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Abstract  
I 

For ths thorium f ~ e l  i y c l e  an optimization of the neutronic economy allows 
t o  achieve a c o ~ v e r s i 0 n  r a t i o  CR be twen 0.9 and 1.0. The neutronic proper- 
t i e s  of the  f i s s i l e  n!.iclides suygest t o  introduce a combined system of tv:o 
d i f f e r e n t  type-s of X 5 ' s :  F i r s t ,  a convent<onal typc fed with highly 
enriched uraniux acd ihorium and adapted f o r  maximum dis tharge  r a t e  of 
U-233 (C2-0.76). S ~ c o c d ,  a war breeder (CR=0.97) in  which the  bred uranium 
i s  recycled and tie U-233 or' the  f o r m r  type i s  used as  make-up. In t h e  
equilibriui!i cycle 5 s  bred U-233 of one conventional type is s u f f i c i e n t  t o  
sur~ply the ii;?l:e-~i, of 10.3 w a r  breeders including l%losses i n  t h e  oil-ter 
cycle.  The production or' cn? nsar breeder 's  inventory ( incore  and o u t  of 
p i l e )  requires  a period of' 7 .3  pears  of f u l l  poxer operation.  

For the  ~I.!o t y p s  of p ~ b b l e  b3d HTR's t h e  data  of r eac to r  design and ope- 
r a t i o n  zre  i den t i ca l .  Thus, i t  i s  possible t o  change from the  conventional 
on? t o  the  ne2r L r t e l e r  tlui%ir;g f u l l  p w n  operation.  This f l e x i b i l i t y  is 
useful as soon s s  the grc5::th r a t e  of reac tor  i n s t a l l a t i o n s  i s  reduced and 
consequently the r ; ~ c e s s c y  C-233 production i n  the conventioi?al types  can 
be reduced. Full u t i : i za t ion  of t he  bred U-233 i s  possible  a t  any time. 

The gro;s uraniur: ore  consu:;i:jtion of t h i s  conibined HTR's  systenl is 
approxiai te ly  in  t k  range 3;ihich i s  expected f o r  t he  combination of 
LWR's and F3R's for  a period of 8-10 decades. 
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1. Introduction 

The core of the  pebble bed r eac to r  cons is t s  of a s t a t i s t i c a l  f i l l  of 

spherical  fuel elenienis. Duri19 operation f r e sh  fuel b a l l s  a r e  continuously 

added a t  the  top of the  core .  They move slowly downward, and t h e  depleted 

oncs a r e  re~iiovcd a t  t he  botton.  Cooling i s  provided by helium passing 

through the bed of the  b a l l s .  

The fuel  eleinents a r e  made of graphi te .  Their  diameter is 6 cm, and 

they contain the fuel  i n  coated p a r t i c l e s .  The design of the,coated p a r t i c  
a s  well a s  t h e i r  volumetric f i l l i n g  i n  the  fuel  matrix a l l o m  a w i d e  
range of var ia t ion  i n  the  design of d i f f e r e n t  types of fue l  elements. 

These d i f f e r e n t  types can be inser ted  mixedly in to  the core  and they can 

be separated a f t e r  dis loading.  T h i s  allovrs t o  use simultaneously d i f -  

f e r e n t  fuel  cycles in  one r eac to r ,  and t o  t r e a t  them sepa ra t e ly  i n  t he  

outer  pa r t  of the  c i r c u i t .  

The basic  c h a r a c t e r i s t i c s  of t h i s  reac tor  concept a r e  t h e  random d i s t r i -  

bution of the  fuel  elenlents, t h e i r  unconplicated desiyn,  and t h e  cont in-  

uous fuel  1 i n g  durins f u l l  operation.  These fea tures  bring a considerable  
f l e x i b i l i t y  in  the  optimization under various a spec t s / l / .  Here, we s h a l l  

introduce the near breeding va r i an t  of the  thorium cycle  which achieves 

the conversion r a t i o  of 0.97. I t  i s  combinzd with a convciitional HTR 

optimized f o r  the productiorl o f 4 - 2 3 3  winich i s  used a s  star-t-up inventor(- - 
and a s  make-up / 2 / .  

2. Conditions f o r  High Conversicn h t e s  

The achievemnt  of high conversion r a t e s  requires  t he  optinial u t i l i z a t i o n  

of the  ncutrons. This involves 2n optimal use of t he  nuclear p roper t ies  

of t he  f i s s i l e  isotopes ,  and the nlininiization of unavoidable l o s s e s  

i n  f i s s i o n  products, control  poison, leakage etc . .  
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Table I :  tluclear Prope~.ties of iissile Isotopes (Average 0 - 10 eV) 

\ 
The nuclear proper t ies  of t he  d i f f e r e n t  isotopes  a r e  l i s t e d  i n  t a b l e  I. 
The -2 values represent  a  s ca l e  f o r  the  economy of neutrons,  and Y-1 gives  

t h a t  portion of neutrons which can be spent  f o r  unavoidable l o s s e s  and f o r  

t he  production of new f i s s i l e   ater rial. In t he  l a s t  two columns t h e  I+=: 
gives the  number of neutrons required f o r  one f i s s i o n .  These f i g u r e s  

represent  the  sca le  f o r  the  e c o n c y  of t he  f i s s i l e  ma te r i a l ,  f o r  t h e  ne t  

energy production per absorpt ion,  and f o r  t he  build up of a c t i n i d e s .  Both 

d a n d  values c l e a r l y  give the highest  preferance t o  t h e  use of U-233 

a s  f i s s i l e  f i r s t  core inventory and as make up.Further, t h e  t a b l e  I gives  

t he  dependence of t he  nuclear p rsper t ies  on the  noder ration r a t i o  

due t o  the  change i n  the  neutron f lux  energy spectt-um. I t  i s  r a t h e r  in- 

s ens i t i ve  f o r  the  U-233. For 6-235, however, i t  is more marked and 

gives preference t o  the  hisher  coderation r a t i o .  

The choice of a  high heavy nf t a l  loading i n  t he  fuel  e l e ~ t ~ e n t s ,  i .e.  loyl nlo- 
derat ion r a t i o ,  a l l o a s  a  reducticn i n  the  p a r a s i t i c  neutron losses .  For t h e  

U-233/Th fuel cycle t h i s  br inzs  2 considerable improvenient i n  t h e  con- 

. . version r a t i o .  Therefore the  n ? i r  breeding cycle  uses NC/NHM =110, which 

i s  admissable i n  view of fuel element technology. For t he  conven- 

t iona l  U-235/Th fuel cyc le ,  hc:.iew-, t h i s  e f f e c t  i s  o f f s e t  by the 'poorer  

values of the  :( and tj . Here, t he  most s u i t a b l e  moderation r a t i o  was found 

t o  be i n  the  rang? between 183 ~ c d  253 as  used i n  t he  conventional HTR 
concei;ts. 

An optimization of the  near breeding nuclear system is  l imi t ed  t o  these 

confinsw-ks of t h e  nature. C! i  the other hand, a  wide n~argin i s  given by 

the  technical f l e x i b i l i t y  of t h z  pebble bed reac tor  concept. 



3 .  The Cesr Brecdicg Feed-Breed - System 

\,!hen riCjl)i%?is!y r?ducing the p a r a s i t i c  losses  of neutrons, the  r eac to r  

concept a l l w j  to  r a i s e  the  conversion r a t i o  u p  t o  even higher than one. 

Here, t h f  reference design i s  based on more conservative and economic 

design data !;2>icn 2re  given i n  t a b l e  11. I t  achieves t he  conversion r a t i o  
0.97. 

S t r i c t l y  spsaking the  sub jec t  i s  a systeiu of t\qo types of reac tors .  
As the conversion r a t e  i s  below one a ce r t a in  amount of highly enriched 

uranium i s  required as  make up. I t  is advisable t o  keep t h i s  make up se-  

parate  f r m  t h e  r a r e  valuable  U-233 due . to t he  d i f f e r e n t  nuclear proper- 

t i e s .  Therefcre,  i t  i s  fed i n t o  a conventional HTR optimized f o r  
maximum U-233 d i s c h a r ~ e  r a t e .  Later on the bred U-233 i s  used a s  s t a r t  

u p  inventor7 and a s  make up f o r  t h e  second type which is  the  near breeder. 
A global ~ q g i l i b r i c a  cycle  of t h i s  combined system has t he  average con- 
version r a t i o  0.95. 
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Figure 1: Charac te r i s t ics  of thebcombin?d HTR systein 

The concept of t h i s  system i s  presented i n  f i g .  1. The conventional HTR 

i s  fed \:ith a mixtui-e of t h x e  d i f f e r e n t  types of fue l  elenients. A 
portion.  o-f 36% contains  t h e f r 2 s h  feed fue l  with soni? admixed Tho2 i n  i t s  

coated p a r t i c l e s .  The design i s  t h a t  of t he  AVR fue l  which has been success- 

f u l l y  tes ted  s ince  years .  These b a l l s  d i f f e r  from t h e  other  types by t h e i r  

  eight, and the  disloaded 0n.s c:.n be separated i n  quan t i t y  by simply 

weighing. In the  reprocessino the uranium i so top ic  mixture i s  separated 

from t!ie thorium, and afterward; i t  i s  used f o r  forming " recyc le  feed" 

fuel  elei?ienls without any t ! ~ o r i  u::i. 

The recycle feed fuel  ela:!ents re?resent  t he  second type.  They requi re  t he  



r e ~ m t e  f ab r i ca t ion  technique, b u t  t h e i r  portion i n  t he  t o t a l  supply r a t e  ' 

amounts only t o  14%. During t h e i r  run through the core t he  f i s s i l e  uranium 

i s  s t rongly depleted.  A t  disloading tho accu:nulated U-236 i s  a s  high a s  

35% of t he  uraniun,which suggests t o  remove this fuel  f ro4  the cyc l e  and 

send i t  t o  t he  re-crlrichnient service .  

In para l le l  t o  t h e  feed fuel  a portion of 50% of t he  loading batches is  

covered by the  breed fuel  b a l l s  vihich contain  pure Ti102 in  t h e i r  coated 

p a r t i c l e s .  These b a l l s  produce the U-233 v/hich i s  used as  feed f o r  t h e  

other  type of r eac to r ,  t he  near breeder. 

The breed fuel  eiements contain  a r e l a t i v e l y  high h?avy metal loading,  

which i s  required t o  achieve the high breeding gain.  Their  

design ( t a b l e  11) is  based on a v o l u m t r i c  f i l l i n g  of 21% f o r  t h e  coated 

p a r t i c l e s  i n  t he  matr ix ,  and a thickness of 3 rnm f o r  the  ou te r  g raph i t e  

she l l  of the  b a l l s .  Although not y e t  extensively tes ted  the design data  

corresporid t o  t he  range of t k  possible  spec i f i ca t ions  f o r  the fabri:  

cat ion technique. 

The f u e l l i n g  charges of t he  'near breeder cons i s t  of tvo d i f f e r e n t  types  

of fu21 elements. Both of then a r e  loaded with 32.4 g r  H:>l/ball, and a f t e r  

disloeding they a r e  reprocessed toqether.The recovered uranium i s  mixed 

w i t h  f resh  thorium and then recycled. I t  can be concentrated i n t o  25;i of 0 

t o t a l  n u x h r  of f u e l l i n g  b a l l s ,  regarding the given cons t r a in t s  f o r  t h e  

thercal  loads.  - 

The ot!w 75% of the  fue l l i ng  charges a r e  mad2 of the  thorium breed b a l l s  

which requi re  the  unshielded fabr ica t ion  technique only. In t hese  thorium 

b a l l s  the  average burnup i s  as 10,:) as  7 loo li!.!d/t k:hich suggests t o  use 

. . only a s ing le ' coa t ing  l aye r  f o r  t he  coated p a r t i c l e s .  This might br ing 

a reduction i n  t he  volumetric f i l l i n g  i n  the  n:atrix as  well a s  i n  t h e  

cos t s  of t h e i r  f ab r i ca t ion .  

In t h i s  near breeding cycle  the  U-236 does not need t o  be renioved f o r  a 
period of 30 years .  

The co?ibining l i nk  bet\!een t h ~ s e  two reac tor  types i s  the  balance of t h e  

U-233 isotope.  For the  conventional type the net  discharge r a t e  of f i s r ; i l  

uraniim i s  5G4 gr/G!,!d, and th? net consulnptior~ of the  near breeder i s  



41 gr/G:ld. Consequently, one convcntional type i s  a(le to  prcrduce the 

make u p  of 10.3 near brecders respecting 1% losses  i n  the  outer  c i r c u i t s .  

The build L i i )  o i  the near breeder ' s  inventory and of a one y e a r ' s  buf fe r  

requi re  a 7.3 y e a r ' s  pwicd of f u l l  powr  operation f o r  the conventional 

type. 

4 .  Change-over Eetwen the Di f fe ren t  Rezctor Types 

The t:.:o discussed reac tor  types a r e  conceived f o r  t he  same s i z e s  of t he  

core and fuel  e l e w n t s ,  f o r  the  same p01.!er densi ty  and f o r  the  sanie con- 

t r o l  systen.  A study of the  l i f e  h i s to ry  s h o ~  t h a t  one reac tor  can be 

changed from one cycle t o  t he  other  during f u l l  operation. In t he  

shase c f  t r cns i  t i on  the fuel  1 ing charges can in:czdiately be replaced by 

those of t he  subsequent cycle.  

Fig. 2 represents  a sequence of d i f f e r e n t  l i f e  periods. During t h e  f i r s t  

11 years  the  reac tor  i s  operated a s  a conventional type. Here, t he  bred 

U-233 i s  s to red ,  and lister on i t  i s  used a s  make-up i n  a near breeder 

phase. The upper drawing represents  t he  f i s s i l e  inventory of the  core as  
* 

a function of the l i f e  tiole. Daring the f i r s t  3 years t he  inventory bui lds  

u p  t o  the  equilibrium' of t he  convcntioi~al type. After 11 years  of opera- 

t ion i t  chsnges t o  t h a t  of the  near breeder. 

The nic!3le dl-awii;g presents t h e  supply 2nd dis lording ra-tes.  During a 

perio3 of 11 ycsrs  t he  disloaded feed fuel i s  reprocessed and re inser ted  

in to  the core.  The d i f fe rence  between the curves of supply and dis loading 

i s  cowred  by f resh  f u e l .  In the  equil ibrium period t h i s  d i f fe rence  i n -  

d i ca t e s  the  net  consumption. 

The dislcaded breed material cons is t ing  of alc!ost pure U-233, i s  co l lec ted  

in  a s torage.  As soon as  t h i s  s torage i s  s u f f i c i e n t l y  f i l l e d  the reload , . 
fuel i s  sv:itched over t o  the  charges of t he  near breeding cycle.  The 

d iagras  shcvs t h a t  the feed fuel  disloading expires .  The breed fuel  d i s -  

loadii;;, havever, - increases  as  soon as  the  f i r s t  breed batches appear a t  

the b s t  toc: of the core. In the f i n a l  ecjuil i briua the difference between 

the supply 2nd dis1oadir:g m t e s  i s  proportional t o  thc difference be twen 
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Figure 2: Subsequent appl icat ion of t he  two fue l  cycles  i n  one r eac to r  

the conversion r a t i o  CR = 0.97 2nd one. This d i f f e r ence  must be covered - 

by the r?scrved fuel  frcnl the  s tcrage.  - 

The 1o::ei- drawing of the  figur: gives  t he  d a i l y  throughput of fue l  elemen 

t h r o c ~ h  the core.  The possibi 1 i t y  f o r  continuously varying the fue l  r e s i -  

dence t i 22  i s  a typical  fea ture  of t he  pebble bed reac tor .  Mere, i t  i s  

used t o  n:,?iniaill the  reactor  c r i t i c a l  during t h e  t r a n s i e n t  phases. 

Figure 3 displays  the in tegra t fd  consumption of t he  f i s s i l e  niaterial addi 

u p  from the star,L of l i f e .  The f a t  curve no. 2 gives  t he  net  supply 

fed i ~ t o  the core. This s p l i t s  ir:',o tvo pa r t s :  The dark grey area i s  tha 

portion \.;hicIi :oms the iwentci-;I of t he  core ,  and the  white area below 

the cilrve 3 i s  unretr ievably cc.r,:.?rted in to  energy. The grey a reas  above 

the  cur\^ 2 give the out of p i l e  fuel  accuc~ulatcd in  the  feed and 

breed s tor2ges .  And the l i~ i i i t i - . ?  curve above represen ts  the  gross  supply 

of f i s s i l e ,  n~a te r i a l  vtiricli h?:s -1:) be b~ughL.  



C U R V E  1 :  U-235 GROSS SUPPLY 
C U R V E  2: U-233 + U-235 N E T  SUPPLY 
C U R V E  3: U-233 + U-235 N E T  C O N S U n P T I O N  

Figure 3: kcunu!ated f i s s i l  e balance 

Further ,  Chis dr t...:.:ing i l l u s t r a t e s  t he  growth and deplet ion of t h e  d i f f e r e n t  

inventcr ies .  !:hen the $eac@or i s  operated as  th: conventional type t h e  

bred U-233 s ~ i : s  up t o  i500 kg/G!.!th requir ing about 7 years .  This quan t i t y  

i s  necCss2ry for  the  scbsequent near breeding period. I t  covers t h e  i n -  

ventory of tihe core ,  the  out of p i l e  s to rage ,  and the  make up  f o r  1 3  f u l l  

r 3 .  D u r i q  the w i t ch -ove r  phase the  feed fue l  s to rage  f i l l s  up 

t o  C,33 i:s/G:.ltli of f i s s i l e  uranium. This quant i ty  is ava i l ab l e  f o r  feeding 
. c or:;er r e ~ c t c r s  a f t e r  thc  ti-236 has been separated by re-enr iching.  

k t  t he  end of l i f e  the  inventory of the  core and s torage  i s  s u f f i c i e n t l y  
hi*!: "-.,. i -..-.< ! i c  ,.. ;!, - t e  s t a r t  of another near breeder. The unre- t r ievable  
c c ;  .*,... ~ - . +  ' 

, , , > J ; . : : ,  .lcli given by the  end point of curve 3 amounts t o  1560 kg/G:!tl,. 

;jet-?, F,;:; 2.; +;,:- ..t i> c;utir;tity has been used during the 11 yea r  bui ld  u p  phase. 

Subse<.xnt r ea r  breeders do not requi re  t h a t  i n i t i a l  portiorl anyo!ore. net: 
ccnsu!:~tioi: i s  giiien by t h e i r  conversion r a t i o  and by some possible  l d s se s  

in  the  cu te r  c i r c u i t .  

5. - Co:::i.inx! Sti*?tesy of the  t% tiTR types --- 

Clea!.'!y, a i:\:ili;iiization of t i :~ net consuliiption of f i s s i l e  liiaterial l eads  



t o  ti.,? use of highly converting r eac to r s  exclusively.  The gross uraniurn 

ore  conscmption, however, i s  given by the f a c t  t h a t  conventional HTR's  
must be i n s t a l l ed  f o r  the  production of t h e  U-233 pr io r  t o  the  near bree- 

de r s .  

In the  Lipper di-svicg of f i g .  4 t he  c o ~ t i n u o u s  curve represen ts  an estifilat: 

f o r  the  gro::'th of t he  e l e c t r i c  po!:er supply t o  be coverecl by nuclear 

r e a c t w s  in t h i ?  EP-Ne-Lux countr ies  and Gernmy 131. Assunlirlq - hypotheti-  

tally t h e t  t h i s  wil l  b. covered by the  cbrnbined t1TR system being introducc 

abovc, the s t ep  sh6ped funct.ions b?lo!~ give the r a t e  of ins ta l lments  f o r  

the t!.:~ d i f f e r e n t  types. During the  f i r s t  30 years the  conventional type 

predox;n~tes  prod:icing the  U-233 invc.nl:ories. Later on the  near tu-eeder; - 

take wet- ....- t he  bul!: of the po:,:er production. 

E L E C T R I C  P O X E ?  SUPPLY 81 H T R ' S  
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Figtire 4 :  P o \ ~ I -  supply and uraniun consuciption o f  t he  coihined HTR systeri, 



. Some of the  conventional types must be switched over t o  near breeders.  

For t he  l a s t  20 years  t he  curve of t he  demand i s  assumed 
t o  be constant .  tlere, t he  tuo typcs approach the r a t i o  10.311.0 which 

corresponds t o  t he  r a t i o s  betiwen t h e i r  r a t e s  of uranium consumption 

and production. 

The cjross consumption O F  the  f i s s i l e  uranium is given i n  t he  lorrer d ia -  
gram. At t h e  gear 2070 i t  ends a t  3230 tons  corresponding t o  8C)0000 tons  

of 'natural  U30g This f i gu re  i s  s imi la r  t o  t he  gross  consumption of t h e  

conlbineci systeiii of l i g h t  water r eac t c r s  and f a s t  breeders 131. I n  t h e  

drawing the hatched area gives t h a t  amjunt of f i s s i l e  material  which is 
\ 

s t i l l  present a s  inventory of the many reac tors .  This  portion could be 

recovered .. and u t i l i z e d  i f  nuclear r eac to r s  a r e  gradual ly  replaced by any 

o ther  system f o r  the  energy supply i n  the  f u t k e .  The lower l i m i t i n g  

curve of t he  gray area gives the  net  consumption of t h e  f i s s i l e  mater ia l  

which i s  i r r e t r i e v a b l y  l o s t .  

Another p a i r  of curves i s  given which r i s e s  t o  much higher uranium 

conswption.  I t  i s  based on the assuniption t h a t  t h e e n e r g y  demand is 
exclusively covered by the  conventional HTR's with a burnup of 94000 

I&!d/t ar;d recycling of the  bred U-233. The d is tance  between these  two 

pa i r s  of curves ind ica tes  the  developzental potent ia l  of t he  pebble bed 

tITR wit?, respec t  t o  saving of the  nuclear r a g  mater ia l .  

6. -- Conclusion 

The s t e p  Fron tire conventiorial type t o  the  near breeder va r i an t  does not  

requi re  deve1opl:ien-L of a re;, type of reac tor .   he most important t a s k  is 

t e s t i n g  of the  highly hcivy c t a l  loaded fuel  e?cmmts.  Ccmpared w i t h  t he  

t r ad i t i ona l  HTI? the px;er density i s  reduced t o  5 ki!A/m3, ehich br ings  a 
considerable iii:provement of the inherent s a fe ty  margin. In t h e  combined 

near breeding system a big ainunt O F  highly enriched uranium is  replaced 
by U-233. l l i th  regard t o  the  build i:p of t he  transuraniuir i so topes  t h i s  

reduces consirierably the haz?.rd potent ia l  of the  a c t i n i d e  bas te .  F ina l ly ,  

the  potent ia l  f o r  the  production of process heat  i s  maintained i n  i ts  
e n t i r e t y .  
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