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1
INTRODUCTION

Fuel cyele coste have been an area of nuclear power
cost csleulations in whieh investigators have relied on pere
formance estimates %o cbtaln reasonably adequate results,
This is due to the variation in reactor types, fuel element
configuration and compositlion, methods of fabrication and
processing, and many of the economic variables involved, In
addition, future technological advances and changing govern-
mental policy conecerning special nuclear materials and
gservices have greatly affected the fuel oycle cost, Hence,
it 1s important that as many of the wvalues ag possible ine
volved in the fuel ¢ycle cost be known,

Economics of the fuel oyele cannot be treated with
precision in a general guantitative investigation, Factors
such as reactor sige, fuel enrichment, flux distribution,
moderator, coolant, and others have a large effect on the
final fuel cycle cost., This study is an investigation inte
the various parameters involved and & mathematlical derivation
of their relation to the total fuel cycle costs From these
relationships, a computer program has been written and some
of the parameters varied to glve an overall piecture of the
effect of these parameters on the final fuel eycle cost,
Thig method 18 a compromise between knowing the core performe
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ance for & particular design and setting up a set of standard
values thet could be used in all estimates. In the first
case, there is some doubt as to the actual operasting para-
meters for any specific core, as well as the economie
conditions that will prevall, The second case 1s subject

to changing economic conditions and is relatively inflexible
with respeet to the choice of values that predict the per-
formance of a resctor design. The parameter variation
approach gives greater flexibility in solving the problem
without an exact knowledge of core physies. Also a study

of the effects of changing economic conditions on the fuel
eycle cost can be made.

In this study many parameters are varied to determine
the differential change in the final costs. The computer
progranm was written for bateh irradistion only. Oamses forx
both private ownership of nuclear fuel and the present use
charge method were alsc ilncorporated inte the program,

The study of plutonium bulldup and the costs of enriched
uraniunm were made separately in order that they could be
gtudied in more detail, Por exmmple, plutonium concentrae
tions as functions of flux-time were caloulated for various
values of cross sections (corresponding to variocus tempera-
tures) and resonance escape and nonleskage probabllities.

In the case of computing the enriched uranium costs using
the ideal cascade eguation, the effeoct of changing nstural
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uranium cost, separative costy ond optimum waste concenw
tration were studieds The result of these studies are
presented in the Appendixes B and C.

The resulte obtained in this study should facllitate
the estimation of fuel cyele costs for the lightewater power
reactors under a variety of econemic conditions, Marginal
cost errors alse can be estimated, 7THis study then should
help utilities in preliminery nuclear power cost estimates.



4

Studles on fuel eyocle coonomios have been treated iu
seversl different sennerss Sows have treated s specifie
reactor in detull while others have been concermed with
general saleulstion of representative or reference resctors,
In this thesis, & general reflerunce reagtor was considered
and seversl of the parameters governing the scenomics of thie
resctor were varied, This sllows ome to determine the relae
tive effeot of saoh psraneter onm the fuel oyole coste

The AXU hes sponsored many studies in the ares of
nuglear powsr economies (11, 12, 134 14, 135, 16, 1T, 18, 19,
20). The Guide %o Muelesr Pewsx Iysiuskign was psrticularly
helpful in laying = beckground and providing & set of ground
rules for cost osloulationm (16, 17, 18). Other studies proe
vided information on vaurious steps during the fuel eyecle
wlong with methods for computing the cost incurred at these
steps (11, 12, 13, 14, 15, 19).

Periodioals provide current data sbout operating reagtors
and new developmente in the field (2, 3, &,, 6y Ty 8 9)s
mmug that inelude articles on mxm power economion,

Benediet and Pigford (1) wes the source used for the
plutonium isotope bulldup equutions and the cusonde equation,
mtnﬂma by Ty 8y 9y 13; and 19 were used to complle dats
used in computing the fuel losding equations Sefarense 10




wes used ae a cheek to some of the equations developed in this
study.

Mullenbach (5) has an interesting book which discusses
the history and present state of the nuclear industry, both
from & public and private point of view. Herron (3) gives
an acoount of several methode of performing toll enrichment
and computes some costs based on these methods.

In general, the literature is mainly concentrated in
government reports and pericdical accounts of new developments
pertaining to resctor economics. However, with the inoreasing
uge of nuclear reactors by private utilitlies, several private
studies are avallable which have included calculations for
both present and future times.
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FUBL COYCLE COST ANALYSIS

The fuel cycle lg the most significant cost connected
with a power reactor after the plant structures have been
erected and the equipment installeds This is due not only
to the many steps and diverse technologles involved in the
physieal nature of the fuel eyocle but also to the many
economic factors involveds In the following sections
analyses of the various processes and costs are presented
in sequence as they ocour in the fuel cycles

Pabrication Cost
The fabrication cost as considered in this study cone
siste of the conversion cost of UFg to the fuel material and
the fabricatlon of the fuel elements. It was assumed that
UO, fuel is used in the resctor and that conventlonal
techniques are used in the fabrication stepe

Sonversion step

The cost of conversion to uea is generslly a function
of the enrichment and the quantity of fuel undergoing conw
version., Flgure 1 shows a plot of the unit cost of convere
sion of E?s to 692 powder as a function of enrichument for
some batch sizes., This curve 1s based on average vendor
prices as compiled for the SENN reactor in 1962 and reported

in Reference l4, The conversion cost includes the cost for
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withdrawal and packaging of the vﬁé from the AEC, the cost
of UFg eylinder rental and isotopic sssay, the cost of sorap
recovery and recycle back to the AEQ, and the cost of transe
portation of the UFg %o the conversion site, The conversion
cost deoes not imclude any charge for loss of fuel material
during the conversion process ncr use charge on the fuel
inventory.

The fabrication cost includes the cost of all hardware,
the shaping and machining of the fuel material, the cladding
of the fuel, assembly of the fuel elemente, and the inspec~
tion and testing of the final fuel assemblies. For the
particular case of aaﬁ pellet fuel, the pelletization cost
is sometimes caloulated separately. This cost includes the
pressing and sintering of the U0, pellets and the grinding
of the pellete to insure tolerance requirements. In this
study, the pelletigation cost is included in the cost of the
fabrication of the fuel assemblies,

The fabrication costs vary considerably. Some of the
factors which have a bearing on the fabrication price are:

ls Guantity of fuel assexblies per batch lot
2. 8ize of the fuel assenbly

3. Complexity of design

4, Toleranee requirements
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Se gfﬁairiwmtiwn requirements, and the type and
gldity of ineprocess inspection

6« Material reguirements for cladding and other
metal components

In this study the total fabricetion cost includes all
coste considered under the conversion step plus the coste
incurred in the fabrication step, The costs incurred in the
fabrication of the fuel elements are sssumed to inolude the
cost of sersp recovery of process overage during the fabricae
tion step and any tromsportation costs incurred between
conversion and fabrication sitesy Thle cost does not lnclude
the losses inourred during the faobrieation step as well. as
use ehark& or the fuel inventory. |

iesses

Certain irrecoverable losees of the fuel material are
incurred ln the conversion and fabricstion steps which must
be acoounted for as an expenses The AEC recommends some
stapdard velues to be used in caloulsting the fresction of
fuel lost in esch step. These asre the following: 1€ of the
uranium passing through the conversion step and 1% of the
uranium pessing through the fabrication step.

Interest and use charge

During the conversion and febrication steps considerable
costes are incurreds The inventory of uranium must de
financed in the case of private owmership of fisslonable
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material or & use charge rate charged if the fuel 1s leased
from the AECs The time factor which enters into the caloula-
tion of interest during the pre~reactor period depends
mainly on the throughput rates for the conversion and fabrie
cation processes, The AEC lists & value of 4 metric tons of
uranium per month to be used for the salculation of the total
fabricetion time, 1. @+ conversion plus febrication (16).
Reference 14 gives a procedure for calculating fabrication
time based on the quantity of uranium per bateh sizes This
procedure presents a more realistic approach to present
commercial practice in relation to bateh sizes The rule is
given bolow, where X is bateh sige in metric tons.
4 months 1f X<4&
%:1;;1 ::a::m = X months 1f 4 <X<10 (1)
(X/2) + 5 months 1f X >10
Both procedures were used in computing the fabrication
time, The effecte on the final fuel oycle cost are dis-
cuesed along with the results of the cost calculation for
bateh irradiatlon,

Transportation of Fresh Fuel
Shipping charges for fresh fuel usually include the
freight and insursance charges from the AEC site through
conversion and fabrication steps to the reactor sites It
is pointed out in Reference 14 that the various industrial
converters usually include the shipping charge from the ARC
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to the conversion site in the conversion charges The present
AU suggestion for the computation of this charge 1s to age
sume & velue of $3.00 per kg of uranium shippeds The breake
down gives a value of §1.,50 per kg as shipping charge from
the AEC to fabricator, and the same charge for transportation
from fabricator to reactor site,

In this study, it has deen nepumed that the tranee
portation cost from the AEC to converter and from converter
to fabrieater are lncluded in the respective conversion and
fabrication costs, The value of $1.50 per kg uranium was
used for the ealeulation of whn‘prmewﬁaﬁtur transportation
chargess This value 18 somewhst arbditrary, but any specifie
charge 1p difficult to obtain unless the shipping dietance
is known and some of the factors which are subject to
negotistion can be determined,

Reactor

The cost incurred st the reactor site can de directly
related to: (1) bdurnup of fissionable materisl, (2) produce
tion of plutonium isetopes, (3) fuel management, (4) load
factor aaﬂ plant evallebility, and (5) use charge and/or
intereet rates. Hach of these footores will be disoussed
briefly in this seotlion and thelr relation to the final fuel
eyele cost polnted out.



Burnup of fissionabl
The fissicn process which provides energy in the form

of heat in & nuclear reactor also causes the U-235 content
of the fuel to become depleted, The depletion ain be viewed
as & burnup of the fuel and hence an expense lncurred during
the time when the fuel ig being irradiated. The burnup cost
is computed by taking the difference in the value of the
fuel cherged to the reactor and the velue of fuel at dis-
charge. For enriched reactors the depletion of U-235 is
dependent upon the integrated preoduct of flux and time, A
more common measure of the irradiation of the fuel is the
burnup expressed in Megawatt-days per metric ton of fuel,

- The burnup expressed in this manner takes into account the
contribution of the fission of any plutonium isotopes that
have been built up in the reactor to the total heat rate.
The relationship between the flux-time and the burnup in
Mw-days per metric ton for the isotopes found in & nuclear
reactor 1s derived in Benedict and Pigford (1).

Plutonium production during the irradiation of the core
ig important because it can be reclaimed during the re-
- processing and sold. Since Pu-239 and 241 are fisslonable,
they contribute to the energy output of the reasctor. Pu-239
is produced as a result of neutron capture by U-238., The
higher isotopes of plutonium (240 and 241) are also produced
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during irradistion by neutron capture and can dulld up teo
apprecisble fractions for long irradiation times, The equae
tions describing the bulldup of plutonium in a resctor are
derived in Benedict =nd Plgford (1)s These equations are
listed in Appemdix Be A computer program wos written using
these equations to determine the plutonium credit in caleou-
leting the fuel cyele cosots, .

Puel Manngement

Several fuel mansgement "schemes” have been proposed
to create more favorable fuel oycle cost conditions during
the irradiation period. Different types of fuel mancgement
affect fuel eycle costs through the technical-cconomie
interrelationships which arise from the change in core
composition, power density,flux distridution, and excess
resctivity, GSome of the schemes considered includes batoh
irradlistion, outein and ineout fuel movement and graded
irradiation,

Zotoh lrrodiotion

The bateh fuel mansgement is chorseterized by the load-
ing, irradiation, and replacement of the whole core 28 a
gingle unite This 18 the simplest form of fuel management,
however it is subject to certaln economic and technical dise
advantagess For a uniformily enriched core the neutron flux
will have a significant spatisl variation which results in an
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unequal burnup across the core. A4lso large initlal values
of excess resctivity are required to attain reasonable core
lifetimes, However, the advantage of the scheme i in its
simplicity which can offset some of the advantages of a more
complex type of management.

The batch irradietion schemes can be applieéd to uniform-
ly enriched and zone enriched cores, For the zone enriched
case, the fuel enrichment in each zone is chosen so that a
flatter power density is obtained, The average burnup will
be more uniform over the core and hence, the reactivity life-
time can be increased, The biggest disadvantage of zoned
enrichment is that fuel of different degrees of enrichment

must be fabricated and reprocessed, separately.

Qui-in fuel movement

In this methed the fresh fuel is charged near the outer
core positions and moved progressively toward the inner posi-
tions. This has the effect of flattening the power density
across the core. The average burnup attained is greater
since the reactivity is not as limlited as in the batch case
(11, 15)s The mein disadvantsge iz the downtime required
for the movement of fuel., The downtime could be eliminated
by techniecal advences in in-core fuel movement machinery.
This method of fuel management has been indlicated as a
practical means of obtalning a méra uniform power density

and a better average burnup.
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In-out fuel movement
This method is the reverse of the out-in method, and is

the progressive movement of fuel elements from the inmer core
poesitions to the outer core positions, The resultant effect
is a distorted flux distridution with large values of peake
to-aversge power ratios (11, 15), This method has the ade
vantege of inereesing reactivity lifetime because the fresh
fuel is charged to & position of high importance in the core.
The method is not presently praoctieal because of the
engineering difficulties in the hest removel for this kind

of power distributions

Graded irrasdiation schemes consist of periedle replaces
ment of the most lrradlated fuel elements among different
local groupe of fuel elementa, Thus, each local area in
the reactor consiste of = group of fuel elements each of
which has a different degree of burnupe In this way the
fisslon produets become uniformily distributed throughout
the core and the fuel cuomposition will stey essentially
constant over the irrediation period (11), However, the
frequent shutdowns required and the complex system of
erranging the fuel elements in the core will tend to offset
the gains made by using this type of management,
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Use Charge and Interest

The use charge or interest accumulated on the fuel in-
ventory over the core life contributes to the costs incurred
during the irradiation time. The pre-reactor costs ex-
cluding the fuel inventory are usually financed efur a time
which includes a portion of the irradiation time, If the
uge charge applies then the charge on the fuel 1s over a
period covering the core lifetime and the other pre-reactor
costs can be welghted to a fraction of the core life. This
fraction is proportional to the fraction of the pre-reactor
costs which in turn contributes to the total fuel eycle
cost, This 1s not strietly true since the assumption is
that income from the sale of electricity during this time
goes entirely toward the retirement of these costs,

Por the case of private ownership the interest on the
fuel inventory must alsc be considered. Since the purchase
of fissionable material 1s very expensive and since the total
fuel cyecle cost calculation includes the resale value of the
irradiated fuel, it is unlikely that the total income over
the core life could meet this costs The question of whether
the interest is ealculated on the unpaid balance or computed
at a fixed rate on the original prineiple must be answered.
In the case consldered in this study the latter method is
adopteds The former method ean be reduced to the latter by

an appropriately averaged interest rate.
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Losd foctor and plant gvalloRilliy

The load factor and the plent avellebllity affect the
fuel eycle cost through the production of elecirieity during
the core lifes The losd foactor 18 the f{raction of time per
year that the plant can be consldered to be operating st full
powers The load factor waries from plant to plant depending
on the local pewer demaondse For this reason the AEC has
suggested the value of 80% be taken for estimeting fuel oyele
conte (16),

The plent availabllity is the fraction of time per year
that the plant can operate due to downtime for repairs and
fuel loading or movements By multiplying the load factor
by the plant avallability factor one can get o plant factor,
In this study the designated load faooctor =nd the plant
feotor are taken to be equivelents

Gooling Time |

After irradiation in the reactor, the fuel is withdrawm
and stored or "cooled" for a length of time to allow the
activity to decrease to » level so that shipping and re-
processing cen be facilitateds Bemedict snd Pigford
indicate that the U«237 cotivity is the limiting facter -
in determining cooling time for natural or slightly ene
riched uranium irradiated to burnup fraction of the order
of 1% (1) A common specification of the permissidle
aotivity remsining ln separated and decontaminated uranium
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is that the bete and gamma sctivity shall not exceed that
of natural uranium in equilibrium with ite short-lived
daughters., The requlred cecoling time can be calculated

if the concentration of U«237 st tﬁa end of irradiation

is known, This concentration depends on the U=236 cone
centrations Both depend on the flux and the corresponding
capture cross sections, The cooling time is generally set
at 120 days for computational purposes in most fuel eycle
cost estimates and will be the velue taken in this study.

Transportation of Irradieted Fuel

The difference in the cost of shipping irradlated fuel
as opposed to unirradiated fuel 1s malnly due to the exten=
sive shielding required and the incressed insurance rates.
Reference 13 glves an estimate of this cost for twe different
cask sigess It 1s coneluded that the maln unknowns are the
insurance rates and the negotiable carrlier ratess For the
purposes of this study e unit cherge of §12,45 per kg of U
was assumed, This is the value listed in Reference 16,

Chenical Reprocessing
Chemiecal rapraéaasing is required to recover the uranium
and plutenium from the fission products and to restore the
fuel to = useable forms This iz ususlly an economie
necessity for uranium enriched fuels, The reprocessing step

has been divided into three catsgories: (1) the dissolution
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and chemical separation of the fuel from the fission pro-
duets, (2) the conversion of the recovered uranium and
plutonium to desired forms, snd (3) the losses imourred in
each of the above steps,

The separation of the fuel material from the fission
producte is usually performed by aguecus chemical processes,
Nonagueous methods such as extraction with liquid metals,
vacuum volitizetion of molten metals, oxidative slagging,
and ulaotrurgt&ning are being congidered for futuru use, In
this study, it has been assumed that a Purex, Redox, or other
process giving uranyl and plutonyl nitrete products 1s used.

The separation cest can be caleulated using the follow-
ing equation,

Separation cost (§) = K (W/R + 1) (2)
The dally charge of the separation plant., This
z‘a. :tizn:at ixed and 1s subject periodie

W = The welght of uranium in a processing bateh
in metric tons.

R = The processing rate in metric tons znr day.
This is & function of the enrichment of
the fuel and varies as shown in Figure 2.

T = The turnaround time in deys. This is the
time needed to cleanup from one bateh and
get ready for the next,

where, K

i
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The equation given above 1s used by the AEC for computoe
tional purposes and 1s based on a hypotheticsl plent with e
maximum throughput of one metrie ton per dayes The dally
cherge X to operate the pleant is esecalateds When the charge
wes first initlated in Mareh 1957, it was §15,300 per day.
This value included $6850 for depreclation and $8450 for
the cost of operation, waste storage, and overhead (13).

The depre,lation portion i1s esealated on the basis of the
Engineering lews Record construetion cost index using the
volue of 694,8 for July 1956 as a bases The remaining
portion is cscaloted according to the U.S5. Bureau of Labor
S8tatistics wholesale price index for inorgsnic chemicals
by using the velue of 13543 for July 1956 ass the base (13).

It should be pointed out agein that these costs are
based on a hypothetieal plant with a capacity of 1000 Kgs U
per day for netursl or very slightly enriched urenium, This
wes done by the AEC to make the price charged more compatible
with & plant that industry night dbulld, hence, they sre
greater than the ARC's "actual™ costs because the scale of
operation is much greater than that assumed for the concepe
tuel plants In this study, X values of 17,000, 20,000, and
23,000 dollars per day were used to see the resulting effect
on the fuel eyecle costs Fuel Services, Inec, has bdullt =
privete plant with a similer price structure to the AEC's
(6)s
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The processing rate R is shown in Filgure 2 as a funetion
of fuel enrichments It should be noted that Pigure 2 is
based on the enrichment of unirradlated fuels, The turn~
around time T is computed from the followlng equations,.

= 2 days if W/R<2
T 4= W/R days 1f 2<W/R<8 (3)
= 8 days if W/R>8

The uranium and plutonium product compounds that are
;ornad in the separation step are usually converted to other
formes The ureanium from the separstion step 1s usually cone
verted to UFg so that 1t 1s in a form sultable for re-
‘enrichment in a gaseous diffusion plamt. At the present
time the plutonium is usually converted to plutonium metal
snd sold to the AEC, However, when plutonium fueled resctors
become common, the plutonium compounds from the separation
step may be converted for use in some form other than metal,
.whs conversion cost for uranium is bosed on the enrichment
“ o} the fﬁel prior to 1frma1&tiana The AEC suggests the
following costs for conversion of uranyl nitrate of UFg (16).

gonversion cost of $5.60/kg EB<5%
urenyl nitrate te UFg = {
§32400/xg E>5%

The copversion cost of plutonyl nitrate to piutonium

(4)

metal is taken as §1.,50 per gram of contsined plutonium (16).
In this study it hes been assumed that the products from the
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separation step are plutonyl and uranyl nitrates although
other compounds with similar conversion costs could also be

agssuned,

Losses

The irrecoverable losses assoclated with the separatign
and conversion steps are specified separately for uranium
and plutonium, The AEC recommends the following values
to be used as standards in caleulating the cost in fuel cycle
estimates (16).

Uranium losses: 1% of material yanaing‘thraugh
chemical separation step

0s3% of material passing through
conversion step

Plutonium losses: 1% of total flntanium passing
through chemical separation

1% of remaining material passing
through the conversion step

It is assumed that the losses occcur at the completion
of the process under consideration and are charged on the
basie of the value of the ultimate product.

Plutonium Credit
Presently the plutenium that 1s produced in power re~
actors is sold to the government on & guaranteed market
agreement. The price of plutonium produced in this manney
has varied greatly from its inception. For instance prior
to June 1962, the buy=-back price varied from $30 to $45 per
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gram of plutonium metal depending on the concentration of
Pu=-240, From July 1, 1962 to June 30, 1963 the price was
$30 per gram regardless of isotopic composition (13). These
prices are based on the sale of classifled or weapons grade
material, Unclassified plutonium price was set at §12 per
gram of metal from 1957 to June 30,1963, Presently the
price is £9.50 per gram of metal which terminates Januwary 1,
1971 when the AEC will cut off ites guaranteed bdbuy-back
poliey (6).

In this study plutonium prices of §8, $12, and $16 per
gram of metal were used. This is & reasonable range of
values that should cover the anticipated fluctuation of
plutonium prices 1ln the near future, Many experts believe
that when the government ceases to buy back plutonium on a
guaranteed basls that the price will decrease to some
minimum before the breeder-converter economy becomes pro-
minent in determining plutonium prices., The breeder-
converter economy is still at least 20 years awey by most
estimates.

Another approach is to base the plutonium price on the
"fuel value" of plutonium. The fuel value is determined by
comparing its value as a fuel to U-235., By this criteriocn
Equation 5 gives the price of Pu-239 based on the cost of
energy relative to the energy released by U-235,
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Price Pu-239 = Price Bﬂ235(1~<ﬁg§l . 425 (s)
T+ X ) -
For example 1f the price of U-235 is taken as§l2,00/gram,
the price of plutonium based on its fuel value is $8,88/gram,
The price of plutonium will be determined more by eco~
nemic factors and technological advances in the near future

than by its fuel values The govermmental support of pluto-
niun hes inflated its value so that when the AEC terminates
its guaranteed buy-back policy the priee will be due largely
to forces of supply and demand, The govermment will still
be indirectly invelved by its development program of plu=-
tonium fuels and reactor concepts, and probably the limited
purchase oi weapons material,

Reenrichment of Uraniunm

Soon after the fuel has been reprocessed and converted
it 18 returned to the ABC for reemrichment in the gaseous
diffusion plants, Because the AEC owns the fissionable
naterial, they request it back in the form that it was ini-
tially rgxaaamd, Le 80 ﬂ?sn The cost of enriching uranium
is based on the ldeal casoade equation for isotope separation
in a gesecus diffusion plant, This equation is presented in
Appendix C along with some studies on the effeet of changing
the optimum waste concentration and the unit separative
charge on the cost of enriched uranium, The present costs
for enriched uranium are shown in Plgure 3. 7This curve
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1llustrates the cost per kg of uranium as Urﬁ for the total
range of enrichments a&s based on the 1962 price schedule of
the ABC (20). The inset shows the enriched uranium prices
over the range of enrichments considered in this study, 1. g+
from natural to 8%, Note the almost linear portion from

2 to 8% enrichment.

Use Charge

Under the Atomic Energy Act of 1946 and its amendment
in 1954, only the United States government could own any
special nuclear material under the Jurisdiction of the U.S8.
In 1965 the act was further smended to allow private owner=
ship of nuclear materials starting in 1969 and becoming
mandatory after 1973. However, the present situation is
still to lease the fuel from the AEC at a2 rate of 4,75% per
year of its average value. This charge applies to all spe-
eial nuclear materials which ineclude enriched uranium, plu-
tonium and U-233,

The fuel inventory upon which this charge applies in-
cludes all materials within the possession of the leasee,
However, any plutonium produced by the reactor is not subdbject
to this charge. During irradiastion, the U-235 concentration
of the fuel changes, and hence the value of the fuel inven-
tory changes., It is usually assumed that the change in U-235
concentration is linear with time. The use charge is com-
puted using the average value of the fuel during the irradi-
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ation time, This charge can be significant for relstively
high burnups on enriched fuels After the fuel les discharged
from the reactor, 1t ig cooled and reprocessed during which
time the use charge 18 in effects Cheumical reprocessing alse
can be a costly operstion depending on the type, amount, and
enrichment of the fuels
' If the fuel is privately owned, the inventory mmet be
finanoed 2t higher interest rates then the use charge rate,
Because of the large smount of money needed to be financed
in purchase of the fuel materiasl, the interest rate will
have s signiflicant effect on the finel fuel eyole costs

Future Trends
In this section some of the future trends that will
possibly affect the fuel eycle cost are discussed. These
inelude the private owmership of nuclear fuels, toll enriche
ment, governmental controls and other miscellaneous concepts
whieh eould change the fuel eycle costs.

Private ownershlp of special nuclesr materisls in the
United States wae prohibited in 1946 under the Atomic Emergy
Act., 1In 1965 the act was emended %o allow the private
ownershlp of nuclear fuels. This action by the government
is a part of the desire to stimulate pesceful uses of the
atom, =8 well =8 the encouragement of private industry to
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take over operations in which the government has been the
sole provider.

Privete ownership of nuclear fueles has lte advantages
and disadvantagess Flrst, the present use charge rate of
4,75% 18 relatively cheap compared to the 6% or more that
would probably have to be pald for the finaneing of fuel
purchase. However, the fuel purchase price could be pare
tially paeid during the irradiastion time which could give rise
to a lower effective interest rate. Another influence on the
fuel eycle cost due to private ownership will be the loss of
guaranteed buy-back for plutonium. Because the present
demand for plutonium is largely military and because of the
large stockpiling by the govermment of fissionable materials,
the plutonium price at present is higher than if 1t were
supported on a striectly competitive market. The advent of
the converter<breeder reactor systems should increase the
value of plutonium agein,

Because private ownership has forced toll enrichment,
it 18 expected that the price of enriched uranium will de-
erease in the near future. PFrivate ownership will allow
the true cost of nuclear power to be evaluated without the
ald of artificial governmental prices and reduced costs.

Zoll enrichment
The AEC has announced that toll enrichment will be

avallable after Januwary 1, 1969, Toll enrichment is the
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gontracting of the enriching of urenium supplied by the
customer to a desired degree. Herron (3) has proposed tweo
methods of toll enrichment for redueing the cost of the fuel
eyele.s He based his methods on the present AEC diffusion
plants and the sgsumption that a constant output of weapous
graode U«235 was the primary goal of these plantse The
savings comes primarily from the 2bllity to supply natural
uranium by buying it on the world's maerket at a cost below
the price of the ARC.

In the first method, the ocustomer supplies the feed
material to give the desired amount of enriched U235 plus
any additional feed needed to maintein the output of weapons
grade materials The cuestomer also pays for the incremental
separative work required to keep the talling concentration
from increasing. |

In the second method, the separstive work is held cone
gtant and the talling concentration is allowed to rise,
However, more feed materisl must be supplled in this case to
maintaln a constant cutput of wespons grade meterisls

The above schemes are adaptations of the present system
of enrichments In the future when there are enough power
reactors to support privete enrichment plante, the need to
maintain the highly enriched output will not be = raquirinuu&
Since most of the present day power recctors use slightly
enriched fuel, 1t is probadble that enrichment needs enly to
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be carried to a few per cent in these private plents. This
should causge a» reduction in costs due to the smaller numbey

of stages needed,

Governmentcl gontrols

Becouse of the circumstances in which atomle energy came
into being, the governmental control of nuclear fuels and
nuelecr devices was a necessity in the interest of natiomal
securitys Recently, however, the need for such stringent
governmental controls has been questioneds Mullenbach (5)
states that "history reveals no link between national secue
rity and government ownershlp wne ever explieitly established
on the public record; instead the link was asccepted, lergely
as an article of falth and doectrine"s As 1t turned out,
government ownership of fissionable moterisls necesslitated
administrative devices for getting emriched ursnium inte
privete hands at a reasonable use charges Industry has
found government ownership profitsdble with the low use charge
rates thet have prevailed,s The Atomic Emergy Lot also ree
quires the AEC to pay s falr share to any person lewfully
producing fissionable materials, This policy tends to make
the present form of government ownership more atiractive than
private ocwnershlp becouse the AEC has temporarily set
plutonium prices well above the fuel vslue of the materisl,
The main indirect effect of private ownershlp would be the
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termination of the gusranteed market for by-product plutonium
from privetely owmed power plentss Because of the present
low demand for plutomium, 1t 1s presumed that the price will
£211 until the recyeling of plutonium in reactors can be
proven economiocally competitive, In genersl, industry will
not find the trsneition to privete ownershlp profitable beoe
gause ax the present low use charge and the relatively high
price of plutonium,

Another effeet of the governmentsl contrel is the opere
atlion of services such o8 the diffusion plants, reprocessing
plants, snd other feeilitles assoclsted with the preparation
of nuclear fuels. However, it is the policy of the
Commiselon to supply the services snd meterials aoa&ué by
industry only to the extent that they are unavailable come
merclallys ¥Whenever practical, the governmment intends to
reduce or eliminate its sales and services as industrial
sources become avallables, Prices and charges are dbased upon
the prineiple of the recovery of full costs and indirect
expenses plus an added factor, This added fsotor includes
overhead, interest on investment, process improvement and
expenses not sublect to shsolute determinations The scale
of the government's operation makes muny of ite services
very cheap in comparison to a privete industrial effort at
the present time, The saovinge passed on to the customer is
usually not eanslly determined and is one of the reasons that
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the "true" competitive nature of nuclear power cannot be
readily established,

One of the possibilities that may develop to reduce the
fuel cycle cost is the use of blended fuel., This 1s done by
blending the uranium from the reprocessing plant which is
depleted in U-235 with higher enriched fuel so that the net
final enrichment ig that desired for the reactor., Possible
reduction in cost should be realized because of the direct
conversion of reprocessed uranium to the form of the fuel
rather than through the intermediate, 9?5‘ Since the UFg
returned to the AEC must satisfy stringent specification,
the chemical separation must obtain a high degree of separa-
tion, especially between the uranium and plutonium (16, 17).
Hence, the relaxation of purity requirements in the reprocess-
ing step could be a cost savings.
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PROCEDURE

The method nsad to study the fuel cycle unit energy
cost was the systematic variation of several economic para-
meters. Such & parametric investigation facilitates the
evaluation of a case study end sllows additional flexibility
for possible future economic conditions, From such a study
the relative influence of the fuel c¢ycle cost variables can
be obtalned and an insight into the economic incentives can
be gained.

Computations of the fuel c¢yele costs followed the cost-
ing procedure of the AEC with some modifications., These
basic methods were put into equation form and programmed for
the IBM-T0T74 computer. The flow diagrams for the main and
subprograms are illustrated in Appendix A. The fuel ecyecle
costs were calculated for batch type management for beoth
private and AEC owmership of fuel material. The results of
these studles are presented separately and then compared.
Table 2 illustrates the velues and ranges of the parameters
gongidered in this study.

The fabrication cost for this study was assumed to be
independent of the batch size being processed., This is not
generally the case but serves to simplify the procedure.

Several auxiliary funetions were used to facilitate the
caleulation of some intermediate expenses. This was done
primarily to limit the number of computer inputs as well as
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to incresse the flexibility of the program, These suxilisry
funotions which are discussed in this sectian are: (1) fuel
loading as & function of plant size (Mwth) and enrichment (E),
(2) enriched uranium cost as & function of enrichment, (3)
production of plutonium &g & funetion of burnup (B) and en-
richment, (4) separation plant throughput rate as a function
of enrichment, and (5) unit conversion cost of UF, to uo, as
2 function of enrichment.

6

Table 1. Range of variables and value of constants used in

this study
Parameter Variable Range Constant Value
Reactor size 200-1600 Mwth ———
Initisl enrichment 2,0-8,0% ———
Puel loading —————— Equation 6
g:i:ig:st of enriched  sw—eww- Zquation 8
g;zvgzt%g: cest of — Equation 10
Fabrication cost 50-150 §/kg U —————
Average burnup 10,000=40,000 Mwd/Mt =—————-
Conversion loss ——————— 14
Fabrication loss —— 1%
Thermal efficiency 26-34% -————
Transportation unit —————— $1.50/kg U

charge, fresh fuel
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Table 1 (Continued)

Parameter Variable Range Constant Value
Plant load factor T0-100% R et

Buildup of plutonium ——————— Equations 1l-14
isotepes

Transportation unit e $12.,45/kg U

charge, irrasdiated fuel
Processing plant dally

charge 17,000-23,000 §/day ———————
Processing plant - Bquation 9
capacity

Conversion of uranium, wewwe=e Equation 4
unit cost

Conversion of uranium, e—ee—e= 0e3%

loss

Qonversion of pluto- ——— $1.50/gran
nium, unit cost

Conversion of pluto- e 1.,0%

nium, loss

Uranium loss in chel=  =ewe——e— 1,0%

ical separation

Plutonium loss in chefi= =ewwwws 1,08
lcal separation

Price of plutonium
metal 8-16 §/gram ——————

Zuel loading
The fuel loading of several operating resctors and some
of the proposed reactors of the BWR and PWR types was conm-
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piled and pletted as & function of their thermel megawatt
rating. Thus the value of the fuel inventory can be calou-
lated. In Table 2 & tabulation is given for operating
reactors and their parameters as used in this eompilation.
Table 3 illustrates the fuel loading fram‘a price list by
General Eleectric and ig dased on & 30§ thermal efficiency
(7)s Table 4 gives fuel loading data taken from "reference
reactors” used in other economic studies. Figure 4 is a
plet of the fuel loading versus the plant size for the data
presented in Tables 2, 3, and 4,

Table 2, Parasmeters for some actual reactors

Reactor Type Mwth Kg U (%) Puel Reference
Yankee PWR s 20,880 3.4 uo 8, 13
Comn, Yankee  PWR 12#3 70,100 3.6 U0 8
Dresden ~ BWR 700 51,500 1.2 uo, 8, 13
Big Roek Point BWR 240 11,700 3. uo; 8
Humbolt Bay BWR 16¢ 13,700 2,6 U0 8, 13
Bodega Bay BWR 100 ag,?aa a.z U0y 8
Dairyland BWR 165 3,600 3. uo, @
Mali PWR 1477 5@,&9@ 3.8 U0 8
San Onofre PWR 1347 58,000 3.6 vo, 8
Nine Mile Point BWR 157 95,000 === U0, &
Oyster Creek BWR  16C 95,000 ==- UOZ; 4, 8
SENN giﬁaly) BWR gg?.a 46,400 2,0 U0 8, 13
SENA (France) PWR 5 8

39,300 3,25 UO5
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Table 3. Fuel loading of G.Es reactors from G.E. price list

Mwe Mwth at 304 Eff, Fuel loading, Kg U
50 167 10,730
100 333 20,600
200 667 41,100
250 834 51,300
300 1000 61,500
350 1168 gz,ggg
400 1331 ) 4
500 1670 107,300
600 2000 129,000
T00 2336 153,800

Table 4., Reference reactors used in some economic studies
and the parameters assumed for these reactors

Type Mwth Kg U Enrichment Fuel Reference
PWR 810 41,700 3.34% U0 12
BWR 690 52,300 1.50% U 12
PWR 85 6,680 3¢30% U0z 19
PWR 555 32,760 3.10% U02 19
PWR 925 55,380 3+20% U0z 19
BWR 65 5,326 2420% U0 19
BWR 508 41,400 1.90% U0z 19
BWR 980 56,377 1.70% U0z 19

An equation was fitted to the points in Figure 4 by
assuning that a stralght line would represent the reactors
of the same enrichment., This gives a generating equation
which is linear in enrichment and sweeps out a family of

curves of the form:
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= (K/E)X + C (6)
where, y = fuel loading in kg U
K = constant = 148
E = enrichment expressed in % of U=-235
X = thermal power rating, Mwth
C = constant = 3000

Figure 5 illustrates the curves generated by Equation 6
for a range of fuel enrichments. The straight line approxi-
mation for the fuel loading can be verified from the general
equation relating energy production and fission rate. This
general equation is:

Mwth = A+f+W -0 (7)
where, A = constant of proportionality relating fission

rate to the energy releaseg per fission
¢ = average thermal flux, n/cm®-sec
We
g%

i

welght of fissionable matagial, kg
fission cross section, em~™

P?l "

In Figure 6 is illustrated fuel inventory versus plant
size as computed by Equation 7 for various values of £ with
E = 3%. One interesting point is that the G.E. data points

coincide with the line corresponding to a flux of 1x1013

n/en®-sec on this plot.

Enriched uranium gost
The cost of enriched uranium as UP6 was calculated using

the ideal cascade equation given below.
=0, (2x-1) 1n X(1-xyg) | (x-zypel (1-2x,,) (g
Xypo (1-%) Xyo (1=Xy,)

where, C = cost per kg of emriched uranium, §/kg
unit cost of separation, §/kg
x = atomic concentration of product
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X o= optimum waste é@nnantrttian
The AEC price schedule can be generated to a high degree
of accuracy from this equation by setting Cy at $30/kg and
Xen at 0,002531, In Appendix C the effect of varying ax and

LI the unit cost of enriched uranium is studied.

The buildup of plutonium isoteopes in a reactor with
inereaging burnup was calculated from the equations given

in Appendix B, These equations were programmed for the IBM=-
TOT4 computer. The effects of the variation of flux-time,
resonance escape probablility, enrichment, and cross sectlons
on the isotople concentrations were studied. Some of the
results fro<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>