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IIlTll.ODUOTIOU 

't'tuel oyole oooto have been an t1roa of nuoloar power 

cost caleulat1ona 1n which .,nveatigators have relied on per• 

foma.nco ootU:latcs to obtain .reasot1ably adequat e results . 

Tb.is in duo to the vn.riation 1n reactor typen , fuel element 

eonf igi1rat1on and oomposi t1on, methods of f abrioat.1on and 

IJroocao1llg1 and ma.n;r of tho ooonomio vc.,riablen involved• ln 

~,u1t1on1 future technologionl ndva.~oe~ and changing ovcrn-

mcntal policy oonoern1ns SP'-~010.l .nuoleal' mater1o.ls mid 

aerv!oos have greatly- n.f.feotod the .fuel cycle oost . Honoe, 

it 1 1r.lpoi·vcnt that o.a many o! tho v lues s pOGS:1ble 1n ... 

volved in 'the fuel cyclo cost be known. 
Economics o~ tho :tuel yo lee can.not bo treated lti th 

p1 .. cc1o1on 111 a general quantitative 1nverrt1gnt1on, Faotor3 

such as reaator n1ee, l.'uol enr1ohment, flux d1otr1but1on, 

moderator, aoola.nt, d others have a large eti'e:ot on the 

final fuol cy<Jlo cost., Th1s study is an invastigution into 

the nrious p~ra:t:neters involv d and a mathematical derivation 
of their relatiol'.l ·to tho total fuel oyole ¢ost . Prom these 

rolationshipo, c. oomputor proc;:ra.m ha.a 'beon wri ttol1 and some 
of the parm:latcrs varied to glve an overall picture ot the 
effect of tb.cso pnrameta:ra on tha f':lnal !'i'el cy-cle ooat. 

Thi mothod ia c compromise betwoan l.-no111ng tho core perform-
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a.nee for a pa.rt1oule.r design atld setting up a set of standard 

values tha.t could bo used 1u all "'at1n:atos. In the !'1rst 

cas • there ia some d~ubt as to tho actual o erating para-

metara for Sl'lY speo1!1c core, aa well as the econom1o 

oondltions that will prevail. Tllo seoond cnoe is aub3f!Ct 

to changing eeonocio cond1t1ona: and 1.s relatlvely 1nflex1ble 

with respeot to the oho1ce of values the.t predict ttle per-

!oma.nce of a reactor design.. 'l!h paremator va::-lntion 

approach g1v a greater flexibility in solving thfl problem 

w1 th.out an exaot kno-.;!edge of oore phy s1o s. Al so a study 

.of the ei'fectn of changing EJconom1o ocndit1.ons on tbe .tuel 

cyola cost can be me.de. 

In ·thie study many para.meters arc va:rled to dete.::m1s.: e 

the ciffe:-:ent1al ohange ln the i'1nnl ooats. The oo:optlter 

progrwu we.s written .for be.ten 1r:radiat1on only.. Oases for 

both prl vnte o~mersh1p of nuclear fuel a.n.d the pre$e:Ot uae 

charge method \'rere also incorporated lnto the program .. 

The study of plutonimu buildup and the oosts of enriched 

uranium were made sepnr tely !.n order that they oould be 

studied in more detail. .?er exru:iplo, pluton1u:m oonoentrs.• 

tlons a.s !'unctions of flux-t1me were calculated for "various 

values of crosrn aootion (corresponding to vaz-icua tompera-

ture s) and re~onanoe escape and nonleakaga probab111t:tes. 

In the onse of conrputing the enriched ura.n1vm ooctt using 

the ideal oasoade equation. the effect of ohaue;ll:1g natural 
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uranium cost, separative oor~t, ·"'! d opt!mum waste concen-

tration were studied . The reeult of these atud1eo ere 

prese21tad in the .Appond1xec B and c. 
The renul ta obta1l1od 1n this study ohould ,t'ac111 tate 

the eat1.mat1on of J: tel cycle costs for the 11.e;ht- wntor ~ wr 

reactors undar a variety of economic condit1ono. 1argin1l 

oost errors nlso can be ¢atimn.ted . T!iis ntud;r then should 

help utilities in relim1nnry nuclear powc1:r cost c~t1metes. 



&tu01ee on f.u ... 1 cycle ooo.nOtt; o,o ~ b.,on ·rea. ~d i.n 

$ft'iTeral <l1t'£ert!nt tiO.n:tlli!'G• ffo.ne . t.vo trmatvti 4 tlpoa1f1o 

reactor 1tJ detti.ll wh11e othc~e havo boor.. ceri.otr:•nar1 ... 1th 

st:.me!'aJ. oaleul.t~t~.Gu ~'f repr1H'$el1t~· t!.vo or ~·t:e. · xic ~c~•ctore. 

In thl thet11.s, a g~noral r tor·~netc reRetor ·n.a COl:it:Hiered 

d DeV~l'"al o~ the pcr~:tr.::nteto:rc scvt>m!ng the tHH.mo:m1o , 0£ th.1 

.ta~~tor 11ero V.Qrie<t. ~'his -:~llt:"Wll .lne to i!Gterm!..ne tho roln-

ti"'1t.r et.taut ct ~a.tJll pc;1~~eter- on tho tual c;;~l-e o··~t. 

i.'he Alu nne fJponnoJ. ... ed oe.ey stutU.eG in tl .. -0 re ,, of 

nuolear powr,r econ ~ic~ U.J., l.a, i;;,. lit• 15, 16. l71 18, 19, 
20) . Wl$.e p rt1ou1~~11 

b lp ul \n 1 11n~ a b~et:graune -.titd prov1d. ng ... et of ground 

ru.l o fo"" ooat o .loule 1on {lo, 17 • 18), Otl1er . tud1o · pre· 

vidod 1nto~atton on lf"srioue Dtopr.G d'.1t'.-.l'lS the fu 1 cycle 
t .. l.on 'U1 th rz.s:thodo :torr oc: b'.'Utin~ tne oce-;. 1u<<nr);Tt:d at then 

stepn (11, 12• l~, 14, 151 19). 
Per1od1o ltJ provid.e cu:rre ·ti 'nta about o ~ .roting r ct.or 

and ~Oi aeveloptlent 1.n tbo ~1ald (0 , '• 4, G, 1, e, 9) • 

. :.HPi-!!P.nW.• r~ ~ntl ,....la£.1:t.~ .. e .. ,;.1 .J~JiG Q.?'n trn::.ie 

po~1odio · $ that lno.lude (!.H1c1(;n en cuelenr power eoriuoi11oa. 
De.nee.tot .. ;na P1c;ford (l) was •n ooura~ used tor t?:':.e 

plut.:m1U.tl ioo,ope bulld~J;i tPU,::ttions ;.. tbe Ou170 tL fl·~u •tirm. 

Ret ; r ncec 4, "l, 8, 9, i:;~ M.d 19 ~~i·c ueod to etotlp~.le dot 

us a 1n oooput1nc, ho fuGl lo. tlit4S ~qua:t,...o!l, 'R" f r~noe 10 
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was used es c. ct.eo1t to so:::e ot the equatior~s devaloped 1n th1e 

atudy. 

~ulleuba.oh C5) has an intereotlng book whiab. d1eousaes 

the history and preeent state ot th~ nuclear industry. both 

from a public and private point oi view. Herron (3) givea 

an a.ooount of several t'lthods o! per!'orm1.nfi; toll enr.1.ohment 

and computes aome ooste based on thasre rJ.ethods. 

In genora.l, the literature 12 mo.inly conoentra.ted 1n 
go? rru..1ent reporta and periodioal accounts of new developments 

:perta1n1ng tQ reactor ()Oonom1oo. Uot-rever, .dtb the 1noreas1ng 

uae of nuc,lear raactors by pr1.vata utilities, several private 

studloa are available whiob he.Ve 1noluded oaloul&ltions for 

both present and future tim~s. 
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FU:zL OYOLE OOST i\.!iALYSIS 

The fuol cycle 10 tho most n1gntficant cost connooted 

wit h a power re·~otor after the 'Plant etruoturca have boon 

erected and the equipment i?.ot:. lled. 1'h:tn i n due not only 

to the many oteps and diverse tochnologiea involved 1n the 

phyaianl nature 0£ tho :f'uel cyoJ.e but alao to the many 

economic fuotora involvod. In tho following sections 

an•lyseo of tho varioua prooosaea and coats are prosanted 

in o~quence us t·ney ocour tn. tbe tu.el cyolo. 

Pabr1oat1on Cost 

The fnbr1cat1on aoot na considered in th1s etudy oon• 

s1ata or tho conversion ooat of U · 6 ·to the fuel material and 

tl ... e .t'abr1cut1on of tho fuel elements. It won assumed tnat 

uc ..... fuel 1o used in the roaotor and that conv~nt1rmul 
~ 

tcchn! .. quoa nra used in tho febr1cat1on step. 

The cost ot oonvcrs1011 to uo2 1s generally a :runot1on 

of the enr1ohmcnt and the quantity of tucl undergoing oon-

version. Figure l shows a plot of tbo unit oo t o:f conver• 

sion of u1P6 to uo2 powder aa · function of enr1chment .for 

some ba Ch sizes. Th1s ourve 1s baaed on average vendor 
prices an compiled for the SE!rn roaot.or 111 1962 and report ed 

1n netcrenoe 14. The oonvera1on cost. 1.ncludcs the oost !or 
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uitrdrRw :.l and paor..sgh g o ... the UF6 .from the .AEO, the cost 

of u~ 6 cylinder rental and 1sotop1o aasa.y, the oost of scrap 

reeover1 miu. recycle back to the A.:£0, and the oost of tr ns-

potta.t1on of the UF0 to tho co:a.v r ion s1 te ~ The oonva:ra1o.n 

cost does not include rm7 che.rge !or loss o! fuel mat rlal 

during t.:e convG.rs1on procar-s nor use aha.rge on the tuel 

inventory. 

Fabr1oat1on 

The :f'abr1oat1on oost 1noludee the cost or all h rdwn:.re. 
the sha-p1ng. and machining o! the :f'u l l'!la.te:r1al, the cladding 

of the fuel, nsr.embl7 ot the .fuel clements, e.nd the in pec-

t1on e.nd testing o·il' the final .fuel aase!:1bl1es. For the 

particular Oa"O Of U02 pellet fuel, the pellet1zat1on 00 t 

1a aomet es cn.loul tad epe.ratoly. Th1s oo.st 1nclud s the 

pre•sing a.nd 1nter1ng of the uo2 pellets and the grindintS 

01 the pell t· to 1nau.r tolerance require ents. In th1 

study, the :pelletization cost 1a 1nelud~d 111 the ooat of" the 

!abr1o tion of the fuel aesembl1ea. 

The fnbrioation oosta vnry ooneiderablj. Some of th 

!a~tora wh ch h~vs a bear1ng on the fabr1cat1on pr1oe er t 

1. Quanttty ot ft.tel assemblies per batoh lot 

2. Stze ot the fuel assembly 

3. Oompl~x1ty ot design 

4. Tolaranoe requirements 
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5 Specd.flooticu J:"(:qUiI me:rrtt:J , d tha t.rpe and 
r1c1dity of in• proc s inapectlon 

6. Mo:to:rial re ;..ulr€!um· .. ta for cl,,.ddine end other 
metal c~mponentn 

In ·his study the total fabric tion co,t 1.ncludeo n.11 

costs oo:n.aiclorocl undo .' thu oo.nver ion E::lt 'P .1.,rn the costs 

i~cu1·red in the f'so1•icnt.ton ::.rtep. The costs incurred ln the 

.tab1~1aation of tho fuel elomente :rt~ acsumed to inolude the 

oor:;t o .. ocri:..p rcoc>vc17 ol. pl'ccoss overage during the r br1on• 

tion step and any transpo tat1on coots incurred b twcon 

co11vers1on a."'ld fr1brlcat:1on sites. Tbla co··t. does not include 

the losses 1ncurrod dur1n~ tne t br cn~ion £top aa woll. as 

use cuu1:-gc or. the .fuel .tl'lVontccy . 

Certain 1:rrecoveru.bJ.e OS'JOB cf tho f 101 !!lfltor:tnl are 

incurred ln tle ounvernicn and f'ab::icntion etops which must 

be ·~cocunted £or ac ·1 expenae.. Tho ABC roccr;nmends soma 

,,. .ndarl'.l · :.:.ue:l.:l to b used in ealcula.t:l:nz iL fr ction cf 

f iel lo""t in cc oll '"'t 'P• Tll1;;eo re the :follo\.iug: 1% of +he 

urar~1um paeei - , ·th11'.:lugh th~ cou\'"crs oD E;tcp .nd 1% n! th 

urLnium pncE. r,c tr rou,) .. "he fub:r·1cat:ian .step .. 

Interest ang u~o pbcr.a,o 
During the conve1·s1on and f, brieation steps cona1dernble 

costs are incurred. T 10 i.nvcntory o! ur.anium must be 

1'1nn11cod 1.•1 the case of private 01mor::;h1p of fi.ns!.onnble 
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m tarial o::- a us· ohargo rate oharged it the tue- 1a leas d 

1'?'01..'l the AEO. The time !actor im1ch enters into the calcula.• 

tlon of interest durlng the pre-raaoto:- :period depend.a 

mninly on the throughput re.tes !or the conversion and ta.bri-

oation t,)roceoaea . Tbe A:EO 11sta a value ot 4 metric tons of 

uranium per •. 1onth to be used for the calculation of the total 

1'abr1oe.tion time, .1.• .Q• oonvara1on plus !abr1aa.t1on (16) . 

Reference 14 giv a n proceduro far oalculat!ng !abr1oat1on 

t1m, based on the quantity or ~.iran1tn:l per batch size. Thia 

procedure presents a. more realist1o approach tc present 
oommcrc1~l pract-oe 1n rel tion to b tch aizo The rule is 
g1ven bolout where X 1c bntoh 1i:e 1n metric tons .. 

Tl.me :terr total 
fabrication 

{
4 montha if' Y< 4 

:= uonths 1! 4 ~ v ~10 

( X/2) + 5 months 1r "\ >lo 
(l) 

Both liroocdures were used ln cottputing the f br1cat1on 

time , ~ho effaot 0 on the final ft~l cycle cost are dis-
cussed along ~.:;.th the re cul ta o:r the cost eslculat1on for 

batch 1rrad1ayion. 

Tranaportation of :Fresh Fuel 
Shipping oha.rgos for frosh fuel usually 1nolude the 

freight and 1nsura.1'1Ce oha:rgcs .frOIU the AEO s1te through 

conversion and tnbr1oatio:n steps to the reaotor site. It 

is po1ntod out in Ref erenee 14 that the vo.rioua industrial 

converters uoually include the shipping charge from the AEO 



ll 

to the conv~rsicn ottc i n the con~ersion oharga . !ho preuont 
AEO suggestion tor tho oam11uta.t1on 0£ thio ch!lrge is to ... 

sumc a vclue ol:' 3. 00 per kg cf urnn1um 9h:tpped , The bran~

do1'n gives a. va lue of l . 50 por :g ca shipping charge .rron 

the AEC tc 4'ab ... 1oo.tort o.nd the same ot:iarr;o for t r anoportatio:n 
tr!"lm .f'abrlcntcr to :s.~eir'c.to:- si tc. 

In thia otady, it h:.'.."'io been et'"'oumod th t the trana· 

po;:-tnt1on . cH:;ct !ro~ the AI:.O to convartor o.nd from converter 

to :f'abr1ontcr nre included n the !'eopcctivo convoriion and 

fa r oat~on coctc. The value of Al . 50 per l:g ranium ns 
u:-;cd f o:r the calculation of tbo pr· - ro etor transport t1on 

oht'rcos.. Thia value 10 comei.rhu.t a.rbitr .... ry , ibut nny apec:tf1a 

otwrge is ... iffi cult to ohtain unler;a the ohipving di3tance 

is k.noun and no. o of the facto:t•s rhich r f;U.b;joct to 

nagotlc. ion cum ~ dete .... ined. 

R ac·t1cr 

The coot 1.ncu~rad ot tuo reactor u1to can be directly 

related to: (l} burnup c! t1no1onablo matori l , (?.) produc-

tion o ... plutoniuo isoto1 es, (3} 1'uel mo.nag oent. ( 4) load 

factor nud plnnt vnil,bility, and (5) uao chnrse and/o~ 

interest l': too. ":a.oh of .b.ern fnotoro will he d :sounscd 

briefly iu this oeotion and their relation to tho final fuel 
cycle co~t pointed out 
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Burnu12 .Q! .1.iseion.abl e material 

The fissicn process whioh provides ener gy in the term 

of heat in a nuclear reactor also ca.uses t he U- 235 content 

of the fuel to become depleted . The depletion can be viewed 

as a burnup cf the fuel and hence an e:-:pense incurred during 

the time when tb.e fuel is being irradiated. The bur nup cost 

1e computed by t ak1ng the difference in t he val ue of the 

fuel charged to the :reactor and the value of fuel at dis-

charge . For enr iched reactors t he deplet ion of U- 235 is 

dependent upon the integrated product of flux and time . A 

more common measur e of the 1:r.radiat1on of the fuel is the 

burnup e }[pre2sed 1:n 1"1egawa.tt- da.ys per metr1c t on oi: fuel . 

The burn.up axpressed in this canner t akes into account t he 

contribut1cn of the fission of any plutonium isotopes that 

have been built up in the reactor to the total boat rat e . 

The relationship between the flux ... time and the burnu:p in 

Mw-days per metric ton for the isotopes found in a. nuclear 

r eactor is derived in Benedict and Pigford (1). 

Plutonimn production 

Fluton1um production during the 1rrad1at1cn of the core 

is important because it can be rocla.imed during the re-

processing a.nd sold . Since Pu- 239 and 241 are fissi onable, 

they contribute to the energy output of the rea.otor . :Pu- 239 

1s produced as a result of neutron capture by U- 238. The 

higher isotopes of plutonitun (240 and 241 ) are also produced 
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durinc 1rr~d1nt1on by nout1"on oo.pture net c8ll build up to 
a.pproc1a.blc i'ruct1ons tor lcng irradiatio11 t .L ... es ., The equa-

t1cns describine the bi1.11dup of pluton1.mn :ln u. reactor are 

derived 1.n Bencd1at -.md. P1gfo:i:·d (1). Thece cqtitl .ions re 

1oted •. n /ippendix B. A cor.q~iuter program Wt s wr1 tten using 

tb.aoe e~uationa to determine the pl'!1tonium c:rcdit in calou-

lt1ti11g tho fuel oycl.c cot:Jte _. 

Pucl ·Mngem9nt 
Several fue:L mano.geiro<mt 0 r:icho.mos'* have been proposed 

to ci·oe.to tiore i'nvoreblc fuel cyole oost oondi tio:nr.i du_ ing 

tha 1:rrnd1rtion period. Dii'.fc,:an:t typer: of fuel mf'tnneeriont 

affect fuel cycle oosts through the techn1cal-econom1c 

1ntorrelet1onohipo 11hich arise f'rcm the chonge in ccre 

compos.1 t1on, power dono1 ty •flux d1str1 'bu:tion, ~ci exceas 

reactivity. Come of the ache~eo considered include; atch 

irradiation, out ... in t1.11d in- out fuel movement nnd gro.ded 

1rr" dint ion. .,. 

~<:>jjoh. i;rr.,JJ,io.t~on 

Tho batoh fuel rrm . .uagooent 1$ chur"cter1zed hy the load-

ing, 1:-radintion. ar.cl :replaoeoent of tl1e i.holo core no a 

Dingle unit . This ia the oitploat form ".f: fuel manngement, 

howover !. t 1a subject to certain economic and teohn1crn.l dis-

ndvant.rrges . Por a. untformil;v enriched core the neutron .flux 

will have a significant opat1ul v r1at1on which results in an 
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lJ.n9qual burnup across the core . Alsc large 1ni tial values 

of excess reactivl ty are i~t'3quircd to attain reasonable core 

lifetimes . Howavor, the advantage o! the sch.me 1s in its 

si~plicity which can offset ~ome of the advantages of a ~ore 

complex type of management . 

The batch irradiation schen::es can be applied to uniform-

ly enriched nnd zone enriched cores . For the zone enriched 

case. the fuel enrichment in each zone is chos~n so that a 

flatter power density is obtained . The average burnup will 

be more uniform over the core end hence. the reactivity life· 

time can be increased . The biggest disadvantage of zoned 

enrichment is that f 1rnl of different degrees of enrichment 

mu.st be fabricated and reprocessed separately. 

Out- 1n fuel movement ----
In thls method the fresh .fuel is charged near t he outer 

core pos1 tions and moved progressively toward. the inner posi-

tions . This has the effect of flattening the power density 

across the core . The average burnup att ained 1s greater 

since the reactivity is not a.s limited as in the batch oaso 

{11, 15) . The mo.in disadvantage is the downtime required 

for the movement of fuel . The downtime could be eliminated 

by technical advances in in- core fuel movement machinery . 

This method of fuel management has been indicated as a 

practical means of obtaining a more un1fonn power density 

and a better average burnup. 
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Thi~ method l th rover ol the out- in method, and is 

the pl"'oeroosi vo ncr.r~ment ol: fuel elc-,.me11.f1.1s from th :nner core 

poBitions ~o the o~ter ore ponitions. Th. rc~ult~nt .ect 

is a. c.lintortec flux di tri.l.n.tt1on :tth larg ~ valnen o:r pe -

to ... nvorago power rut1oa {11 1 '.15), Thii~ r.iethod htt-s the ad-

vunt.-: ge of 1noronc:l.ns ret.ct1 v1 ty li.:tet1..rr1e beep.use tho fraoh 

fuel iP ohnrged to e. por;i""ion of high it;.tport~tic" 1n the core. 

Th method is not pre · ntly prao·ticul because of the 

cng1nce:ring d1fficul ·loo in tha heat removt..1 for this /'ind 

of po~1er d str!bution. 

Graded 11·radiation s~hemcn oonsi.ot o:r perio lo repl .. ce-

ment of' tho most 1.rr d1ated fuel elements among dii'.1.orent 

J oonl groups of :f'uel elements. Thus, e , ... ch loc.o.l oron in 

the reactor consiato c:f e e;roup of fuel elements each or 

wh1oh haa different degree of burnup. :n th1a w y the 

:r asion products beoo· e unifon·'11y distriln te'l throughout 

the core and tho !·tel oompo~i .1011 rill stoy easent1a ly 

onstant over tho 1rrad.1at1cn period (11} . However, th 

!requont nb.u·~downa requ.i..r€ad J:'JJd the o.omplex system of 

.-rru.ng1r.L(; he .fuel elem ··n·to in the 001"e will tonti to offset 

the gal.no ' de Of r OiD{) thi.G type Of lnf'..l:leget:H'Plt • 
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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 1:oourred. 

during the irradiation time . The pre- reactor costs ex-

cluding the fuel inventory are usually financed over a time 

wh_ch includes a portion of the 1rradlat1on time . If the 

use charge applies then the charge on the :fuel ls over a 

period covering the core lifetime and the other pre-reactor 

costs can be weighted to a .:fraction of the core life . This 

fra.otion is prorort1onnl to the fraction of the pre- reactor 

costs which in turn contribu:.es to the total fuel cycle 

cont. This is not strictly true since the assumption is 

that income from the sale of electricity during this time 

goes entirely t . .:~mrd the retirmi::ent of these costs . 

For tho cooa of private ownership the. interest on the 

fuel inventcx7 must also be considered . Since the purchase 

of flesion<lblo material is vary expensive and nince the total 

fuel cycle cost calculation includes the resale value cf the 

irradiated fuel, it is unlikely that the total income over 

the core life could meet this cost. The question cf whether 

the interest is calc~lated on the unpaid balance or computed 

at a fixed rate on the or15inal principle must be answered . 

In the case considered in this study the latter method is 

adopted, The former nethod can be reduced to the latter by 

an appropriately a\1cror;od interest rate. 
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~ fnctor l.'Hl. y,l n:M, f11[H-'llnb1.J1jz 

Tho load t'aoti:r::- and t e 71 tnt avc!la bilt ty af f'oct the 

fuel cycle coat ·hreuc;b the :rrroduotioL ¢f leo·J;:ric i ty duriXlg 

the ccrc life. The loric1 f'oeto:r· is ·th~ fr ot on o:.: ime per 

yo::u" thnt the I> lent oo.n be c ousidered to be op or tin0 °t • ull 

po ~ter . ::ne load ..tuotor vnrico ft·om plcnt to pln.nt depending 

on tho l oo.l po'to:r dem::.nas. or "lin1'fl re son the AEC lm.s 

aur.,gr:o .;c.d t. e value o;r 80;; be tq cen for e t1mst1ns fuel oycle 

coot {16). 

Th;j. plnnt l'V .ilo.b1J.1ty 10 h · fr· ctlon o tlr:lc po~-- year 

thn,t th{;. plant can operate tlue to doi··ntimo for ropairs and 

fuel londine; or movement. ny mul t1ply.1ng the loud faotol" 

by the pl nt avnilnb111 ty "tlotor one can get o plont factor. 

In thio otudy the de~ie;neted. load rector and the plant 

f'e.otor t'C talr.en to be oqui vt:ilent. 

Oool1no T1oe 
After 1xrad1.:ltion !11 the ~actor, the fuel it. ~n. thdrawn 

end stored or 1100"1led." tor n loneth. o! tiruo to allolf the 

ot1 vi ty to tl€\orense to o lovol so that h~ppins and .ro-

proacso1l1{S c~n c f cil1tatad. Benedict ~nd Pigford 

1nd1c · o the.t tho U-2'7 no ti v· ty 'is the 11m1 ting :r ... ctor 

in dotorn1n1ng cooling t:tmc for natural or al1ghtly en-

riohed ti-Olli.um 1rrnd1.a'ted to hurnup fraction ot tho "rder 

ot 1% (1). I: oor.1I.1on specif1ont1on oi' the pom ... ss1ble 

ot1v1 ty remnin1nc; 1n scl)•·,rated and deoonta.o1na.ted uranium 
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io that tho beta and gamma. nativity shall not exceed that 

of natural uranium ln equ.111br1un with its short ... l1ved 

daughters . The roqul:red ooo11ng time oan be calculated 

if the concentration of U- 237 at the end of irradiation 

1s known . This oonoentration depends on the U- 236 oon-

oentration. Both depend on the flux and tha corresponding 

capture oroes sections . The cooling time io generally set 

at 120 days for computational purposes in most fuel cycle 

ooat est1m e::.tes and wlll be tho value t~kcn ln this study. 

Transportation of Irradlr.:. ted Fuel 

The dl.fference in the oos·t of shipping 1rrad1ntcd fuel 

as opposed to un1rra.d1e:ted fuel is mainly due to the exten-

sive shielding required and tho incressed 1nourance rates. 

Re.terenoo l~ s:tvos an eAt1mete o! th1s oost tor two different 

o, sk a1zee. It is oonoli:ded thzit tbo main unknowns 'l:e the 

insurance r~ tos and the negotJ. .. ble ca:rrler rates. ·or the 

purpooos of' this study a unit c1:mr,.o of $12. 16 per kg of U 

was :e.ssumod. This 1s the vnlue li"'ted in Re!eronce 16. 

Chemi cal Re:process1ng 

Chorr:loal roproc sing is required to recover the uranium 
and pluton.iura. !ram tho :f.1s!:!1on product.., and to re tore the 

fuel to uscablo :!'on.ti. This is usually n economic 

necessity fer urunium enriched fuel The reprooesalng step 

has been divided into three catsgorieo: (1) the dlsaolut1on 
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ducts, (2) tho oonvcrs1on of he rGooverod uran1tl.Il'l end 

pl·utonium to desired torm:.:3, and {3) the losses 1nourr€ld in 

o~ch of the above ntops. 

§e;par.,. t1on g,9st 

The ·epar~1tion of tho fuel r;;ater1o.l fro::l thH fisslon 

products ie usuaily performed by a.quecur: c.1emlaal processes .. 

Nonaqueous methods ~uob. as tJ:xt~"a.ct1on with liquid metals, 

vacuu volit1aut1on of molten metals, oxidative alng~1ng, 

a.nd electrorefin:Lr.g 0.1~0 being oonoitlert.:d ior future use. In 

this otudy, it has bean asnurned tllat a Purext Rl">dox, or other 

process g1 v.tng uranyl and 11lutonyl n1 trat~ p:rodtwts 1 s used. 

The a pn:t•&t i on :coot can bo c:~lculatcd using tde i'ollow-

Separati.on coat ( ,~) = K (W/R -+ T) (2) 

where, K. = ::nn daily charge or the se:pal'atlon plant ., aJhis 
ohu.r$e :1.s not fixed and 1e oubjoct to per1od.1c 
escalnti.on. 

W = The weight of Ur¢mium in a processing batch 
in metr1o t0ns .. 

R - Th.e processing rate in metric tons per da.7. 
Thie is a :t'unotion ct the e .. riohment of 
the fuel and varies as s:ho'lro 111 ... ·13ure 2. 

T -:::: mhe turn;1round time in clfayo. 1ih1s 1.s the 
time needed to cleanup ~rom one bn.toh and 
get ready £or the next . 
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The cquat1cn given ebova io used by the A.EC i'or oornput ..... ... 

tional pu1•pom.::ul imd is based on a h1potheticol plr2nt with a 

mn.7,lmum throughput o! oue metric ton por day• The dc.1ly 

charge K to opar te the plant is escnlatod. fuen the charge 

was first initiated in Heroh 1957, 1t W3E e15,300 per day . 

Ti11s valuo included ,6850 for denreo1ut1on and 8450 for 

the cost of oz.>crctt1on, waste etoro.gc, and overhead (13) .. 

The dcpre iution portion ls osoalnted on the basic of the 

Dng1noer1ng ,ic'L'rn Record construct1cn cost 1ndex \ts1ng the 

value of 691.t..8 for ,ruly 1956 a.a u batich The :remd.n1ng 

portion ia c(l!celoted t\ccor'1ng to the u.s. Bureau of Labor 

Sto.tiotioa wholesale p:rioe 1mlo1:: ror ino:rg· nio ohemiaols 

by using tho value of 135. 3 for riUly 1956 as the base (13). 

It rihould e pointed out ngair.i. thut these costs are 

bused on u hypothotlc~l plo.nt with a oopo.n1ty of 1000 Kg. U 

per dny for natur:"'l or very slightly enriched uranium. Thia 

·wn,s done by ·t;.he. ~:so to ma. ce tho prioe charged more compatible 

with a plant thnt industry might build,. hcnoa, they :::.re 

grea tar ti.tun the 11.EO • s •i no tu al 11 coots bcoouno the scale ct 
operatiou 1.a muon greater than thTt fH3Str:nad for the con.ocp-

tunl plo:nt . I.n th1a study, K valueo cf 17.000, 20,000, and 

23,000 dollars por day were US" d to so~ the ""liHml ting effect 

on the fuel cycle cost . Fuel Se.rvicea, Ino .. has built a 

priVLtc plant w1th n s1m1lur price structure to the 

(6). 
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The proaeseing rate R is shown 1n Figure 2 as a function 

of fuel enrichment . It should be noted that F1gure 2 is 

based on the enrichment of un1rrad1eted .fuel . The turn .. 

around time T is computed from the following equations . 

Conv2Is60~ cost 

2 days if W/F. < 2 

W/R days if 2 ~ W/R ~ 8 

8 days 1f' W/R > 8 

(3) 

The ura.niUil and plutonium product compounds thnt are 

formed in the separation step are uaually converted to other 

forms. The uranium from the sopa:rntion step 1s usually con• 

vorted to UF6 so that 1t 1s in a form suitnble for re-

enriohment in a f;;useouo dii'fuslon plant. At the present 

time tho pluton1um 1s usu.ally converted to plutonium metal 

and sold to the ~EC. Ho1revar, when plutoniwn .fueled reHctors 
become common, the plutonium compounds froo -the separation 

step may be converted tor use in soce .form other than metal . 
The convera1011 cost :for nrunium 1.e bused on the enr1oh;,:ient 

of the !uel ,Jr:tor to irrnd13tion. The AEO suggests the 

following costs for conversion of uranyl nitrate of UF6 (16) . 

conversion cost of 
uranyl nitrate to UF6 { ' 5. 60/kg E ~ 5% 

(4) 
, 32 ,, 00/kg F~ > 5% 

The conversion coot of plutonyl nitrate to Pluton1u;::i 

metal is taken us $1 . 50 per grnm of cont~:'ined plutcm1um (16) . 

In th1s otudy 1t hos been o.r.H:1umed that tho produota f':rom the 
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separation step aro plutonyl and uranyl nitrates although 

other co~1pounds with similar conversion costs could also be 

assum.ed . 

Losaes 
The irreoovernble losses associated with the separation 

and oonveraion steps are spoc1£1sd separately for uranium 

and plutonium. The AEO recorunends tho follo11ng values 

ta be used as stnndards in calculating the cost in fuel cycle 

estimates (16) . 

Uranium losses: 1% 0£ material ,ass1ng through 
ch(i)lllical sopa.rat1on step 

0. 3% of material passing through 
conversion stop 

Pluton1uo losses: 1% of total plutonium pass1ng 
through ohemica.l separation 

1% of remaining material passing 
through the conversion step 

It is assumed that the losses occur at the oo~pletion 

of tho process under consideration and aro charged on t he 

baeia of tho value of tho ultimate product . 

Plutonium Credit 

Presently the plutonium that is produced in power re-

actors 1s sold to the government on a guarunteed market 

agreement . The price of plutonium produced in this mn net 

has varied greatly from its inoeption. For instance prior 

to June 1962, the huy-b~ck price varied from $30 to -$45 per 
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gram of plutonium metal depending on the conoentrat1on of 

Pu-240 . From July 1, 1962 to Juno 30 1 1963 the price was 

$30 per gram regardless of isotopic oo~poaition (13}. These 

prices are based on the sale of classified er weapons grade 

material. Unclassified plutonium prioe was set at \\12 per 

gram of metal from 1957 to June 30,1963, Presently the 

price 1a $9. 50 per gram of metal which terminates Januar.r 1, 

1971 when the AEO will cut off its guaranteed buy- back 

policy { 6) . 

In this stu.d;r plu tonimn price a of &8, ~;12, and $16 per 

gram of metal were used. This is a reasonable range of 

values that should cover the anticipated fluctuation of 

:plutonium prices in the near future . Many e:t..-perts believe 

that when the government ceases to buy beck plutonium on a 

guaranteed basis that the price will decrease to soma 

minimum before the breeder-converter economy becomes pro-

minent in detennining plutonium prioes. The breeder-

converter economy is st111 at least 20 years aw:ey by nest 

e st1mate s. 

Another approach is to base the plutoniu.m price on the 
11f'uel value 11 of plutonium. The .fuel value is determined by 

comparing its value as a fuel to U-235. y this criterion 

Equation 5 gives the price o! Pu-239 based on the cost of 

energy relative to the energy released by U-235. 
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Pric~ Pu-239 =?rice U·235{l+ 0(2~) 
. t (l+ 0( 4;;) • (5) 

or ox ple if the priee of U-235 is taken as 12 .00/gra~, 

tho ptic of plu ... i;onii.m baaad on i to fuel ve.luo io $8. 88/gram. 

The pr1oo of nlutonium w1ll be detorr.uined more by eoo-

no:m1o fac .. ors and technological advances in the near :t:utur 

than by its fuel value . The gover:r...m<mte.l ... up-port of pluto-

n1uo has inflated 1 ts valuo so that •·rhon tho !EC ·tominates 

its guarantood buy•be.ok policy tho prioe 'Will be due largely 

to forces of supply and demand. The gover?L~Gnt will still 

be 1ndirectly involved by it dev lopment progr. o! plu-

tcnium uel and reactor eonoe.,ts, 

purchn o f weapons material. 

d probably the l1m ted 

Reenr1oh.ment of rrran1um 

<.':!oon nfter tho f.uel has been reprooe sed end con1'ortad 

1t 1 returned to the .EC for r enrloilmant in the ga ecus 

dU£ua1o pl'ntth Beoau.se the A-~c owns the .fissionable 

material · ubcy reque t it back in he form that it was 1n1-

t1a.lly .released. 1• .£.• UF6• The aoot of enriohin3 uranium 

1s based on the ideal onsoade equation for isotope separation 

L.~ a enseous diffusion plant . ,i.:hia equation 1s p:r:eoo tcd in 

Appendix C along with some studies on the offeot of changing 

the opt1mu.'1? waste ccncontrrtion and the unit acpart1t1 ve 

charge on tho cost of enriched uranium. -ha present cost 

for enriched ur:ri.nh:un are eho"'m in Figure ; . Thia curve 
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illustrates the cost per kg of uran11..Uil as UF6 for tho total 

range o:f enrichments as based on the 1962 prlce schedule of 

the AEO {20) . The inset shows the enriched uranium prices 

over the range of enricbrn.ents consldered in this study, !• .1• 

from natural to 8%. Note the almost linear port1on from 

2 to 8% enrichment . 

Use Oharge 

Under the Atomic Energy Act of 1946 rmd its amendment 

in 1954• only the United Stnteo government could o'm. any 

special nuclear material under the jurisdiction of the U. S. 

In 1965 the a.ct wao further n.meudod ·to allow private owner-

ship of nuclear materials starting 1n 1969 and becoming 

mandatory after 1973. However, the present situation is 

still to lease the fuel t:rom the A.EC at a rate of 4, 75% per 

year of 1ta average valuo . Thia charge applies to all spe-

cial nuclear materials which include enriohed uranium, plu-

tonium o.nd U• 233. 

The fuel invento!'y upon which this charge applies in-

cludes all materials within the posHeaaion of the lea.see . 

However, a.ny plutonium produced by the Teactor 1s :net aubjeot 

to this charge . DurinG 1rrod1at1on, the U-235 concentration 

of tho fuel changes, and hano·o the value o:: 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 averago value of the fuel during the 1rrad1· 
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at1on tii e. ;i,:hic oh.erg e .n b11 1gu1 "'le.. t !or rel.,tiv ly 

h1eh burnupa on enr· ohed · uel . ', tor tho fuel 1 discharged 

from tho l •• u1'tor, 1 t 1 cooled .i rep1·ooesaod ·ur ng which 

e th >.· o churg;.. i n effect. vhei c 

c l;. b o. coctly op r 1 ion do Anding on t' e typ ·, t1mount and 

enrichmel'? of the fu'(;;l. 

If the fuel is 'P- v~"'el7 cmned, t.lle inventory must be 

financ~d _t hi~her nt r st r,tes thon the use charg rte. 

Deoauoe of t .c lurce &m unt of .;ioncy needed .;o be fin·:.nccd 

ir~ purchaf'o of the fuel metariol. tha int, r ... t rate w11J 

h ve o si nif1.ant eftect on th £ .~1fu1 cycle cot. 

In thi section ome of tho uture tr nds that rill 

possibly " feet the ual oyolc coat ;,,:re ulscut.!'Uled. hooe 

nclude t 'e priv .i.c o~merohip of nuolear fuels. toll enr1oh ... 

ment. go erntl.ntal oon rolo nnd oth.zr rnisccll.ueou concepts 

~ui~h could changa tho uel oyol ooats* 

r~hin _£! 

Fri vate ol~.i.e1·shi of speoi l nucle"',r fltericla in the 

United Et tcs t:· p1·ohibitod in 1946 under tho Atom1o "" r 

ct. In 1965 the net w s 1ltllende<l to ntlow the riv· te 

otmcrship of .m. cleel;' .ruolo. :&:b action hy "'..h ~ovarn."'.ll nt 

lo~ .·rt cf the desir to stimulate pe ceful a-n of the 

atom, ns 101.1. o the enoour e;nnent 0£ ~ rl v·,te indu try to 



take over o;pora.tio:na 111 l'Thiob the e;ov5rnmant haa been the 

sole provider. 
P:ri va.te O'Wl'Hu·ahip o! nuclr;Hu· tuele has 1 ta ad van ta.gos 

and disa.dvs.ntagas. First, the praaent use charge rate or 
4.75% is relatively aheup compared to tho 6~ or more the.t 
lfOUld probably have ta be pa1d. for the !lne.nclng of' fuel 

purchase. Hoirever, the tuel 1n..trohas~ pr1c" could be par-

tially pa1d du.ring the 1:rrad1at1on tir.le whioh could give r1ae 
to a lolror ~i'!eotive 1l1tcreet ra1Hh Another influence on the 

fuel oyole ooat due to private ownership will be the loss of 
guaranteed buy•'be.ok for pluton1ttI?h Deoauae the present · 
demand £or plutonium 1e largely military $nd because of the 

large stockp1l1ng bf the governoor .. t of .fissionable mo.terialo. 
the plutonium price at present 1s higher than 1! it were 

supportad on ~ atr1otl7 oompetitivo ma~k~t. ~he advent ot 
the oonverter-breed01" renotor systems should increase the 

vnlua ot plutonium ~gain. 

Booe.use p:r1 vete O\'me:rship has .foroad toll enrichment, 

it 1E expected th.at the price or enrlohed ura.n.l.um will de-

orenoe in the near i'utui-e. :fri'Vate o·wnership will allow 

the tru.o coat of nuclear power to be e\'-aluated w1 thout the 

aid ot artii'1c1al governmental pl"ioes and reduced oosta. 

T9l4 <u;9;;tehn1nt 
'.t!he AEO haa a.-imounoed that toll enrichment will be 

o.vo.1lable after Januar,y lt 1969. Toll enriohmeut ia the 



oontract1n!) of tb t:rU"''" ohitlg of rcn1u.w sup lied by t,he 

cut:to:mor to a deslrsd degree. Herron (3) ha"' propos d two 

methods of toll ('n.i.ichment :tor reducing the cost of th fuel 

cycle. H used his methods on the present AEC di..ffu3 ..,n 

pi· n.ta and the assump .,ion ... ho.t • constant ou.,-u;.1 t of •.weapons 

grade U-235 wns th.e pric,~ry goal or these :P·L.nts. -:t1he 

s~v1ngs e ,mes pr1mnr1l:;r f.rom tl::.e bili ty to supply ll tural 

ur ium by buy1ng it. on th l:orld•z !?ler".et "'t a coot below 

the pr co of t•10 .A;;:o. 

In the first method, the customer supplies tho food 

material to give th oslrcd amount of enr- hcd u-235 plus 

any o.dd1 tiono.l :f'eed ne Jc.led to mn1nt L1 tho output ot weapons 

grade material, The ou tonier rleo pcys ..:o.r the incremental 

s"p rat1 ve work required to '-eep thti tniline; concentr:./ t1on 

!rom 1.UO:"easing. 

In 1.ihe $Coond tcthod, the s,par·tive work 1a held con• 

stunt and t';~a t:1lllng conce·1tratic11 is a llowod to rise . 

Howav·cr. more foed material must e aupplted in this case to 

mn111tai11 e. constant output of weapona grad m:::.terio.l . 

The above scheme'~ r1re ndu:pt" tiona o! t!~e present nyotem 

of enrich."!lent. In the . utura when there '"'·ra enough pcwer 

reactor o ~upport µriv te ·n=ichment plante, the need to 

u1nts1n the highly onrichad output will not be o rnq_uiremen 

Slnoe most o .• : the pre ~ont, day pc er reactors use slightly 

enriched fuel., it !a prob ble th""t er.richmcnt .needs only to 
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be qa.rrie<l to a ±"aw per oent in these private plcnts. Thie 
should cause Fl t'eduction in ooats ttu..e to tho amsller number 

of stages needed. 

Gove:rnmcntol conntroig 
Boo"use of the c1roumst oe~ in wh1ah ~to:nio energy osme 

:ir1to be1ng, tho governmental oont:rol of nuclear tuelo and 

nuolc€~r devtces was a neceaa1 ty 1n tho interegt of national 

secur1 ty... Reca.ntl1, however. the need fo:r auoh stringent 

governmental oontrole ho.a been q_uest1onod . Mullonbaoh (5) 
states that uhiat.ory reveals no link between nnt1onnl seou-

ri ty and government o-wmel"sh1p wne 0vor expl1c1 tl:r eotn bl1shed 

on the public rooord; 1notoad the l1nk was ooaptt:d • l ,rgely 

as •1 n urt:talc of .fa.l th and doctr1na'' • As it turned out, 

government ownersh.1p of fissionable m.:ltcr1els naoess!ta.ted 

o.dm1n1ntr;1t1ve dovioeo for getting enr1ched ur n1u.m into 

pr1vote hand.a at o. :reasonable use charge • . Industry baa 

found governmont ownership pro£1tobla w1tb the low uao ohargo 

rates th t have prevoiled . Tho Atomio Energy ot also re-

quires th~ .AEO to pay a fair sh.Are to f).ny person lsw ... ully 

producing t1ss1onuble mater1al. This policy tends to make 

the present f orru of government ot1ncrohip more ~ ttraoti ve than 

pr1 va.te o mersblp because the AEC ha.a temporarily set 

plutonium pr1oe" 'ell above the fuel v·.luo o! the material. 

Tho main .1.:od1roct etfeot of prlvnto tmnerah1p would be the 



termination of the guor"nteed market !'or by•produot :pluton1um 

.from p:ri Vt,_toly 01mod ;powar plt:mtr.:. .Beoauso Of the present 

'ow demand for pluton1ur.:i.t it 1~ prorm .. '1!ed that the pr1.oe .1111 

t •ll until the :recyol1ng oi' pluton.itm in roocto:ra oe.n be 

proven cconomioally oompetit1ve. ln gener•l• industry ui l l 

not !ind : .. uc tr~ns1 ti on to p:r1 vr.l:t.e 01m.oroh1p pro.fl tablo be-

cause ot tb.e presont low us'l oherge and the rolat:tvcly high 

price of.' plu.tonlum. 

Another c:t'!oot o! the aovernmcn.ta oont~:rol 1s tho oper-

nt1on of i'>orviceo $Uoh as "ho d1:f'!ua1on plants. roprocesaing 
plants, and other .fecilities o.ssoc:tnted wltn the preparation 

ot nuclear fuels .. Ilol1over, 1 t 1s the policy of the 

Commission to supply the orv1ocs und m tarials needed b: 

incluotr/ only to the e:.~tunt thnt they era unav llnble com-

mero tally. Whenever praotical, the govern.1wnt intends to 

reduoe or ellm1nate its ~altHJ and cervices no im1ustrial 

sources booo:ne av:11ln.ble . Prices tllld chareea re baolld upon 

the principle of thr; recoVCtY of !ull costs nd ind eot 

expenneo plus , ,... addotl 1'nc·tor, ~h1s added .r~ctor includes 

overhead, interest on 1nvestma11ti proocos improvenu:m.t and 

oxpensee not subject to absolute detaminntion. 'l'he scale 

of the sovornmant • a opert1tion makas .at tl'lY cf 1ta sorv\oos 

var/ ohenp 1:n oonpSl".1 on to a pr1 vatc ir.duatrlo.l effort ot 

the preeo t t1me , '?he s .... vint;e uasaerl on to tho customor ln 
ueue.ll7 not ens:ily o i'torr.n1ne(\ and 1s one of th.a re anons that 
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the 11 true 0 conpetitive nature of nuclear .ower cannot be 

readily established. 

One of the possibilities that may develop to reduce the 

fuel cycle cost 1s the use o! blended .fuel . This 1s done by 

blending the uran:1.t1!ll frcm the reprocessing plant 1'rh1ch is 

depleted in U-235 ~Ti th higher enriched :fuel so that the net 

final enrichment :1.s that desired for the reactor. Possible 

reduction in cost should be realizacl because of the direct 

conversion of reprocessed uranium. ta the form o! the fuel 

rather t.1a.n through the intermediate, UP 6• Since the UF 6 
returned to the A.EC must satisfy stringent spoclfioa.tion, 

the chemical oeparatlon must obtain a high degree of separa-

tion, especially between the uranium and plutonium (16, 17) . 

Rance. the relaxation of purity requirements in the reprocess-

1ng step could be a cost savings. 
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PROCEDURE 

The method used to study the fuel cycle unit energy 

cost was the systematic variation of several economic para-

mete:-s . Such a parametric investigation .facilitates the 

evaluut1on of a case study and allows additional flexibili ty 

.LOr possible futu!•e economic oond1t1011s . From such a study 

the relative in.flueuce of the fuel cycle cost variables can 

be obtained and an 1ns1 · t into the economic incentives can 

be gained. 

Computations of the fuel cycle costs .followed the cost-

ing procedure of tha AEO with some modifications . These 

basic oethods rere put in o quation form and programmed for 

the IBM-7074 computer. Tho flow diagrams for the main and 

subprograms are illustrated 1n ppend1x .!l.. The fuol oyole 

costs were calculated for batch type management for both 

private and .AEO Ol-merohip of fuel material . The results of 

these studies are presented separately and then compared . 

Table 2 11luntrates the values and ranges of the parameters 

considered 1n this study , 

ThG fabrication cost £or this study was assumed to be 

independent of the batch alze being processed . This is not 

generally the caae but serves to simplify the procedure . 

Saveral auxiliacy fttnotions wore used to fao111tate the 

calculation of some intermediate expenses . This was done 

pr1ma.r1ly to limit the number of computer inputs as well as 
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1uncr'c1011b ~~hi.ch u:;.:.~e disouoaed i11 thi a section o.re = {l) fuel 

loadine ns a function of plant size (M1rth) and enrichment (E)• 

(2) enriched ure.uiu.o. cost a.u a fu..."1ction of enrichment , (3) 

prcduct_on of plutonillll:!. o.s a function of burnup (B ) and en-

richmen.;. , (4 ) oaparat~on plo.nt throughput rate as a. function 

of enrich1r:ent, and (5) mtl t conversion cost of UF 6 t o uo2 as 

~ function of en.richl:nent . 

Table 1. Range of variabl es w:id value of const ant s used 1n 
this study 

Para.meter Variable Range Constant Value 

React or s.-ze 200-1600 Mwth -------

In1 tial a rl chnent 2. 0- 8. 0% ----~--

Fuel loading ---- --- ~quation ~ 

Un1t oost of enriched ------- Equation 8 
uran1Ul'll 

Conversion oost of ----- Equation 10 
UF6 to U02 

Fabrication cost 50- 150 "/kg u -------
ver nge burnup lo,ooo-40,ooo Mwd/ Mt ---- ~--

Conversion loss ~------ 1% 

Fabr1oe.t1on loss - ----- 1% 
Thermal cfflciency 26- 34% - - · ----
Transportation unit ~------ 01 . 50/kg U 
charge. i'r0sh fuel 
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Table 1 (Oontinued) 

Parameter Variable Range Constant Value 

Plant load f'actor 70-100% - .. ----

Buildup of plutonium -~----- Equations 11-14 
isotopes 

Trans:oortation unit ------ $12 . 45/kg U 
charge, 1rrud1ated fuel 

Processing plant daily 
charge 17 ,000- 23,000 $/day -------

Processing plant - ------ Equation 9 
oapaolty 

Conversion of uran.1.um, ----.-- Equation 4 
unit cost 

Converoion of uranium, ----- 0. 3% 
loss 

Conversion of vluto- ------- ~l . 50/gram 
nium, unit cost 

Oonvet"sion of pl uto- ------- 1 . 0% 
niurn, loss 

Uranium loss in obem- ----- l . 0% 
ioo.l separation 

Plutonium loss in chem- ------ 1. 0% 
1cal separation 

Prioe of plutonium 
metal 8-16 $/gram - ------

Fuel loo.ding 

The fuel loo.dine of several operating reactors and some 

of the proposed reactors o:f the :SWR and PWR types was com-
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piled and plotted ns a i'unot:ton o! their therm.al mege.l'ratt 

rating. Thus the. value of the fuel inventory oa.n be oa.lou-

lated. In Table 2 a tabulation is given for operating 

reactors and their parameters as used in this oompilation. 

Table 3 illustrates the fuel loading .from o. price list by 

General Electric and la be.sod on a 30% the:rmal eff1o1enoy 

(7). Table 4 gives fuel loading data taken .from "reference 

reactorsrr used in other economic studies . Figure 4 is a 

plot of the fuel loading versus the pla.nt size !or the data 

presented in Tables 2, 3t and 4. 

Table 2. Parameters .for some actual :reactors 

Reactor Type Mwth Kg tr {%) :Fuel Re:f.'erenoe 

Yank~e PWR 540 20;880 3.4 U02 8., 13 
Conn . Yankee PWR 1473 70,100 3. 6 uo2 8 
Dresden BWR 700 51:.500 1.5 uo 8, 13 
Big Rocle Point BWR 240 11,700 3. 2 uo2 8 
Rumbolt Bay BW11 165 13.700 2. 6 uo2 8, 13 
Bodega Bay B1iR 1008 67.700 2.7 uo2 .g If) 

Dairyland BW 165 8,600 3. 4 uo.::; e 
Malibu :PWR 1473 ~~:ggg 3. 8 uo2 
Sa.:n Onofre PWR 1347 3. 6 uo2 8 
Nine Mile Point BWR 1538 95,000 uo2 8 
Oyster Creek BWR 1600 95,000 --- uo2 4, 8 
SENN {Italy) BWR 507 . 8 46;400 2 . 0 uo2 8 13 uo2 

, 
SENA . (France ) PWR 825 39,300 3. 25 8 2 
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'fable 3. Fuel loading o:f G. E. reactors .from G. E. prioa list 

Mwe Mwth at 30% Ef.f. 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 12.soo 
400 1331 83,800 
500 1670 107 ,300 
600 2000 129,000 
700 2336 153,800 

Table 4. Reference reactors used in some economio studies 
and the para.meters assumed for these reactors 

Type M-vrth Kg U Enrichment Fuel Rei'erenoe 

PWR 810 41,700 3 . 34~ U02 12 
BWR 690 52,300 l . 50% U02 12 
PWR 85 6,680 3. 30% U02 19 
PWR 555 32.760 3 . 10~ U02 19 
PWR 925 55,380 3. 20%. U02 19 
BWR 65 5,326 2 . 20% U02 19 BWR 508 41,400 1. 90% U02 19 
:SWR 980 56,377 l .70% U02 19 

An equation was fitted to the points in Figure 4 by 

assuming that a straight line would represent the reactors 

or the same enriohmeut. Th1s gives a generat1ng equation 

which is linear in enrlchz.aent and steeps out a family o! 

curves of the form: 
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y = (K/E) X + 0 

wher e, y = fuel loading in kg U 
K = constant = 148 
E = enrichment expressed in % of U-235 
X = thermal power rating, Mwth 
O = constant = 3000 

(6) 

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 

equat ion relating energy production and fi s sion rate . This 

general equation is: 

where, A = 
Mwth = A•f5 •We• 6t 

constant of proportionality relating fission 
rate to the energy released per fission 
average thermal flux, n/cm2 - sec 
weight of fissionable mate~ial, kg 
fission cross section, om- ' 

(7) 

In Figure 6 is illustrated fuel inventory versus plant 

size as computed by Equation 7 for various values of jf with 

E = 3.% . One interesting point is that the G. E. data points 

coincide with the line corresponding to a flux of lxlo13 

n/cm2- sec on this plot. 

Enriched uranium cost 

The cost of enriched uranium as UF6 was calculated using 

the idea l cascade equation given below. 
0 = c_ {2x- 1) ln x(l- Xwo) (x- :xwo) < 1 -2~0) (8) 

~ + 
Xv10 (l - x) . :XWo (l- Xl-10) 

where, 0 = cost per kg of enriched uranium, e/kg 
C;s= unit cost of separation, $/kg 
x = atomic concentration of product 
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x = optimum waste conoentrat1on WO . 

The AEC price schedule oan be gsnerated to a high degre 

o:f.' accuracy from t his equation by setting OE at $30/kg and 

:I'.wo at 0. 002531. In ppendix O the effect of vary1ng CE and 

x or. the ill11t cost ot onriched uranittm 1s ntudied . 
WO 

Production o! plutonium 

The buildup of plutonitm isotopes !n a reactor with 

1ncr-eas1ng bu.rnup was calculated from the equations given 

ln Appendix E. These equations were programned !or t he IBM-

7074 computer. The effects ot the variation of flux-time, 

resonancG escape probability enrichment, and cross sections 

on the iootopio concentrations were studied . Some o! the 

results from this study are given 1n Appendix B. This pro-

gram was incorporated into the main computer program and 

used to compute the plutonium concentration at the end of 

the irradiation time . 

Sepe.ration plant throughnut rntq 

An equat1on was fitted to the first portion of Figure 2 

as shown in the inset . Equation represents this equation 

for an enrichment range of natural to 8%. 

f 1000 kg U/day .for E ( 3% 

l S/E + Bi tor 3 < E < 8% 
throughput r1a6te, kg U/da.y 
constant :::: 
enrichment expressed in weight 
constant ::::: - 550 

fraction 

( '..)) 



S1nce ~nly integral values of enrich.mcnt were uaed in 

this study, the maximum relative rror is 2. 1% nt E c 4% over 
tha range tho.t Equa;tion 9 1s applicable. 

Thie coat va.rir.,s from vendor to vendor. Tharfore, tb.e 

average prices illustrated in Fi8Ure l were used. Because 

of the litiitod range ot bntoh sizes. the 40 met'"1c ton curv 

.. ma ssumecl to bo representative ot the f1motional form of 

the !'1 tted equntion. For the aa.."ne reason the converaion cost 

was assumed to be independent o! the batch size. The :follow-

ing equation Wl.S used to generate tha un1t conversion cost . 

00 =ME+ ~ 

where, Cc= unit conversion cost, $/kg U 
M ::: constant = o.2.5 
E = enrichment in % of U•235 
B~ constant = 4. 475 

&;.. 

(1 ) 

The result oi tho computer tudiea a.re presented in 

the ::form of curves. These ourvea 1nd.1ca.tu tho vn:r1at1on of 

the ruel cycle oost as the parameter$ are varied over thei~ 

ranges. :.r:l~e ourveo ara plotted so that they co.n be ua"Gd in 

comb1nntion to calculate the fuel cy~~e coot for any given 

set of parameters. Also many of these ourveo are plotted 

a oorrect:ton factors to be used to oorrect the normalized 
fuel cycle ooats . 
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DISCUciS!Olf OF i?ESULTS 

The rcoulto ot the oompu.ter rune for bntch type fuel 
management considering pr1Yatc ownet·sl11p end use charge sit-

uations ai"e protiented ln o. aeries of curvos . These otirveo 
e arranged so that a rapid calculation can be made of the 

fuel cycle ooot for a pnrt1cu1ar set ot parru;ioters. A. oom-
parision is mad~ bot en the private ownership case Pnd the 
use ohnr o croe to illustrate the d1f£eronoe 1n fuel cyole 

costs tllat might be e eotoc in the transition to pr1v te 

ownership. 

For th~ private o nerah1p case onl1 the batoh type ot 
fuel management 1ma studied 1n detuil. Tho rceulta o.ro bnsed 

on the et ot retereno paru.metor 11stod in Table 5. These 
parnmetors are nrb1tr r11y ohooot"tn although thoy correspond 
to a oonsiotent sot at present state of technology. 

T~bl 5~ P ete:r· of ref'e:t·enco 1•eaotor for this ntudy 

.Parameter 

The ·l mega att rating 
Fabr1ont1on cost 
Thermal e~:ficieno1 
Load .f'aotor 
Proces inc; plent dQ1l;t ch ""'ge 
Price of luton1um 

Value 

600 Mwtn 
$100/l:g u 

30%. 
80% 
20.000/day 

$12/,.,ram 
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In Figure 7 is i l lustrated the fuel cycle cost for the 

ref erenoe reactor as n function of average burnup and enrich-

ment. This curve is used as a basis in calculating the fuel 

cycle costs for other combinations of parameters . Note that 

the fuel cycle cost increases w1 th increasing enrichm.ent and 

decrEJasing burnup. This general trend will be evident in 

many of the curves in this study . I t should also be noted 

that the values of burnup for a given enrichment are not al-

ways compatible , but serve to illustrate the effect of these 

parameters on the fuel cycle cost . 

Figures 8 to 11 are the correction curves used to cor-

rect the ref t:.rence reactor fuel cycle cost .for other plant 

sizes . Each curve is plotted as a function of plant size 

and burnup for a given enrichment . The correction for a giv-

en value of enrichment is la:rgeet for low burnups and srne.11 

reactor sizes . At large plant sizes the lower values of 

burnup give a greater effect on the fuel cycle cost . Thi s 

is to be e1})ected. since for the :reference case the larger 

values of burnup lie in the flatter portion of the curve . 

Hence, the correction for large plants will be less for 

gree,ter values of burn.up . In Figure 12 is emphasized the 

magnitude of this correction by comparing the fuel cycle 

cost for the 200 and 1600 Mwth plant sizes . 

The curve illustrated in Figure 13 is a means of cor-

recting the reference case for other values of thermal effi~ 



cieney . In using thin ourvc one takes the fuel cycle 

value from F1gure 7, projects it from the :p!'oper l.lne and 

then reads the adjusted value 0£ the fuel cycle cost from. 

the ordinate axis .. Th'\.s gives th- .fuel cycle coat at the 

desired thermal efficiency . In P1gu1 .. a 14 :ts g1 ven the cor ... 

reotion for the .fnb:rioe:tic11 cost ~men 1 t is 4ifteren.t .frolli 

the reforo11ee plant valu~ of ~100/kg . This ct1rvc is plctted 

as n function of burnup and ls independent o.f enrichment . 

The n-agni tudo of the cor:rectlc11 is less than o. 7 mills/kwhr 

for all cases. 

· In Figures 15 to 18 D.:ro illustre.ted the ocrrect1on to 

the .fuel oyole cost :tor vat·ious plutonlu;n prices . These 

curves are plott.sd as a i'u.:1otion of burnup for each value 

of enrichment . The correction. involved is of the order of 

0. 2 mills/k.whr .for tho maximum ce.so. 1iote that aa the en-

l'ichnent increanes the linco b3come steeper thu.s 1n.d1oating 

through 22 show the procenatng plant correction to the 

reference ~lunt :uel cycle cost . '.i'llose curves arc ulotted .. 
a.a a fu:nctlon of burnup for th€· vario,is fuel enrichmonts . 

frhe re lo.ti yr.; corrootion. 1a mn.all, the maximum b~iug less 

than 0 . 08 mills/1.-whr.. The lC;au .factor co!':teot:i.cn to the 

fuel cycle coot is shown in :Figures 23 through 26 . These 

curves can be used to adjust the roferenciJ fuel cycle cost 

to other vc.lucs of loa.d i.'acto:r . 
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The curves just presented can be used to calculrtte the 

fuel cycle ooat '!:or any combination of parruneter. within 

the range est blished 1.n Table l . i:::'he corrected :fuel cycle 

coat :rill be the re:f erenoc value tal:en frc:m Figura 7 plus 

the appropriate cor:rect1on;:i from t~1e other curves al:;n w1 th 

any a.djus~c011ts to the fual cyclG cc)Ot :'or Jfflcioncy nnd 

load factors. ~:hi a fuel cycle cost w-111 corrGGpond to ~ho 

prhrate ounershi:p case ·rithout any nontion oi' tb.e cost of 

fi.nancing. The e£f'eot on the .fuel cycle cost cf interent 

011 oCl"!'OVi<=!d z:oney will be 3·tudied later 1n this soction . 

Use oharp.e caso - -
The reeul ts :oresented. here are based on the reference 

reactor that was discussed Ul1der prl vate ownorship . In 

th1s case the 01117 parfameter9 that were varied. were enrloh-

mont, average burnup, ruid 1ntereat rates. 

Because the uoe charge and intC>-::act cos·tn depend upon 

tl:me .factors for the ve.r:laus r:teps in the fuel cycle, these 

time .factors must be establish.<·'rl . To.blc 6 lists the time 

:factors th.at a:::e used in tbis study .. 

The fuel oycle costs :for the u.oe chargo co.so were 

computed us~.:ng two di.fi'erent Lrnthcds of oomput1.ng fabrlco.tion 

time . Ono :method consisted of the time :factor as listed in 

Table 6 wh1cb. in the one suggested by the ABO (16) , The 

seoond method of calcula:t1.ng .fabrio.at1on time is based on 

a discussion in Refer~nce 14 and ls illustrated by Equation 1. 
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Table 6. ~imo factors used for vse charge case 

Po.ram.etE.r ~;alue 

Shipping time, AEO to fabricator 
Shipping time, fabricator to reactor 
Ccnversio.n and fa,br1oe.t1on ti.mo 
In•core irr~diatlon time 
Oooling time 
Shipping time to processor 
Reprocessing time 

' Conversion 

30 days 
30 days 
4 Mt/month 
Depends on B ru1d LF 
120 days 
30 days 
Equations 2 and 3 
Equat:lon 4 

ln Figura 27 is a CO!lrpar:tson of the fabrication time s.s 

computed by these t)·o methods for the 600 Mwth plant size as 

a !unction of enrlchmo::it . The difference is considerable 

and affects tho fuel cycle cost to a significant degree . 

In Figure 28 is illustro.ted tho fuel cycle cost for the use 

charge rate at 4.75% aud the rcf:1rence plant parameters for 

!abz·lcation tlme computed as 4 Mt/month . This curve is 

similar to the one plotted ln 1:'1.;ure 7, and will be util1~cd 

1:n. a similar manner. Figure 29 1.a a d1fforenoe curve .from 

which co.n be illustrated the difference between the private 

ovmership case and the use charge cn::::e fer the 600 Mwth plant 

size. Thl s is equivalent to 'the d"li'i'erence between Figure 7 
and Figure 28. The diff orenrJe 1.a giv·:m in mills/kwhr and 

is a measure of the contribution of th.e use charge to the 

fuel cycle coet . 

In Figures 30 to 33 are given the dif:ferenoeo between 



70 

the private ownership and use charge cases as a function of 

reactor size and burnup for the values of enrichment consid-

ered . These curves allow the fuel cycle cost calculated for 

the private ownership case to be adjusted to the use charge 

case. :Note the behavior of these curves at the lower values 

of :plant size . A minimum is clearly indicated for some of 

the larger values of burnup. 

In Figure 34 the d.lf!erence in the use charge case for 

the two methods of computing the fabrication time is illus-

trated . This difference is plotted as a function of burnup 

and enrichment for the 600 Mwth plant size . In :Pigures 35 

through 38 the differences a.re given between the fuel cycle 

cost for the use charge case for both methods of computing 

faorication time. This aeries of curves can be used to com-

pute the fuel cycle cost by adding the differenc.e to the 

d1ff erence obtained from the series 30 to 33 and then adding 

the total difference to the private ownership value for the 

appropriate parameters. 

Comparison between ;gri vate ownershiR a.YJ..d ~ char5e ~ 

Before a valid comparison oan be made between the :p::rl -

va.te o-wnership case and the use charge case,, the financing 

cost :for the pr1 vate ow·.aership case must be taken into ac-

count.. In com:putlng the interest cost on the fuel inventory 

and the pre - reactor costs, interest rates of 6 to 10% were 

used. The time that the interest rate was applied was taken 
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to be the tlrlo prior to fuel londing plus tl. irr d1at1on 

time . In thin cane the interest rnte la not a true 1ntereet 
rate but an averaged rate . It can bo considered on averngod 

r ... te beoause the total pre- reaotor coat ia taken over the 

totul tima, 1• .!!.• pro-roaotor time plus 1rrsd1ntion time . 

In actuality the co.,,to a.re incurred at various time int rv ls, 
and some may be paid. of! be:t'o:re tho end of the irr d1ation 

period. However. s5.noe tho fuel invento:-y over,hudowa the 

other costs, the aoau.opt1on that waa mode will be good under 

tho restriction of interpretln..:. t4 ... e intcrGat r· te aa an ad-

justed one to to.ke into nooour. t these other oonsid. ration • 

In ~igure 39 1o an 1llustr.:-.tt1on o:t the oomp riaon ol' 

pr1vato otmeranip t1.i th end ri th.out interest cha:rgod at 8, 

to the uno ch~rse onsa for the 600 ~wth pla.."lt at l % enr1c .. 

mont. In Pi&urea t+o to 43 tho d1ftarcnoo between pr1vato 

ownerchip 11th and witnout 1ntornst charged for en interest 

rato of 8% 1:3 illustrntcd. Thes- curves arc plotted as a 

function of plc.nt slze and burnup tor vnr1ous values of en• 

r1ohment . r~otc that the d1!ferenoe 1s an appreciable value 

bo1ng bot-;1een 1 and 2 m1lls/kwhr for most eomb1.natlono. As 

oxpocted tho d1ffarenoe 1s greatest !or the lower burnups 

and tho lnr{);er values o:r enrichment. 

ln Figures i~4 through 47 ::l.r~ tbe oorrection curves need-

ed to adjust the pr1 te cvmeroh1p case w1 th 1ntarost for 

values of interest rates other than 8%. These ou.rves are 



plotted as £unot1cns of intc:i."'ent rate end burmip !or a given 

enrichment. 

in·terest on. the costs inourrod during the :fuel cycle can 

oauao a substa.ntia.1 1noroase over t.ha fuel 07cle coot comput-

ed without the interest 1ncluded.. lh1e dli':forenoe may not 

be as grent as 1ndioatcd in this study aince many factors 

enter into the fin~no1ng of the eosts of this magnitud(l• The 

goverl'.llnent can be expected to give some assistance 1n th~ 

t:rans1 ti on tc ur1v~:ate ownat'shlt•• The area of f'1nanc1na 18 ~ ~ C> 

cx:peoted to be the pivot point on uh1oh the true competitive-

nesn ot nuclear power w1ll be tasted. 
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The fuel cycle oout ie seen to be strongly dependent on 

the burnu.. ::~z1d Em:richmant. Xhese v-s.rio.ble c:.4n be considered 

as p!'ir:wzy variflibles and the other variable· oonaidored in 

thi study as ~eoond' ry vari~ble • ~he fuel cycle co t hGS 

been computed ln light o:: 1 he int ,:raction o ... all of the e 

var1n.ble"' .. A COillput r prograi.a ·r ~n ·wr1 tt'1n ~~nd the .fuel oycle 

costs ca.loulr.ted for ,ll of the combinations o.f the i'uotore 

1nvol vecl . '.rhe ren:u..1.. t are pre ,ent~-,d in a serles o:r cux-v~s 

whloh a:re co:t'ri3ctions to ·the :f'uol cycle co t :f'o:r a ref re.nee 

reao+or. Those cu:;.--ves lao ..• orvo to ·.tlluatrate the efi' ct 

each par .~etcr hes on the tuel cyole coat. 
n tlie course of this t>tu.dy certuin ;Jrour.d rules ar.d 

aesum:ptions ... ere made to fao lit· ta the ci:=.loulatione. J3r1efly 

these l.rsclu.de: 

1. Batch ype .... u1:;:l mana."c e.i1t 

2. M .. grt w·te:r mode:t·atect reactors of the WR 
nnd PWR ty'!?e 

Equation 6 onn be used. to gener 
!~el lo ding of a reactor with a 
fied aize 0 nd enrichment 

e the 
peci-

4. On1t convareion cost ot TF6 to U02 nd 
tha u:n.it £a':rioat1on cost rra 1nde ondcnt 
of ontoh aize 

5. 'l'ransporta .... ion oost from .sa to conv :rter 
a:r .... included in the oonvors1ou co t . 'l'h~ 

ame '!Ssumpt1on hclds Zor tro.n ~uortution 
cost to fabricator . · 

6. nee cha::-ge rate set 3.t 4. 75r; 
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7. All other values used 111 this study are 
cona1stont ri th vo.lues suggested by the 
Aim. 

A oom_o.r-son wa, roadc between the :private ownerah1p case 

and the use charge case. The fuel oyola oost 1a greator for 

private ownership due to the f1nano1.ng of the canto involved . 

The difference depend~ primarily on tho fuel enrichment , 

average burnup and the e!foot1vc interest rate for a given 

reactor size. It should be noted that for the uoe oharge 

case the use charge 1s the only contribution to the cost over 

the bare case. Fo!" the priva.to Ot"ner ... hip case, the interest 

1s oo~puted on tho ~uel inventory and the pre- reactor coats. 

s:noe tho fuel 1nventory coat is lsunlly much ereater tho.n 
the pre-reac·tor costs (conversion, !abrioo.t1on. and shipping) , 

the comparioon should be valid. 

Other conoluslono drawn from this tudy aro concerned 

with the magnitude of the o.f'!ect of changing ccrto.in of the 

para.raetcro. The primax·y parameters b.av~ the greatest effect 

on the fuel cycle as could be e:xpoct~d. ~ho b~at co~bination 

of them~ pa.ro...11eters occurs for t . .-e highest burnup possl ble 

and the lowost. .i'trnl en~lchment. Of the seoondar/ par 1eters, 
the fabr!ontion coot nnd the plutonium prioe have the 

effect on tho fuel oyole cost. 
en test 

Thit ntudy h.as attempt ed to illustrate the variables 

which can .>e instrumental .in lowering .fuol cycle costs. 
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FUTURE STUDIES 

Several idenc have been developed in the course of pre-

paring this study that might warrant further research. The 

impcrtanoe of interest rates and f'inencing on the fuel cycle 

cost has been pointed out and future studies on fina.nc1ng 

methods and 1nterect rates is needed. Beoa.use the results 

of this study were based on a l1nea.r1zed model, it should be 

possible to write a single equation involving all the vari-

,ables and to optimize the fuel cycle cost. Also, the 

f'uel management schemes need to be studied in greater de-

tail e.s to their effect on the fuel cycle cost . 
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APPENDIX A 

Computer Flow D1ugroms 

The computer :f'low diagrams of the programs that were 

written !or oomputlng the fuel. eyale costs are preoented. 

These include the main progra..11 an.d the subpror;rnms used to 

calculate plutonium buildup nnd enriched :fuel oost. 

Figura 48 shows the flow diagr::un ot the ma1n program 

used to ca.loulr•ta fuel cycl e oosto.. It 1s set up to oalou ... 

lute both tbe private ownership and use oburge casea. The 

initial value of each vnrioblo 1s 11stod at tho point where 

eaoh i111t1o.tsa its Do Loop . A brief deseription of ee.ch 

step is written bos1de the corresponding flow diagram symbol . 

In Figuro 49 is illustrated the flow dinsra.m used to compute 
the plutonium t..nd !ission product oonc;entrationa.. Th1s is 

baaed on cqua.t1ona given in .f.:ppondlx B. Input d_ata 1s based 

on values given in Teble 7. Figure 50 shown the flow dia• 

grant of tho ideal cascade equation 'fhioh was used to compute 

enriched u:ra11ium coets, This program was alao used to study 

tha relnt1on betlrecn the opt1mum waste oonoentrnt1on tmd feed 

cost. 
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OUTPUT DATA : FUEL CYCLE 
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SHIP CASE WITH INTEREST 
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. PE ;rnx B 

Fltton!um .uilcup 

Thia appendix illustrateo the plutonium buildup equation 

r.nd gives the .:reault;a of some ooLl,utations ~ ~he equet ons 

used ar· tween from Bon diet in,d Pigford (l) . Tho e 

cquat ou. are 1 'ted below. 

,Y.ran,.i.,um- 235 

N-;5 = N~5 o~ (-025 G) 

where, .g55 :: nuoli.d~ concentration o:t u ... 235 at time t 
i~ :.-= 1n.~.tiel onountra;t1~ of U- 235 at t = 0 = intesr ted flux~ 1 p(t )dt 

0 

~litonium-222 

(ll) 

·149 :::: o1 + o2 oxp( - o'2? )-(o1+c2 )el. ... ( - c-49 '( e) Cl'-') 

where, ·4~ :::::. concentr&t1on of' Pu- 239 
.2~ = concentr tion of u- 2;8 
£ = fast fission taotor 
~·1 :: -.'is.Ji.on to rcr:o an.ea nonleruui··o p·:obubil1 ty 
p = ~~ijono.noe escape prob. bility 
01 :::= ~-.' 02r/o49 
Or.i :::: ;.~~5 6'?5>(' •. :,~;: (1- ) / <54'] o -6~5 
~ ·· 1.- f ;::-E'·1(l-p) 

".>lutori1ur-:24Q 

N40::: C;_;+ 4 e ,. { • 0'250)+05 e:rp(-614'9t ) ... 
cc,+041-05) o. ,( - d40 ) (13) 

where, N4o = oonoc tr. t.:.o of' r.iu- 240 
03 ::: N28o2 O( ,~,. / '1'1.'-0 (l+o<i~9) 

o"')I'" 

04 = .::2..) 25 i. ( 1- ) 625642.~4.2 
( l; °<'!,'.))( 6'r_,5-6'/~) 'I( ) (625- 040) 



ll.ll:tlOnium-241, 
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cl~( d25-o'40) 

0'49 - cS40 

1~41 :: 06 ·t·C7 e:x:i (·a'~::s )+Ce 04i;(-o'49~9)+o9 l.1?( • 6 409)-

( o6+o7+oer+C9 ) exp ( -041 e) (14) 

where, n4l = concentration of ~u-241 
06 = 03040/041 
07 = •04d40/C ~25•G 1) 
Oe ~ - 05d40/( o'49 • o'41) 
09 = { 03•04+05)d4o/( <S40- 041) 

Tha compt1ter progr o.lso oa.loula.tea tho tisaion produot 

bu1ldup durin· irradiation. Thena equat1ona present tho con-

oentrat1.c:us aa o. function o! e ua1ns many of the calcule.t1ons 

from tho 1sotop& equations. Tb.aeo equations ara lii::!ted belo "• 

µranluti.-2J~ f1ss _on nroduot~s 

N~5 = N;5(l- exp( d2~ ) /(l~0(25) 

flu~onium-232 L snioL urod~q~ 
~9 . 611-9 [ c1 +02 (1- oxp(-025 ))/d25 ... 

1+~49 J (o1+o. }(~- exp{-649¥e))/d49J 

Plutoniwc..:..241 1lJ.e-"9.n US.<!.l?iO't:.S 
N~l = -· dll.L. [ 06 +C7(l- e:.:-:p( - <"25 } }/dt:,5+ 

l+q'4t 
Oa(l .... axp( • o'49t $ )}/d .; 9 + 

09(1• eJ;p(-6'4c,. ))/040 -

(C6. Or•·Oe+09)(l ... eXp{ · d lH · ))/6'41] 

(15) 

( 16} 

{ 17) 
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lco the burnup traction (E) :s~ oo~putod froro th 

product ooncc ... 1tra:t;..on b:y 

a = ~r /~5 + N2a /...J "F "o · o 
.2~ ... 49 . .41 

11 = F ,. 'i .,.. •· '!! 

th · '!ollot.:1Jng equation. 

(1 8) 

Fiauro 51 illu.r·tro.tes "'"ho chnnge in plu"' nium isotope 

ocncontrt.t1or.. no c function of .flux-title ( } nd. ti.tel on• 

richro()nt.. "igurt. 52 ouom~ tbe ~c1"·respond~ ng .f'u:u:ricn prodirn .. 

buildup. Tho c.:nount of plutoniUtl 'P cd··c 'O ~;.; o. :Cu.ncti on of 

bu ... up ( B) , n c! enr.:.c cnt ~ . s s~own in igur 53. Note th t 

pl'Cduotion !norease5 ··1th enrichment tmd goes through a .uu1x.-

!m - at a spec .: f i e :.urnup. T!:.i oorresrcnd · to th po1nt 

uhcro the plu ... on1 ic beinc-: £1cs1.oned a t a fa.star r ate th ... n 

it is bcin"" produced~ Theso c:nu ... vos are 1:lo.scd o:r. th pa.l"tl.r -- te:r 
value y i·v· n in Tnblc 7. It sh u d be r.1.oted the.t cro..,s see-

t1o.nr, 1, c: AD( tre for a t ro·er ti• of '•:J0° O,. The ct.her 

pa1nmot rn a:ro e.:.~oitre.r1ly ohosen to :rep "ocent n t yptc l 

m.ttr ~cdcrnted power re ctor. 

Tnbl 7. Par .et er a uocd ~tn cnloulnting plutonium bi .. ildup 

ISO~C.PE ~ 1 
-------~ ............... --.. -·-·-·-··-........ -----· 
U- 235 u ... 23.., 
Pu-239 
Pu- 240 
Pu- 241 

378 barns 
1 .64 b .rna 
1660 bu:rna 
2249 bo.rns 
t !;09 barns 

€. = 1 ., 027 
P1 ::: 0.964 

2.oa o.1e4 
0 
t .83 0. 57, 
0 
2. 14 0. 345 

p = 0 . 90 J ~ 3,75 x 10 13n/cm2- "oc 
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Tlle ccn.)utcr program 1llu.Ltrated 1n .i'i.gure 49 was mod1• 

f1od to etucly the et.feet of the rescr..nnce escape p:robs.bil1ty 

and the .fest nonlerura.ge on plutcniu.-n production. Aa expected 

the increae:ing ot p reeultcd in lower plutonium prad.uot1on for 

the same burnu.p due to the deo.:rea.ae 1n resonance capture by 

U·238. Inor~asir:.g .P1 oa.ua$d a.n increase in plutonium pro-
duot1on because of the greater nu111ber oi neutrons under-

going ni:>nleakage events. 
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A?PJJNDJ.' 0 

Enrich 0 d. IJ'ranium Costs 

In this appendix results from the computer program that 

was written for the cascade eq a.tlon are presented . Figure 

50 illustrates the flow diagram of this program . The sepa-

ratl ve cost ana optir.mm waste concentra.tion wcra varied to 

dete!"'.nin.e their effect on the f1nnl co st of enriched ur&.niu.m . 

Also the rclat1-onshi1~ between the optimum was te conoentrat1on 

and :natural uranium feed oost was studi~d using the same pro-

grao • 

... 1gures 51+ through 56 give the cost o:? UP6 as a fu.nct1on 

of enrichment (E} and separative cost (CE) for three different 

values of optimum waste concentration Cx,,0 ), The AEO price 

schedule ca.~ be obtained by setting OE = 30/kg and .XWo = 
0 . 002531 . Thia is illustrated in Figura 54 . In comparing 

these curves it can be seen that ~ sonll chang in the sepa-

rative co~t can cause a relatively large change in uranium. 

coat especially for the larger values of enrichment. Also 

changing the optimum waste ccn.oentration has a similar effect, 

al though the change 1"1111 be baoically due to n change 1n 

feed oost . The minimum cost for a given enrichment occurs 

when OE is smallest e.nd the value of Y"wo is closest to the 

U-235 concentration o:f natural ura."'l1um . 

In ::::'ie:ure 57 is illustrated a r1lot of feed. cost as a 

function of optimum waste and separative coat . The curvoa 
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were obtail1ed from the oouputer proeram by letting the feed 

be considered the dea1red product . As the cost of feed is 

deareased, the corresponding optimum waste concentration 

will rise . Thus if the prlce of natural u1~a..~1u.m decreases, 

the optitJ.um waste concentration will increase , resulting in 

a. reduc·tion of the cost of enricl1ed uranium. 
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APPENDIX D 

Abbreviations Used in Text 

Atomic Energy Oomm1ss1on 

burnup in MWD/MT 
boiling water reactor 

enrichment 

General Eleotr1o 

kilogram uranium 

. kilowatt hour 

load !actor 

megawatt days per metric ton 

negawatts, the:rn;i,al 

pressurized water ranotor 

Italian Fonta Fu1me plant 

uranium floride 

uranium d1ox1.de 
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