/*

!/

Note that an off-line disk, USR305, is utilized to store information
for SCRATCH1, SCRATCH2, PROBFILE, and MAPSFILE. The use of a magnetic

tape, DH62Z, is used to store necessary input data for the MPS program.
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R R R R R RS R RS R R R TR T R T L R R R R T T X
KExhhkhkhdhrhdhrhdhhiohhdhhhhhbbhhhhhhhhhhhdhhlhhhhdhhbhbhhhhhdhhhrhhd kit

Khk Kk
Fhk MPS - MATHEMATICAL PROGRAMMING SYSTEM ko
xk* 3

RAEARARRRAREAN AR RANRRRR KRR RLRER T RR KT RR IRk hdhhhhihhhhhihhdhhihhhhhihhiokin
KhARARIRATAA A AL AN ARk hhhhhihhhhhhhhhhhhrbhhbhih b hhbrhhirhAhhhhhkhidn

Kk R
®iK The MP system is composed of a set of procedures for ok
ARk dealing with Linear Programming (LP). The LP procedures Fodek
Fedk of the MP system use the bounded variable/product form Fekk
LEL of the inverse/revised simplex method. For further infor-  ***
Kk mation on the simplex method and the MP system, see Fokk
Kk reference 32. Sodek
*%k% Kk

RAXKAARARAARRAXNA AR AR DA ARSI RA KA RA A SR kAN hhdhhdhhdhhdhdh ot hhoiithhthin
fhhkkhkkhkhrhkhhhkihhhhhhhhkhhdhhhhhhhhhhihhhhhhhhhkhhhhfdhhihirhddlhdhhlklls

kkk k%
*Fkk The system Program Control Language (PCL) consists of a ek
*%% - geries of statements that are specifically designed for KK
Lk the solution of mathematical programming problems. The S kK
Fokk following is a listing of the PCL statements used in Fdo
Fkk solving LP problems. Sk
Kk %k Kook

AEAKAREAKEARAANANXAARARARNNAARLRARA TR AAN kb hhohihdhkhhhhihxhhihhchhkix

Khdhkhhkhkhhhhihdhhhhhihhhhlbihhhrhhhrhhhhhhdhhhhihhhhdthhhhhildhhhkhkhkktis

Kk Kk
PROGRAM('ND')

b

fekk
Kk AR R RRK R ARF KA R L IARRATAARRRR AL SAFRRRARA R KA AR L H KTk deddokdootdedkkdodk ke ko
fede ek
R This must be the first statement in the PCL. It identifies *%%
wEE the beginning of the control program. The NL parameter Kk
Kk indicates that no diagnostics are to be generated if an Fk
*kk unknown procedure is encountered. wkk
Kk Kk Kk
Kededoddekhk KKKk R R KKk AL Tk hkkkRkkhhhkrhhkkhhhbhidddk ik kk dododk kkdok kdddokkok
K%k K%k %
INITIALZ
Kok #ede
ook deded dek dedede ek kAR Rk Ak kR A AR hF kAR ARRRRAAARARS Dok hhh kR hhk ik hkhhkkhkhkkk
Kk Fekk
Kk INITIALZ is used to establish initial settings for Kk
o tolerances, frequencies, and demands. Fededk
kX Kk
Kok fedk ke deded e dokd ok dodk ok kR kA ok KRk gk ko ok ke koo ek ek deok ek deok ook dedede e de ke ok e de ek ek
fedkk % dk
TITLE(' TOTAL UF6 CONSUMPTION FOR 507 REACTORS ')
Kok Sk
Ko dkkhhAKXAKRRARKRAKRKRAAKRKK X hhhhhkkdhhdoddddd shdkdkdkdkdokik dhdkkkik kkdhkrkk
Kk

kX%
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*Hk % The TITLE statement defines a title that is to appear at Fkk
*ik the top of each page of the printed output. Fdek
Kk e T
T L L R T 2 L L L e T Yy L E L Lk
Kk k Kkk
XFREQ1l = 100
MVADR(XDOFREQ1,SAVIT)

Kk sk Kk
B I LTI T TP R PR PP T T P R P ST PR DR P P R P PR E T PR PR P e S SRR PP P P T T LRI
Kok ek
xR The XFREQl statement defines a storage region as 100. Fokk
L When the current iteration number is a multiple of the FFN
*%%  integer contained in XFREQl, XDOFREQl demands that SAVIT *k
wk be implemented. In this case, at every 100th iteration, L
Kok the current solution produced by VARIFORM will be ok
Hoek PRESERVEd. oo
fkk S
KEAXKRKKKAKXRKKARRKAKKARARKR AR AKX AR KA KA AARKKARRARAKRRRARRA AR AR K ARA SRR KA KRR
E3 3 Kedede
CASE DC('SAVE507'")

K& Kk
HATKAKKIRKAKR AR IR AARTARAR XA AR AR ARRKKET RAAXRAFAATARRARR A ST AT S AAKAE S hhhkA sk
EX 3 *lek
#kk The DC (Define Constant) statcment allocates storage space e
xkk for SAVE507. SAVE507 is the name used when the current xR
*kk solution is PRESERVEd or RESET. L2
fokk Kkk
Tk AR ARKKE KK ARTAAKKARRARKARRKARAAAARRRAARKA AR AARAKK KA KR ARAR AR AR A RRALR
k% Kk k

MOVE (XDATA, ' FUEL')
MOVE (XPBNAME, 'M507")
MOVE (XOBJ, ' TUF6')
MOVE (XRHS, 'ZZ1")

fededk Kk
oo ok ek ke g ke ek ok Kok S oAk ek ok ok ek ded s ko ok ek ke ok ek Rk kb sk ok ok ek ok
Kk %ok
*ihk These four insructions (MO\E) move specific information *kk
LR into designated ;torage regions, i.e., the input data name, ***
*k FUEL, is moved i ito the XDATA storage region. The problem  *%%*
wek file name, M507, is moved into the XPBNAME region. TUF6 Fkk
Kk is the name of the objective function row and ZZ1l is the Fkdk
wedk neme of the right-hand side. They are moved into the XOBJ Fokk
ek and XRHS regions, respectively. This inform:tion is Fokd
Rk required by SETUP and CONVERT. falais
fhk ke

KAk kA AkAhrR Ak T hh bk rA kA khkhhrdhhkk itk hhhhhdhohhhhhhithhhhhhihhhhhlhhdhii

£33 %k
CONVERT (' SUMMARY ')

Tkk

*%k 707
******************#***********************-k*******************:‘c******;‘:v‘:*

kk*k Kk k
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Fokk CONVERT is called to read and check the input data. It Fewdk
Fdk then converts the input data to packed binary format and KRk
*kd writes it on PROBFILE. The parameter SUMMARY is included whk
*h* to produce a report of the number of elements in each row Kk
*kk and column. KRk
edede Kk
KhARKAKRIIIRTAAKASAKRAAKARARIA X AKKRKARRARRRAA KRR ARARKARIRAKARK AT AR L KR ARS A A
%k % ¥ Kok
SETUP('MIN', 'BOUND','B1"')
Kk xk %
Scded dook o ok Fc e e dedk ek ke ek dok R R R R A KR KRR AR KRR AR AR KRR RR AT AAK AKX IR KA KKK A% X
xvek EX
Fkek SETUP takes the problem named in XPBNAME from PROBFILE and FA%R
Tk % prepares it for processing by allocating storage, initializ- #¥%¥*
Fokk ing I/0, creating the work matrix, and establishing an Kk k
kkk initial solution. The parameter MIN sets XSSCALE to +1, Fokk
Fokk which signifies that the objective function is to be mini- L
*k% mized. The parameters BOUND and Bl indicate that vectors L
wx% being bounded will be specified in the BOUNDS section of Fkk
Fkk the input data. %dk
Kkk Kkk
Kk Ak hhhEARAARKRARRRAKKIR XA KR RARIL KA AARAARARAAKA X RRA XA RKE KXk IR KK Kk hkkk ik
ek % Kk
RESET('NAME',CASE)
Kk ek
KAXNRERAKANXRAR AR X R KA AL AR RS hdhdhidhhdddhhdonfhhldkhhdledhfhfdhtkhkhhkiihd
EE 3R
*odek RESET is employed to reinstate the K-map, B-map, and H-re- Kk
FEX gion previously PRESERVEd on MAPSFILE under the NAME, Fedkede
e SAVE507. This utilizes several short computer runs for wh %
Fkk solving a large LP problem rather than using one long wi
*kk computer run. Programs utilizing the RESET statement are Fk%
*k not to be CONVERTed. Kk
ok Kk
e Fedode g ok e de Sk K ok ok ok sk ok Aok ke Ak o ok Ak S A R kA R A Ak ak bk ke ke ko ook
* %k Kk k
VARIFORM
fkk L
e g dedede ok o ook ok ok ook deok ok ko e ook o e ok ok Rk o ok o S ook ek o o ok e ek ok ek ok ks ok ok ek
Kk ok E
wokk VARIFORM is the main optimization procedure that utilizes wkk
Fokk a PRIMAL algorithm. Upon completion, a feasible-optimal weRK
KK solution will have been attained. RER
Kk k Rk
T L R L T R R R L L ST T T T T DR YT
Fedek Fokk
PRESERVE ('NAME ', CASE)
Kk Sed
Sk Rk hkkk A hhkkhkfkk A hAARARRI R KARR AKX KR AAK AKX L ARk kAR hkkhhkdddidhkhiok
kKK fkk

* %k PRESERVE saves the K-map, B-map, and H-region on MAPSFILE Fkhk
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wodk upon obtaining a feasible-—optimal solution. Fekk
Kook . ek
Kickhkkhhhhkhkhhhhkkhkhhhhkhhhhhhhhhhkhhkhhhhhhhhdihhhhhhhhkohkhkhkdhrhkrhk
xh% hkk
SOLUTION
K%k fekk
L T R R T R T T T R T R T T R g e R P L 20
ek ek
L SOLUTION prints out the current feasible-optimal solution fek
Hokk of the problem on SYSPRINT. Hodede
B B34
KAKRKKRIKRAAKRAAKRIAAAAAARAA AR AARARARA KA RAA AR ARAR AR K AR ARA A AR AR KA ARARR AT AKX
Kk Fokk
EXIT
Fedlek kk%
R Y Ll s I T T TR T L P T PP e T P P T TR P P PP S P P PP TR D R T T
®Ak ok
Fkk EXIT transfers control from the MP system to the Operating HRK
£ 5 System. K%
sede ek
SRR ARARAK AR ARAIRXIRRARARAKIIALLRF AT KRR THRARRRAAK KRR RFATRKIRF K KKK S K *
Sk %k
SAVIT PRESERVE('NAME',CASE)
kK oS
Lt L L S R T R P T PR T P P e T L P T BT T T R BT T e T R R R T S P S
desk Y
L This statement is implemented when the current iteration FFkk
sk number is a multiple of the integer contained in XFREQl. Fkk
whk PRESERVE is defined above. Fkk
ik ik
R L L P P P P P P PP R T T e R e e P R T T S PR P T T R T
Kk ok
CONTINUE
Kk ek
KHFKARIRKEAERRRARIRRAAAACKRAARALRARARA AR AKLA LT AR AN SRR RR AR R RR IR AR AR KTA L
Kk% fekd
kK CONTINUE transfers control back to the most recent execute ook
wkk statement (VARIFORM) once PRESERVE has been implemented. Hdkk
KA dokk
Sidek kAR AR AKKARRL AR AARRKAKRKA L KRERARRA AR XA L AR KRFAAF IR R KR KRR K TR okk kiokkk
kik Kk
PEND
X ]
EEE TR R R TR T T P R L L 3 T T 2 T e R S S T R R R R R L R T R R S RS R R L R e R R
Kok Kokk
*kk PEND indicates the end of the PCL program and causes Hkk
Rk control to return to the operating system. Fk%
Fkk fekk

Hk Ak KAk hT kR hhkhd ikt hhRkkh Ak Rk EhhhkAh b hk ok dhh kot kR R ANk k ki kkkkk
R AAAA AR AEXKA KRR AR AAARAKR AR A AL AR AR A AR AR AR AL A hkh Rk khrhkkkhhhkdhihhkhkihkk
AEAKIRKXKRAKAAKRKAAXARALARAAIAAKAEXAA kA kA hhbhrhhhbhhhkhhhkihhhhkhhhihhkrhhihhhkhkk
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CONSUMPTION MINIMIZATION OF THE URANIUM RESOURCES

BY THE USE OF MIXED-OXIDE FUELED REACTORS

by

Bruce Loren Johnson

(ABSTRACT)

The need to conserve the limited natural uranium resources
necessitates the determination of the optimal use of MOX fueled reactors
under various reactor growth scenarios. The reactor growth scenarios
include an industry that attains 400, 507, and 600 operating reactors by
the year 2000. The reactor-fuel types under consider: tion include a PWR
and a BWR, each of which can utilize an all UO2 core, a self-generating
recycle core, or a plutonium burner co—-e. Results f-om developing,
analyzing, and solving the reactor mix model are used to recommend
specific fuel loading strategies.

The reactor mix problem involves the interaction between reactor
fuel demand and the availability of SWU, fuel fabrication (UO2 and MOX),
reprocessing, and spent fuel generation. The cost of each type of nuclear
fuel is based upon projected costs of uranium, separative work, conver-
sion, reprocessing, and fuel fabrication, as well as plutonium and spent
uranium values. Application of the reactor mix model is done on an
annual basis for a twenty-five year planning horizon.

The model application is developed through a linear program. The



analyses of the linear program problem is done by the use of the
proprietary mathematical MPS-III systeﬁ.

Specific results indicate that spent uranium and plutonium should
be utilized in self-generating reactors in order to minimize the con-
sumption of the natural uranium resources. The ability to reprocess
spent fuel and to fabricate MOX fuel assemblies are the parameters which

restrict the effective introduction of these reactors.
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