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Paper 9. The role of the breeder reactor 

R.GARWIN 
rני

.) 15 page חסlis( oj rejerenCf.'.f /?10 )ןו rejer .וI ןSquare-brackeled nlllllbers, Ihus 

1. Background 

lat \vorld sccurity \vould not be ןliversal conscnsus t זThere is near-u 
-benefitcd by nuclcar \vcapons in the hands of tcrrorists or other non 
-ected in thc Non חnational groups. There is also \vide agreement (rc 

d of הProliferation Treaty (NPT) and other efforts 10 control the sprc 
nuclear \veapons) that \vorld security (and especially rcgional and local 

orc ןחsccurity) is likely to be imperilled if nuclear \\'eapons sprcad to many 
. nations 

11. Types oJ !luc/ear WeapO!1 pro/ijeration 

I הon-nation ןז) lal, and (b 0ז) natio ( ןזguislled bct\vee זןWe have already clisti 
guisll ןposscssion of ntlclcar \\'capons. In addition \ve Sllould also distil 

izcd nuclcar \\'eapons ןbet\\leen (0) one \\Icapon versus many, and (b) optin 
e can ha\'e (0) ovcrt possession of 1 •סןזS. Furthcrnlore זvcrsus terror \\·capO 

nucJear \veapons; (b) covert possession of ntlclcar \\'capons; (c) possession 
undcr ן,lctallic forn ךI ןזn or ot hcr fissilc matcrial i זof scparatcd plutoniu 

internationaJ safcguards \vhich \vouJd \varn of diversion; (d) posscssion of 
e) possession of spent fucl ( ן;mcdiatcJy usabJc forn ןfissiJe materiaJ in Jcss in 

g fac ilitics; and (f) posscssion of frcsh ךזfuel reprocessi ןer \vi tJ ןrods, togetl 
. breedcr fuel \vithotJt rcprocessing capability 

c complcxity of ןis familiar but incomplctc list rcminds us of tl וךEvcn t 
sidcrations arc thc sizcablc crfort ןcr cOI ןthe proliferation probJem. Otl 

• e non -nuclcar portions of thc \vcapon ןrequircd to design. buiJd and tcst tl 
. tion הincentivcs to prolircr ~ ccnti\'cs or cli ןזand the political i 
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cmically separablc fissile material. prolcclcd וןS largc amounlS of c וil הI וCOI 
etrating radialion. Thus \\'hilc onc c;ln ןlively small amOtlnt of pel הa rcl '}tו 

nually ןI ןוהcr a given brcedcr prodtlces more or Icss net plulonilll ךctl ןrg \lc \vl ו;
USI ווI ו)a given L WR, the breeder Pu stock (as \vcll as ils net product iOI וI ןהון

e poin ls of ןurificd and recycled if thc brccder is to do its job. From tl ייc וt
ic\\' both of scale of opcrations required and of protcclion againsl '\ 

ctrating radiation. il \vould be more convenicnllo CXlract Ihe 15 pcr ccnt וrt:I 
1> \1 conlcnt from breeder fuel than the 0.6 pcr ccnt Pu from L \VR spenl 

(1' . f\lcl 

r po\vcr bencfits ו:IJclc :" 

SSlles and CJloices [1 J. is ןly O\\'n judgement, expresscd in Nllc/ear POlver ז-. 

 IIIה I clcctrical energy from L \VRs is compelitive \vitlן cleclrical encrgy fronו
g clectricilY grid. 8ccause of וsil fllc l (coal) in large cOtlnlrics \\'ith a strol ~ ft) 

it of fossil elcctrical capacily, elcclrical חical U חol ךallcr sizc of an ccol וn ~ 1111.' 
lclcar ן\I ןal וicalll וe combuSlion of coal is much more cconon וןcllcrgy from t 

. d stockpiled חif Ihe coal has to be imported a חtrics, evc חcr in small cou '\\)(י I 
hazards of L \VRs can be managed חe proliferatio ןIIIIS, although 1 belie\'e tl ין

g reprocessing and recycling of L \VR fuel until il is חarily by delayi ןIrrin 
-pair חstrably profitable), there \\'ould be insignificant il וd demol ןr הrly ן;' lt ( 

g if, for some rcason, nuclcar po\vcr ו! omic \\lell-bei וC \vorld 's eCOI ןוt of t וl.'l ןII 
e 2100 ,ןון e year ןווext 20 or 30 years. Ho\vevcr, by וui(\ 1101 exist for the I 
.Iן rescrves of high-quality coal might near exlו austiolו, and the kוו o \\יח II()\\·I 
-I stlpplemelll. Furlller חi fica חvould be an insig \ חiul חfl.'\l.'r VCS o f fissile ura 

put of חe i וlially II וre, it may be importanl 10 be able to reducc substar (111י 
 t';lrIן on dioxide into the atmosphere, in order to avoid injurious effcclsחס

id-lo-long חe I וII וחergy rcsources can scr\'e frO 1111ח.' \\'orld's climale. T\\lo e 
e t\VO, paradoxically, the וe brecder reactor. Of tl וr encrgy and tl הrllll-sol 

-ear וr more certain 10 bc able to provide clectrical energy at I הrcl'dcr is f י! 
. t costs וI·CI וr\\.' 

O advantages have becn claimed for the brccder reactor-rcduced ,\\ז
al 'sources of cnergy·. Rccent חd Icss nalional dependcnce on exter ןןI a \)(( 

-c United Statcs cstima וlotypc large breeder reaClor (PLBR) studics in tl (ןrr 
an וorc II וtt'u Ille capital cost of a breeder reactor to be at least 5600 million n 

ave 10 rise וcosts of somc $30/1b \votlld I וt uraniun וL WR. Presel 1;111ו! of a l 
if וre L \VR, CVC וpcle \vith tl ווe $ 130/1b before SllCh a breeder could cOI חI )(' ןן(

Y in Ihc וחO חtion . One cCO הL \VR oper וrievcd i 110ךו cconomies were ac 
C וin tl ןin the next 10 years is a reducl iOI ךt fucl cycle that is likel y \vitl ו!' rrC\l .' 

l'()\1 of iso lope enrichment from the present S80-1oo/kg S\VU to arollnd 
. S2()/ kg S\VU 

ore brceder reactors in order וaps a nalion should b\IY one or n 13ך\lt pcrl 
­) LEU ( ךed uraniun וןtlcd s\lpply of 10\\'-cnric ןI o f a contil ךdcl)Cndel ןןe i רן)( I 

voul(j SCI'\'C its \ וa natiol ו.iol ןU-238? In my Opil ןcr cent U-235 il 11 3יי \~ h .ג;
II I.CnS bcttcr by deploying L \VRs and bU}ling ahead a stockpilc of cilher וl" 

s 11ן/. Breeder !undalnenta 

C light \vater rcaClor (L WR) is ןוThe prodUClio!1 of nuclear po\ver in t 
an one וpossible onIy because the typical fission event produces morc tl 

to חסfi ssion goes ןneulron. On average, precisely one ncutron from eact 
. cause another fission 

illion cleclron volts חe reactor po\ver (200 I וhe fission rate and hence II ז

MeV) of energy from each fission event) is maintained constant by the very ( 
anging the parasitic absorption of וtrol rods' cl ןזslo\\I motion of 'cO 

g neutron זוgi חal expansion or other means for cha חזer וI זncutrons, or by 
er \vays; slo\v motions suffice because j per cent of the וleakage, or in otl 

neutrons from fission are deIayed one second or more and thus allo\v plenty 
of time for control. But fission not onIy produces more than the one 

ain reaction; fast fi ssion in any of Ihc וneUlron required to continue the cl 
fissile isotopes (Pll-239. U-233, U-235) gives considerabIy more than t\\lO 

e וthe earliest days of fi ssion, tl וneutrons per neutron absorbed. Thus, fron 
vould \ ןןper fissio זןone neutro וvhicl \ חpossibility of a breeder reactor, i 

other neutron per וthe reactor and al ןזcontinlle the fission chain reaction i 
er fissile atom of וfi ssion \\Iould be captured in U-238 eventually to give anotl 

Pu-239 has been rccognized. Neutron encrgies above about 0.4 MeV \\'ill 
yield more than t\VO neutrons per neutron absorbed in U-235; neutron 

, e same in Pu-239. In addilion וenergies above about 0.04 MeV \vill do tl 
cident וזexcess (ovel' 2.00) per i וזigher neutl'o וas subslantially I וPu-239 I 

netltron above J MeV than does eilher U-235 or U-233 (but U-233 gives 
some\vhat more than t\VO neutrons ovcr the entire energy range , extcnding 

e slo\\' neutrons used in \vater-moderated reactors). Neithcr Pu-239 nor ןto tl 
U-235 yields enough neutrons per neutron absorbed in the ' lhermal and 
intermediate energy range 10 allo\v a 'thermal breeder'-that is, one in 

. vhich the fi ssion neutrons are slowed before being captured \ 

Dreeder proliferation hazards in perspective 

lt is clear that a nation desiring a fe\v nuclear weapons earl}1 \vould not 
ase of a breeder reactor, but \vould ווundcrtake the conslruction or purc 

ium at a rate of ןזinstead build or buy a research reaclor to prod uce pluto 
abollt J g/megawatt-day of operation. An alternative \vouJd be the 

ce high-enrichment U-235. On וconstruction of a centrifuge plant to prodt 
the other hand, a nation engaged in long-range planning, especially one 
wilh internal pressure groups both in favour of and against getting 'closer to 

-a nuclear \\Ieapon capability', could \veJ1 opt for breeder reactors prema 
out exhauSlive וturely simply because of their proliferation potential. Witl 

. e L \VR, f\lel reprocessing וilc for tl ןוof all cases, \Ve note that \v ןdiscussiol 
~ and recycling are optional (and at present probably uneconomical). they are 

.\: essenlial for the brecdcr. Ftlrthermorc, recycled fuel for the breedcr reaclor • ;)ז:



3 
r of FIJR in lrodtlClion ג:c ניc vcrsus וiRurc 9. 1. US civi lian plulOn itlm slockpi '~ 

30 F8Rs dcployed each year 
15 L WRs retired each year 
Pu inventory per F8R as shown 
(in core plus out,of,corel: 
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 .\',,/,'; ' I'I ו:\ {' cה r of inlroduClioח of IIו C FBR i ~!.הן Cח as 2000 or 2oו o, \\'ilh IIו rcc:ו>~ unlrlioוו>
or by IIIC וrc \\'35 gi\cn 10 IIIC :lllll וl ~ is fi ןR. TI ונF ווc הof c ניlI0r וl\'c זrC(luircd Pu i \:ו I tl יי'וג'"

lcז cscה rcl1 (Iכ 20 Jl ,(oEחו C 1978. NOlc II:ו lt \\'Iו ile NASAP aSSUוז ICS "; 1נ 75 )(, rgy I 11וI1 ,·, ll" ,)1' E 
IIIC 01(1וח:) frO ( וrcl הRC5c 111 197810ניC Dircclo r o f Energ ניI נןlldum of 7 J 110הr וc וI הו."{ IIII ~~ 
10 onablc ,ן;' that "il is rC ~ l0lC5 onl ו) I (DoE וaIUalio \ו:: clc ניir\:\:lor. Officc of Fllcl C וזזכ~II .נ
.' C (\ו otl r ( l ניI וS thc 5625 kg/ G \\I(C) dcsign sho\\'/I i הcll וC tll:11 lo\\'cr in\'cnlory 17 URs, sl ןIIII ניי

." c if rcquired וb ר:il 1יה\ : c 1>1וי ,,." 

le breeder reac!or ןle proper role o! t ןJ/. T ו

-crcial clcctricity has a rela וinion, the L WR as a producer of comn ןרo '111 11(ן 

lר or but lג seful role to play for a shorl tiIךן C. Thc brecdcr rcactor, OIן i\ cly Inil 
st a carbon dioxidc ןrance polic}r-agaiI גsl וt il ךportal ןךd, is an il ןcr nal ןII (ךIlle 

aving 10 pay possibly rclativel)' high costs for solar רe. Or against I רlropI ה~II ;' 
d clectricilY. I1 may bc important to be ablc to deploy breedcr ןI הIle;It ~.~ 

Cxt וich to fabricate reactor cores for the I ןfucl rods or LEU material from \\'I 
10 years or so . The small sizc and inert nature of either the LEU material or 

eans negligible physical spacc and cost reqllired for such ךthe fue l rods n 
-O\V fraction of the nuclear energy cycle rcpre ןstockpiling. The relatively 

at it is economical 10 buy fuel five רוsented by LEU investment means t 
-er econornies could be realized by stock רor tcn years in advance . Furtl 

er compet itive וdepending upon one or anotl ךז,piling only natural uraniul 
suppliers of enrichment services to enrich and to fabricate fucl a fe\v years 

. in advance 
On the other side of the balance, possession of an operating LMFBR or 

er breeder reactor in no \vay guarantees energy independence. For ןotl 
e majority of cOllntries opcrating LMFBRs will probably not ןexample, tl 

g plants on their territorics. Breeder ןhave reprocessing and refabricatil 
-g (or, alter רreactor economics are seriollsly impaircd by delay in reprocessil 

several years' core load in ןnatively, by a security requirelnent to maintail 
ordcr to cope \vith interruption of supply of reprocessing/refabrication 

.) services 
ו n thc case of L \-VR fuel, buying alן eiglר t-year stockpile of LEU (at arר 8
-per cent annual interest rate) \vould only double the LEU-associated por 

c busbar cost of clectricity by 20 per רe energy costs (raising tl רtions of tl 
ave a fuel inventory ןthe other hand, is estima(cd to l וcent). An LMFBR, OI 

out-of-core ranging bct\veen 150 per cent and 50 pcr cent of the in-core 
d corl'cspond under ןinventory. For a 3000-kg Pu LMFBR core, this \votl 

4 500-kg and רvcntory bct\Veel ןal rcprocessing assumptions to a total it ןorn ןI 
-t ycars' replace ןce of cigl 500ו-kg Pu. If one rcquired a similar independcl ך

ld bc incrcased by נe Pu inventory \vol ןment of hal f the core annually, tl 
, . somclhing like 12000 kg 

e increased invenlory \vould not be on רוhe most significant effect of t ז
ent of brceder ךloyn כe cost of elcctricity but on the fcasibility of del ןtl 

stockpilc as וזtoniul גe United Statcs (he pll רo\vS for tl רreac(ors. Figurc 9. 1 sl 
a func(ion of (ime for differcnt assumed Pu inventories for an LMFBR 

uclcar ךdeployed at a very nominal rate of 15 G W(e) per ·year nct incrcase in I 
e year 2000. This corresponds to about 3.5 per ןוt רpo\vcr capacity, beginning il 

-ajor replace רןout I רcent per year net increase in the nuclear cOlnponcnt, \vitl 
-ifi ןotlt sigl ןd wit l וI ג, g capacity by nuclcar fuel ןftlel-gcneratil ןment of foss i 

eat to electricity. Even 4ndcr thcsc vcry modest ךוcant transition from dircct 
an (ךוassumptions, only those LMFBR designs significantly Inore advanced 
eir ןוt וor ז:יtory limitatio רosc now available \vill avoid a plutonillln invel ךtl 

may exist in spent ךorc, although the plutoniun רdeployment rate. Furthcrn 
ortage of rcprocessing capacity, since there ןLWR fuel, there may also be a sl 

cnt ךvill be no market for the L WR plutonium until the breeder deployn \ 
. begins 

operating brccder וomic inccntive for a natiol וClearly, there is an ecol 
digenous reproccssing capacity, bllt this \vould forgo ןave il ךreactors to l 

e breeder רer increase the cos( of tl ןeconomies of scale and \vould furtl 
. e L WR רtl ןוete \vit )וd com ןe da(e at \vhich it cou רreactor and dclay tl 



~ 
1 020 MgSWU ,2 but , of course, no Pu \vould thcn ןsavcd, together \vitt ןbCCI 

. havc been available for investment in a breeder 
The t \vo extremes for fue lling fi rst generation breeders f rom L WR 

pllltonillm are equally improbable-the first being to accumll1atc a stock o f 
p1utonium from an individual LW R and also from its successor (44 years of 

operation) and then usc it to fuel one LMFBRן iuIח . Thc product p1utol 
tcd זוvould be idle for an avcrage of 22 years (alternative1y, thc discOll \ 
llch רזe cnergy produced by the LM FBR \vou1d bc r ןוpresent valuc of t 

her cxtreme is 10 collect a11 Pu produccd by the ו:6זThe .כred uced by the de1ay 
. entire population of L \VRs and ' im mediately' to invest it in nc\V LMFB Rs 

fuel fabrication, and in scheduling ןis assumes no delay in reproccssing, ir וTt 
thc start of ne\\' LMFBRs. Thc APS study assumed process timcs a110\ving 

e ורe d ischarge of fuel from an L \VR alld t רוfor about t\VO years bet\vcen t 
t ןigl ווus one I ןוat PU-bcaring fuel in an LM FBR. T וןincorporation of t 

22 imagine a nc\\' LMFBR to be spa\vncd every t\VO ycars by cach set of 
operating L\\IRs, and one every t\\'O years by each sel of 16 opcrating 

, LM FBRs, but \vilh a I\VO-)Iear dc1ay in both cases 
c gro\vth ralc for breeder rcactor po\vcr is ווS , t ןptiol חcse assll l רUnder tl 

clcarly inadequate for nuclear elcctric gencration to lakc o\'cr rapidly from 
. fossil fuels, much less to replace non-elcctric uses o f fossil fuel 

rcactors rapidly, and to provide a considerable portion of the \vorld's 
energy needs for several centuries. 

Introduction 

resources וזןed uraniu ןLimi 

V. What to do? 

 The technical actו ievement of producing commerciaו electrical po\ver fronר
ay have limited economic and social benefits in vic\v of the רוnuclear fi ssion I 

grade uranium ore, The light \vater rcactor \vhich ן-limited resources of higl 
-produccs mOSI nuclear po\ver uses uranium enriched to about 3 pcr cent U 

enrichment 235ו from its normal isolopic abundance of 0.7 per cent . Wilh al 
-plant leaving 0.25 per cent concentration of U-235 in the 'Iails', a conven 

lion kW peak electrical וof 1 mi כlional pressurizcd \Vater reactor (PWR 
, e t ime רt of tl 1ןW(e» and operating al full capacity 80 per cet t1 000 .י ( output 

lJS onl y ןore, l T1 וןr נominal 30-ycar life 6 970 tons of uranit ןmes in its I נconSt 
eir 30-year lives by ןabout 502 1 OOO-M \V(e) reactors cou1d be fuel1ed for tl 

. the present1y considered uranium resources of the United States 
t of nllclear po\ver וel ןךe present lo\v rate of deploYI 1וn vie\v of tl 

vill be exhausted \ וןe lo\\'-cost uran iur ווreactors, there is no possibi1ity that t 
l1y ןb)' the year 2000, but there is also no considerable opinion that the clJrret 

erefore, t1uclear po\ver in ןcontemplated reserves \vi ll last to the year 2100, TI 
ited States would be a brief and mil10rit y contribtltor to electrical וthe UI 

power supply unless somc \vay could be fOlJnd 10 (0) find and mine 
-considcrably more uranium at an economically and environmentally accept 

a stlbstantially ןab1e cost; (b) devclop and deploy nuclear po\vcr plants \vitl 
provide an alternative sourcc of fissile כsma11er appetite for uranium; or (c 

. material 10 the simple extraction and enrichment route 

Thc Report of the Ntlclear Energy Po1icy Stud)' Group, N llclear POlver 
ong other things, the role of nuclear po\ver ןd Clloices, discussed, an ןןIssues a 

: in the US cconomy. It notes 

C (ealure o f OIJr analysis, \vhich is particularly import3nt froln thc standpoint of ןOf 
d ןrhar an 'advanced technology' \vill be availablc arollf ןpolicy, is thc aSSllfn ptiof 
~ 2020, This advanccd tcchnology could be an advanccd brccder or it could be solar o 

c prospccls of ןbinalion, TI ןccd coal production and use, or some con ןfusion, ad\'af 
e U.S. brcedcr prografn ןוg o f t רd timif ןe flature af וןd t ןןologies a ןןןcc{1 tccl רc5c advaf רוr 

is broad ןc perspccti\'c of tl וןapt ers 4 and 12. For t רe dctail in CI ןarc diseusscd in son 
-ic analysis, thc 'prccise costs o f these advanccd tcchnologies are nOI imror ןeconon 

t is important, ho\\'cver, that one or more of thcsc tcchnologics be avail"ble ו, tanl 
e next fifty 10 scventy ycars to provide assurcd cncrgy supplies and kccp רוin t רvitl \ 

] encrgy prices from increasing rapidly. [ la 

L WR plulonillm חסllp ן-ar ןS 

U-238 to ןan L WR are capl ured il ךof netllrons cven il ןA substant ial fractiol 
ich ןr>rodllce additional fi ssile Pu-typically about 60 per cent - some of \vl 

L WR at כlW(e vז-is later fissioned . In fact, 44 years of operation (of a \'OOO 
e L \VR operates to I'ecycle its ןat tt 80ן per cent capacity factor, assumi ng tt 

together with 8536 shorl lons of U
3
0

8 
are requircd 10 prot!uce the כuraniurn 

. LMFBR כnet 7500kg of fissile plutonium needed to start one 1-MW(e 
ave ןe L WR, 1 530 tons of U

3
0

S 
\VOllld t רHad the Pu also been recycled in tl 

Y kinds oך f isolopc scparaf iol ווו:I וןfor ,ךif' \\'hicl 111ך fi\'e \\'ork הS\VU is a 'scpar ןוI הcf\agr 2ךז A I 
21 [ c APS study ןI ז' , tr ifuge). is di rcctl}' rclatcd to C051 ןd cCI ווהscous diffusion הg g ךcludil ווi ( 
I ןcl ךthe Dcrar tn '~'3 \\ וrgcd no ןpcr I\ lg S\\' U- appro:\im3tc1}' Ihat cI OO$75 ס cs a c05t of ןassun 

t cfforts ill fhc ןIIICI וrןnd gO\ C הc,: o f subsfallfial pri\ afC ווof 1Z1lcrg)', Notc. ho\\'c\'cr. the existc 
rs (Ia,cr ~~ C of la ~ c II ו' tl ~ b וrfOPC 5cpara lio סrcdllcc f 11 C COSf of iS סcrc t ךclsc\\'I ו(rו ifCd Statcs a וUI 

d a וrcducfion in cost b)' a fa.:for of fo ur nf וrI rcsull i וmigl ןLIS» . \\'llicl ( ןlopc scparaliof סiS 
. cnfs ןrcquiren ייcrg ווsubsfantiall}' grcatcr reducfion in c 

s a shorf lon of ycllo\\'cakc (U
3
0

8
) of וrea ךanium orc', as uscd in fllis papcr, n ~ I,A_ 't011 of u 

bablc, possiblc, and spcclltn fi\'c) ma}' bc 3,5 Ini llion סrccs (knO\\'II, pr ~ hlch domcsflc US rcso \\ 
) ds (769 kg וs 1 700 POlll ןir ו: I ןf }'cllo \v\:akc cor סווסlc ffon bclo\y S30/1b, A t וC051 of prod ~ fon5 af 

alfcrnalivc 111.lclcar fll cl cyc1cs arc וof urafll Uln 1I1cla1, EXCCpf as nOfcd. a11 dala dcalillg \ViI I 
./ 2 [ fa kcn from rcfcrcncc 



~ 
e 'dcJaycd brcedcr or ןcsh on tJ חThe main point of this note is to put some 

portance of the ןe in ןוk about t ןil ןaJternative' and to suggest a uscfuJ way to tJ 
e ןpJications for tJ ןןportant il חan application also has il ןbreedcr reactor . StlCJ 

. US breeder research and development programmc 

Tal11e 9.1 . Economic pcnalty of starting 1 000 MW fast brceders 
enriched U-23S ןwitl 

I U·235 in 20ו pcr CCI cr זVa \ 
lc corc הium (scpar וural or זrcac 

rcproccssing and plulonium 
) rccyclc 

11250 7500 

31000 19900 

349 149 

1700 0 
34 0 

5.3 2.2 

0,3 0 

5.6 2,2 

5,.1 2.0 

Proposal 
al source וI rcquired from eXlcrl ןoul וןFissile at 

) gs (kg ןןd rcplacement 10adi 31ו for slarl-up 

luc of fi ss ilc n1alcrial (S/ kg lisf1iC)a הV 

) alcrial (Smn וחTOlal COSI of fissilc 

fissilc produClion ןןg·gai ןLoss of brcc<.lil 
) kg fissilc Pu ( 

 )$ mr(ו

10 fucl c}'cle COSI Icvcl izcd over וributiot זןןCO 
30·year brccdcr planl lifeb 

asc of lissile material for slarl·up ןPurcl 
/mill(ן k\VI ( 

Loss of brccdillg'gai ll fissilc produclion 
) I וInill / k\V ( 

') lill / k\Vh וRclative lolal (I 

') Lc\·clize<.l fucl cyclc COSI (mill / k\Vh 

ormal' first-generation 'ןזThe conser.vative proposal is simpJy to fttel 
, 50 kg out-of-core-that is 6ד LM.FBRs \vlth 11 250 kg (4 500 kg in-core and 
) avalJabJe for the replacemenl cores \vhiJe Ihe first core is being reprocessed 
e ןוe LMFBR \vould be operated al t ןוof U-235 as 20 per cenl in U-238 . T 

d recycled in ןd tlle fuel \vould be reprocessed al וe po\ver JeveJ as usual, ar רןsal 
the normaJ manner, feeding Ihe LMFBR annually \vith 1200 kg of depleted 

rods \vill וe fue ןוןe breeder core portion of ווor natural U. \Ve assume that t 
~ rt, be reprocessed into the next core, to avoid putting th ~ for. the most p 

enrlched U-235 lnto the blanket, \vhere it wotlld be less Valtlable. This would 
. g plant ןbe a minor requirement 10 incorporale into the reprocessil 

ed amottnt and חccntration of U-235, the assuJ ןAt 0.25 per cent taiJ cOJ . ° concentration of U-235 would be obtained from 3 110 shorl tons of U 
8 Th . . d J e uranlum mJne and stripped of U-235 to fuel the LMFBR \vould Ihen 

2000 ycars of operalion וזa ןsuffice to sustain it (or its successors) for more tJ 
erc \vcre no excess ןal 1 OO? MW(e» and 80 per ccnt capacily fac lor even if tJ 

500 C mature LMFBR. Thus, instcacl of ftlelling וplulonlum pr?duction in tl 
lorl וLWRs for thlrty years, an assumed uranium resource of 3.5 million s 

LMFBRs for more than 2000 years evcn if 1דדס tons of UJ0 8 \vouJd fueJ 
-on וזas already been deJ ןan J ןthcir breeding performance \vere far \Vorse tl 

. straled 

' ed U-235 וg LMFBRs \vitll cnricl ןothing ne\v about startil וThere is J 
this \vay bccause of ןslarted il ןost LMFBRs in the \vorJd have in fact beel ךח

, plutonium וicating fuel \vith enriched uranium than \vitJ ~ the lo\ver cost of fab 
is possibility ןוT ח.iuJ ןIOI ~ ited availability of L WR pl ~ J.t ~ d bccause of th ~ a 

exlblllty for deployment of additional, enduring nuclcar ~ gJves greater 
ar, one docs not need to recyc\e PtJ no\v (or to avoid ~ po\ver: In partlcu 

ith a vie\v to thc LMFBR future; one need not ז\\ L WRs ~ rccycllng Pu no\v) I 
deploy first-gencratlon LMFBRs now, in ordcr to (very slo\v\y!) brecd thc 

e above \vould ןLMFBR population 10 an apprcciable lcve\-\vhich frOm tJ 
Rs to '\ג. I from L ןo\v a transitiO רtake a long time. Scenarios cxist \vhich 5l 

Ow a"30-year ןcse sl וFBRs within the limitation of availabJc pltltonitlm; tl ~ L 
pcrtod .of 10\'1 gro\v.th of the nuclear po\ver scctor for preciseJy the reasons I 

-have glven. I conslder it unlikely that such a Jong transition (\vith simul 
of LMFBR and ne\v LWR capacity) \vould bc ~ taneous. buiJdin 

ccess in נould be cheering to observc that sl ךe. It sl ~ lcally deslrab ~ o ~ eco 
-d result in total displace וg an economlcally stlpcrior brecder cotl ןייdeslgn 

xibiJity of <::ח f new L WR construction by LMFBRs, by virtue of the ~ ment 
. U-235 lnvestment, as needed , of LMFBRs 

, cr rC3C(Or flICI (;ן'\\ a ~הlcd for allcrnati\'e usc ן;llIC is calcul יה\ o PIUlOllillm 
': 0 or 3 :'ז '/ I ןy discoUI זlld 531c. u5ing Ulili הSCS הcdulc of fiss ilc purcl1 ן<.I from linle 5cl ~ Calculal )/ 

. 0.0755I ycar 
··, il<' rro<.lll ~ fi, ן'clc COSI. L:ller crc<.lils from brccdillg !;;!iI ~ I fucl..: הI 1101 Ihe 10l וThc rclali\'c 10l< ' 

cl 1נFI3R Ic\cl i/cd 101;11 fl ז-. roccssing rcsull in an C51imalc<.l L ןd rCI וal ןןlion and COSI of fabricalio 
,) 12;1 I וbOUI 2.0 mill / k \ V הc}'cle COSI of 

l ןווallil rוCost oj LMFBR start-Ilp 011 ellricllec/ L 

) rting a lOOO-M\\I(c הe cost of sl וred II הp חTlle APS Study Group has cOI 
g it \vi!h \vaICr-rcactor רhe C051 for fuclliJ ! וLMFBR \vitll cnriched U-235 \\'itI 

I וcl וhas validity only if Ihe desircd clcployn וrisol הp ךSuch a con רזז.plu!oniu 
 rate. of LM f'BRs can be accomnן odatcd by tlר e stock of L \VR pltltOןן ­illlח

I brecdcrs וg clectrical po\ver frol וavil ןoice is bct \veen I וe cl רer\visc t I רotl 
. aving it from breedcrs at all ןinvestcd \\'ith U-235 or not I 

at \Va!er-reactor plu!onium is bough! at thc price ןוTable 9.1 assumes t 
vottld be paid for it for recycJe into \va!er reactors. (Acltlally, thcrc is \ רvhicl \ 

ון O gltaralר lcc tllat it could be prodllced for this price, iJו \ vllich casc il migl!ו

-orc coslly. According to thc aSSllmp רnot be availablc at all or cOtlld bc n 
crc \votlld be approximatcly a $200 million pcnalty for ןs of tabJc 9.1 tl וtioJ 

atc at facc valuc, Ihcre is חזU-235. Taking the esti ןstarting an LMFBR \vitl 
IF13R \\'ith vזin starling an L ןan expcctcd penalty of about 3.4 mills/k\VI 

. thc Jatter is availablc ןium \\'hCI וןcd ltran illm inslead of L \VR pluto רricl וel 
c ןרby a factor of four in cost of isolo ןIt should bc lloted that rC(IUClioI ( 

1.1 c 5ן million-son דis penalty to about S וshould rcducc tl וseparatioJ 
). mill/ kWh 
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 O"ler aו Non-pro ternativesו ijeration charac(eris(ics ojו) le proposaו

e ךU-235 inSlead of Pu 113S son ךInvesting LtvtFBR or other breeders \vitl 
e וa1 vic\v of II ןe norn ןparison \vith tl ןmodest anti-pro1iferation ef[ect in con 

. ast breeder reactors [ 

era. 

at L \VR p1utonium \vill probably not bc available in וave already noted tl 1ו I 
er note (as ןen one \vants to build LMFBRs. I fllrll וsufficient quantity \vl 

-comlnented by the APS Sttldy Grollp) that an LMFBR corc could bc reopti 
e calculations \vere done for U-235 10ading of ווmizcd to require less U-235 (t 

e COSI incurred ווa core optimized for slcady-slate plutonium operation); if I 
pcr reactor in changing core configuration after I\VO years or thereabouts is 

e clearly \vou1d וen OI ןוconsiderab1y 1ess than the va1ue of Ihe U-235 saved, t 
or llse a more cornp1icated interactive ( וfiguratiol וange the cOI )ןvanl to c \ 

rocessed enricl1ed U-235 into a כsyslcm in \vhich some specialized LMFBRs I 
-ibrium LMFBRs). Btll substan וsmaller amount of Pu for conventional equi 

cost reductions are possible sirnply from relaxing thc requirement for a וtia 
breeder \vith a conversion ratio exceeding 1.00. In the convenlional LMFBR 
vith as high a breeding ratio as possible, considerable conSlrainlS and costs \ 

et ןare incurred in order 10 obtain the nel breeding excess of 8.4 per cent (I 
utonium production divided by fissile core invenlory) \vhich וannllal fissile p 

en ווgrO\Ytl1 rate \v ןatiol וaximum LMFBR popu ןt n ןresults in the 3.3 per cel 
one considers out-of-core Pu as \vell. If one relaxes the requiremcnl that the 

an it consumes (because one plans to invest ווLMFBR produce more Pu t 
each LMFBR in the futurc \vith its o\vn core of U-235), one can use \vider 

vill \ ןוings \vhic ןוcoolant channels, thicker fuel cladding, and in general do t 
$200 c וes tl ךis four or five tin וreduce the capital cost of the LMFBR (\vhicI 

exibility חd ךe\V-fOUI ךmillion 'penalty' from starl-up of U-235). Parl of lhis I 
. incrcascd (or more assurance of) safety וcan be I raded off ir 

agic altaches 10 a cOl1version ratio of 1.00. A conversion ןIn fact, no n 
ratio of 0.99 is almost as good, and evelJ signif'icantly lo\ver conversion ratios 

-) such as mighl be obtained \vith modified Canadian heavy \ValCr (CANDU 
reaclors \vould be of benefit. if only to give more time for the achievement 

. of conversion ratios of 1.00 or better 

1. Initial fabricated corcs \vould require isotopc enrichment to yiclJ 
\vcapon-usable fissi1e material, as is the case \vith L \VR fuel or natural 

o? uranium. 
d shotlld bc dcfcrrcd 2ן. Pu recovery from irradiatcd L \VR fuel could al 

-until a large number of U-235 invested [ast brecder reactors \vcrc in opera 
ounts of PLI. Spcnt ךe early availability of large an ןtion, thllS reducing tl 

c brccdcr ןtilll ןL WR fuel shou1d be kept in interim or recoverablc storage uI 

-3. Such a s)'stem is amenablc to so-callcd 'Civex-type' fuel rcproccs 
ical רsing (if the Civcx conccpt could be developed as a practical, cconon 

reproccssing dclay, could a1so rcduce tlJe ר~process), \vhicI1, by reducing tl 
. out -of-core fissile requirernent and thus the U-235 cost 

le US breeder R&D progralnl11e וlsjor I זicalio וlp וזl 

e possible benefit of rcdcsign of the LM FBR corc to ךAJready mcntioncd is tl 
d וf הal)'sis וus reduce cost s. Additional aI וnd tl הtory ןizc U-235 invel ךin ןir ןn 
' 01 is possibility. The 1ikely scale וtl ךtation should bc done OI וel ךוsOlne experil 

.) O\\'n, is not Pllblishcd ךthese benefits is not kno\\'n (or if kI 
t [OCUS on thc moltcnןו -salt breeder (t-.1S13R) \\'it וNe\v interest migl 
C וout-of-core inventor)' . Aside from tl 11ס continuous reprocessing and 

corrosion problems of the t-.,fSBR (\vhich ha\'e not been sol\'cd to thc dcgree 
a)' bc idcally רוןnecessary for a viablc comlnercial technology), the system 

is bencfil וsuited to Ihe IJ on-brecding role cnvisaged for U-235 start-up . TI 
d the וyould arise from the lo\v in -core U-235 inventory of about 2500 kg (al \ 

e prc\'iously ויce of ollt-of-corc fi ssile material), \vhich \\'ould allo\v t ךabsel 
ISBRs for rnorc than 5000 .,-ז to fuel ~ assumed 3.5 million short tons of U)O 

g all that time no one had a beller idea as to ho\v to 500ך years (even if duril 
.) 1 make a breeder \vith a conversion ratio significantly excceding 

ould be notcd that on such multi-ccntury time scales , c\'en a ךt sl ז

t per ycar (of breeder reactors) \\'ould provide a ןrate of 1 per cel וgro\vtl 
gro\\·th ןsubstantial increase in electrical po\ver availability (if poptl1atiol 

er ךigl ווnanity can afford 10 pay a far וcld to zcro). In any casc, hU וcan be I '. 
e small amounl of uranium needed 10 continue operation of these וcost for tt 

e large amounts of U)OS necessar)' 10 fucl L WRs וbreeders than it can for tl 
~ uraniur ןllS, sustaining brccder operation OI ךrt brccder reactors. TI ו:or to st 

e cost of brccder ךto tl ןucl ךהg $5 OOO/ lb \\'otlld COIJtribule about as ןcoslil 
e present $30/1b llranium contriblltcs to the cost of clcctricity ךelectricily as tl 

. from L\VRs 

Benejits 

e potential for starting LMFBRs with U-235 allo\\,s: (a) an arbitrary וןIn all, t 
, deployment rate (independent of L \VR or brceder history); (b) lower-cost 

e absence of ווgreater safety potential, possiblc higher efficicncy because of t 
e ןversion ratio of 1.00 is fil וconversion ratio. A cOI !ןa constraint of hig 
) er conversion ratio; (c ןa higl וalthough one \vould not reject a breeder \vitl 

d (d) potentially incrcased bcnefits ןearlicr availability of a uscful breeder; al 
niques and from lo\ver וךtec ןfrom lo\ver-cost advanced isotope separatiol 

inventory breeder/converters. The costs for these benefits cannOl ex·ceed 
ich is computed for LMFBR ווw ןe 3.4 mill/kWI ווan t ןוand may be less t 
e Pu-based L WR - LMFBR !ךdeploymcnt conditions ideally suited to t 

. transition 
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to see a highly competitive supply of breeder reactors, so one might cxpect 
only a slo\v improvement in the technology and slo\v reduction in cost Of the 

t \vould be far bctter, in my opinion, to support \vork on breedcr ן. breedcr 
concepts, experimental \vork on breeder fuels, research into economical 

cr ~ e brce ווe deployrncnt of t וd refabrication, and to delay tl וg ar ןreprocessir 
, es וrcactor until private suppliers (or in the casc of non-markct cconom 

omic anal)'scs) sho\ved a ןgencrally accepted and not -too-distorted .ecol 
c short וts in tl וsubstantial benefit of the breeder over L WR or fossil plar 

. . term 
e cost of the breedcr is thc וays to increase tl ~ A1so tending in severa 

 general argument that breeders must be deployed early ilר order to gailן
at their (not very great) breeding ratc provide thc וce and in ordcr tl וexpcrier 

. utonium stock to support exponcntial gro\vth of the brceder economy וp 
ternative, as described above, is to deplo)' breedcr rcactors וe preferable a וTI 

ed uranium וof lo\v total inventory, \vith initial corcs of medium-cnricl 
nology to do this no\v; \ve COllld do it no\v and \\'e ןMEU). We have a tecl ( 

should do it \vhen the rcsource cost of uranium supply to an L \VR bccomes 
. . . the grcater capital costs of the breeder ןhigh enough to ,otlt\veigl 

ce, lf ןexibility is available in this \vay. For Instar חNote that additional 
dle tltc וld har נan economical module of breeder fuel reprocessing plant cOl 

eeds of 50 breeders, approximately t\VO such plants \\'ould havc רuing r ןcontir 
dle thc 30 LI\1FBRs dcployed pcr ycar רto bc built every three years to hal 

-e assum ptions of figure 9.1. But the construction and actua1 opera רוundcr t 
cse reprocessing p1ants might economica11y be dc1a)'cd several וtion of t1 

I 1הd bc stlpp1icd for se\'er נat Ihe ear1y breeders cOl וןc fact t ןyears in vic\v of tl 
 years \\,ilh fresh MEU corcs, builclilו g a stock of spenl brccdcr fuc1 \\'hicIו

e p1ants coming into bcing about Ih c ןוcou1d be economica11y processed b)' t 
time of breedcr introduction. Spcnding delaycd is almost as good as 

. spending avoidcd 

VI. Conc[usion 

Refcrenccs 

e brcedcr reactor as a means of using most ווt is most important to look at t ן
e fuel value in our uranium resources , but we should not ignore the ווof t 

oyment of an ןexistence of U-235 in this uranium \vhich makes possible dep 
e ווportant that t וO! in ווt is ז. arbitrarily expanding breeder popu1ation 
-conversion ratio exceed 1, and certainly not that it be much bigger. Aban 

t to start breeders from L WR plutonium or to ןdoning the requircmel 
odify the רחproduce Pu from breeders to fuel other brecders allo\vs one to 

e cost of breeder elcctricity, to ווdesign of the LMFBR in order to reduce t 
improve safety, and to further reduce the uranium investment required to 

. FBR ז~ a ne\v L וfuc 
Furthermore, this approach wil1 encourage the broadening of the 

-present breeder R&D programme to emphasize rapid acquisition of know 
ledge about breeders and near-breeders of lo\v capital cost and 10\v fissile 

t is possible that such a reactor \vill turn out 10 be cheaper than ן. inventory 
, t, ho\vcver ןL\VRs for the produclion of electrica1 po\ver; it is nol ilnportal 

10 have a cheaper source of electricity or to hasten the deployment of a more 
. expensive source of electricity \vhich llses less of our uranium resources 

at \vc can plan for the וVhat is important is to have the kno\vledge so tl \ 
c\'enlual transition from inefficient consumption of U-235 10 thc more 

. riscs ןחg uraniu רe cost of producil וsumption of U-238 as tl וefficicnt cor 
-lt seems to me Ihat this vic\v of breeders (and evcn an eventual rcduc 

e usc of laser isolope וrichmcnt costs by tl רtion by a factor of fOllr in cl 
asis ןוmore emp ווmuc רוausible and thus \\'ort וseparation) is mllch more p 

llclear ךas elcctro-I ןthan othcr means of expanding fllCI supply sucl 
_ . breeding', the 'fusion hybrid', or Ihe obtaining of cnergy from pure fusion ' 

o\vlcdge וe acquisilion of k'I וould retard tl ווThis does not imply that \ve s 
Ollld וabout the pOlentia1 feasibility of these alternativcs-simp1y that \Ve SI 

morc coslly and ווnOI prematurely go beyond the test-bed stage into muc 
. ic subsidized prototypes ךuncconon 
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Deploymenl of breeder reaclors 

-e prolifera ווe breedcr reactor to t רof tl וO potential contributiol רWere thcre I 

S rcgarding וear weapons, there would still be important qUCStiOI וtion of nuc 
no1ogy likc thc וusiasts for a nc\v tecl וe introduction of the breedcr. Ent1 ווt 

e רוose opposing t רוsupersonic transport (or, for that matter, t וcommercia 
ich ווogy) may propose courscs of action w וintroduction of a ne\v Lcchno 

it of רimp1y the commitment of society 10 cxpenditures per marginal ur 
ative, thercby making society ךc alterl וan tl ווproduct many times larger t 

. poorcr as a \vhole 
, is cffcct ווst t נa\lc jl ךPremalure introduction of an carly brccdcr \vi11 I 

ectricity \vill be morc costly than that from an L WR. 1t is dif'ficult וsince its e 
 , Cר


