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ABSTRACT 

The q u a n t i t i e s of p lu tonium and o the r fuel a c t in i d e s have 

been c a l c u l a t e d f o r e q u i l i b r i u m fuel cyc les for 1000 Mw water 

r e a c t o r s fueled wi th s l i g h t l y enr iched uranium, wate r r e a c t o r s 

fueled with p lu tanium and n a t u r a l uranium, f a s t - b r e e d e r r e a c t o r s , 

gas-cooled r e a c t o r s fue led wi th thor ium, and h i g h l y en r i ched 

uranium, and gas -coo led r e a c t o r s fueled with tho r ium, plutoniura, 

and recyc led uranium. The r a d i o a c t i v i t y q u a n t i t i e s o f plutonium, 

americium, and curium p roces sed yea r ly in t h e s e fue l c y c l e s a r e 

g r e a t e s t for t h e wa te r r e a c t o r s fueled with n a t u r a l uranium and 

r ecyc led plutonium. The t o t a l amount of a c t i n i d e s p roces sed i s 

c a l c u l a t e d fo r t h e p r e d i c t e d fu tu re growth of t h e Uni ted S t a t e s 

n u c l e a r power i n d u s t r y . For t h e same t o t a l i n s t a l l e d n u c l e a r 

power c a p a c i t y , t h e i n t r o d u c t i o n of t h e piutonium b r e e d e r has 

l i t t l e e f f e c t upon t h e t o t a l amount of plutonium processed in 

t h i s cen tu ry . The e s t i m a t e d amount of p l u t o n i u o in t h e low-

l e v e l process was tes in t h e plutonium fuel c y c l e s i s comparable 

t o t he amount of p lu ton ium in the h i g h - l e v e l f i s s i o n product 

was t e s . The amount of plutonium processed in t h e n u c l e a r fuel 

cyc les can be c o n s i d e r a b l y reduced by us ing gas -coo led r e a c t o r s 

t o consume plutonium produced ii: uranium-fueled w a t e r r e a c t o r s . 

These, and o t h e r r e a c t o r s ded ica ted fo r plutonium u t i l i z a t i o n , 

could be co - loca t ed wi th f a c i l i t i e s for fuel r e p r o c e s s i n g and 

fuel f a b r i c a t i o n t o e l i m i n a t e t he o f f - s i t e t r a n s p o r t of separa ted 

plutonium. 
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INTRODUCTION 

The isotopic composition of the actinide elements present in spent 

power reactor fuels is of importance to shipping container design, fuel 

reprocessing and refabrication techniques, and waste disposal procedures. 

The alpha activity of plutonium, and the presence of 2 3 6 P u and its daughters 

in spent fuels, greatly increases the difficulty of recovery of plutonium 

and fabrication of recycle fuels. The isotope 2 t , 1Am is one of the principal 

sources of heat in nuclear reactor wastes, which must be stored for thousands 

of years. The quantities and radiological properties of these actinides 

produced and processed will depend very much upon the properties of the 

nuclear reactors and upon the type of fuel charged in these reactors. The 

plutonium fuel cycles which are likely to emerge in this country during the 

remainder of this century are the fuel cycles for the light-water reactors 

and for future fast-breeder reactors. The light-water reactors now in 

operation and tine many similar water reactors under construction are de

signed to be fueled with uranium slightly enriched in fissile 2 3 5U. Within 

a few years, the plutonium recovered from the discharged uranium fuel will 

be recycled as water-reactor fuel, and this will establish the plutonium 

fuel industry in this country. Around the middle 1980's, when the fast-

breeder reactor is introduced, the plutonium recovered from these uraniuki-

fueled water reactors will be needed to supply the initial inventory of 

fissile plutonium to start up the breeders. Host of the plut^nium then 

recovered from breeder discharge fuel will be recycled for fabricating fresh 

fuel, and a portion of the recovered plutonium will be used, along with 

plutonium still being produced in water reactors, to start up new breeders. 

The high-temperature gas-cooled reactors recently introduced as 

alternative nuclear power plants produced fissile 2 3 3 U from the 235U-thDrium 
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fuel. Although no important material quantities of plutor.ium are produced 

in th i s reactor, significant radioactivity quantities of plutonium will 

appear in the high-level radioacrive wastes from reprocessing fuel d i s 

charged from the reactors. These gas-cooled reactors are also adaptable 

to u t i l i z ing plutonium recovered from water-reactor fuel. 

In each of these fuel cycles, plutonium is an important public health 

issue because of the large amount of radioactivity associated with the 

alpha-emitting and beta-emitting plutonium radionuclides, which are re

covered in spent fuel reprocessing and which are to be shipped and fabricated 

into recycle fuel. The act inides in the wastes generated by these fuel-

cycle process operations contain sufficient quantities of long-lived radio

nuclides that they dictate the most significant and ultimate long-term 

management requirements for the radioactive wastes associated with the nuclear 

power industry. 

The purpose of this thesis ii. to calculate and compare the actinide and 

radioactive quantities in typical 1000 (4> light-water reactors, fast breeder 

reactors, and high-temperature gas cooled reactors fuel cycles at equilibrium. 

An equilibrium fuel cycle isdcfined here as a fuel cycle where each succeeding 

charge of fresh fuel is of the same composition as the previous fuel charge. 

A total of seven different fuel cycles were studied. The results of the 

calculations are presented in Chapters I I I , IV, and V. Fhe light water 

real tors fueled with enriched uranium, as well as fueled with recycled 

plutonium and natural uranium are considered in Chapter I I I . Chapter IV 

presents the results of the calculations of two fast breeder reactors, the 

Atomics International and the General Electric Follow-On Liquid Metai Fast 

Breeder Reactors. Three fuel cycles for the high temperature gas-cooled 

reactors are considered in Chapter V, they are the uranium-thorium fuel 

cycle, the uranium-thorium-recycled plutoniu™ fuel cycle, arid the uranium-
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thor ium wi th makeup plutonium fue l c y c l e . 

In each c a s e , c a l c u l a t i o n s were made of t h e compos i t ions and a c t i v i t i e s 

of t h e a c t i n i d e s p r e sen t in t h e spen t fue l s of t h e s e fue l c y c l e s , as a 

func t ion of time a f t e r r e a c t o r d i s cha rge and r ep roces s ing u s i n g the ORIGEN 

i s o t o p e gene ra t ion and d e p l e t i o n code. The yea r ly throughput and i n 

v e n t o r i e s of t he a c t i n i d e s and r a d i o a c t i v e q u a n t i t i e s in t h e e x t e r n a l fuel 

c y c l e , such as in shipment , r e p r o c e s s i n g , convers ion , f a b r i c a t i o n , i so tope 

s e p a r a t i o n and in t h e h i g h - l e v e l and low-level w a s t e s , were a l s o ca l cu l a t ed 

based on the r e s u l t s of ORIGEN wi th lo s ses and holdup t imes a s s o c i a t e d 

wi th each process taken i n t o accoun t . The r e s u l t s of t h e s e c a l c u l a t i o n s 

a r e p re sen ted in Chapters I I I through V. 

F i n a l l y , t h e t o t a l amounts o f a c t i n i d e s processed were c a l c u l a t e d f c r 

t h e p r e d i c t e d fu tu re growth of t h e U.S. nuc l ea r power i n d u s t r y . For t he 

came t o t a l i n s t a l l e d n u c l e a r power c a p a c i t y , s i x s c e n a r i o s f o r t he r a t e 

o f i n t r o d u c t i o n of n u c l e a r r e a c t o r s were cons idered and t h e t o t a l amounts 

o f a c t i n i d e s reprocessed were compared. The r e s u l t s and comparisons a r e 

p r e sen t ed in Chapter VI . 



I. DESCRIPTION OF MATHEMATICAL MODEL AND HETHOP 

A general expression for the formation and destruction of a nuclide 
by nuclear transmutation and radioactive decay may be written as follows: 

dX. N N 
ST" = £ lii xi xi • • £ fr„ °k *k " ' Xi • • 0,111. li = I N) (1) Hi" • § 'ij *j *j * • JJ ' i k « k S " (»i * • «, 

where X. is the atom density of nuclide i, A. is the radioactive disintegrati 
constant for nuclide i, o. is the spectrum-averaged neutron absorption cross 
section of nuclide i, and I. . and f., are the fractions of radioactive dis-ij lk 

integration and neutron absorption by other nuclides which lead to the 
formation of species i. Also in Fr. (1), $ is the volurae-energy-averaged 
neutron flux, which is also assumed to be constant over short intervals 
of time. The neutron flux will vary with changes in the composition of 
the fuel for constant power. However, this variation with time 
is slow and, if the neutron flux is considered to be constant over short 
intervals, the system of Eq. (1) is a homogenoeous set of simultaneous 
first-order differential equations with constant ooefficients, which may 
be written in matrix notation: 

X = A X. i2) 

Equat ion (2) has t h e known s o l u t i o n 

X = exp(A t ) X(0) (3) 

where X(G) is a vector of initial atom densities and A is a transition 
matrix containing the rate coefficients for radioactive decay and neutron 
capture. The function exp(A t) in Eq. C3) is a matrix exponential function. 



This function was generated from the transition matrix by the ORIGEN code 

and the solution of the nuclide chain equations was obtained. 

Computation of Neutron Flux 

In order to compute changes in fuel composition during irradiation 

at constant power, i t is necessary to take into account changes in the 

neutron flux with time as the fuel is depleted. At the s ta r t of the 

computation, the known parameters are the in i t ia l fuel composition and the 

constant specific power that the fuel must produce during a time interval. 

The instantaneous neutron flux may be related to the fuel composition at 

a fixed time by the equation 

P = 3.20 x 10~ 1 7 E f [t) *{t) (5) 

where P is the volume averaged specific power, in Mw thermal per unit of 

fuel S f is the spectrum-averaged macroscopic fission cross section, in cm" 

per unit of fuel; and $ is the instantaneous volume-energy-^veraged neutron 

flux, in neutrons per cm -sec. The constant in Eq. (5) is derived by as

suming a value of 200 HeV per fission or 3.204 x 10~ Mw-sec per fission-

An approximate expression for the value of the neutron flux as a function 

of time is obtained by expansion in a Taylor series about the start of the 

interval: 

«t) - 3.125 x .o1 6 pucor1 - £ ! * & • £ r w . ; ^ 0 1 £ C 0 ) > * . . . i 
UV 

t m . , m l l - t j j g j , | 1 t * * t ° > 2 ; ^ > "°> ) * i . w 

The average neutron flux during the interval is obtained by integrating 

over the interval ^nd dividing by t : 

UQ) ^ t 2

 r2_i{Vl 
E(0) 6 ECO)2 



Here, the notation E(0) is used for the macroscopic fission cross section 

at the start of the time interval, and E(0) and !".(0) are the fir^t and 

second time derivatives evaluated at the start of the interval. Eq. (7) 

is used in the computer program to estimate the average flux during an 

interval, based on conditions at the start of the interval. 

Thermal Reactor Spectra and Actinide Cross Sections 

In order to compute the effective thermal neutron absorption cross 

sections for thermal reactors, the ORIGEN code used a three energy-group 

model. The volume averaged neutron spectrum in the fuel material was 

assumed to have the same energy dependence for all thermal reactor fuel 

types, but was allowed only to vary in magnitude. The differential neutron 

flux used was broken into three energy groups - a Maxwell-Bolt:raann distri

bution of neutron energies near thermal energy, a 1/E energy distribution 

in the resonance region, and a group with energy dependence of the fission 

spectrum for high energy neutrons. For thermal water reactors fueled with 

enriched uranium, the energy width and weights assigned to these groups 

F 0 < E < 0.5 eV 

0.5 eV < E < 1 MeV 

1 MeV < E 

where F'(E) is the differential energy spectrum of fission neutrons 

(F'[E) = 0.484 e" sinh I/SEV , K is Boltzmann's constant and T is the 

neutron temperature. The qiantity $ is defined as the volume-averaged mean 

thermal neutron flux; i t is equal to the 2200 meter per second neutron flux 

multiplied by the rat io /-=— . The resonance region was assumed to be 

were . 
*i (E) = • E 

jm2 

*2 (E) = 0 .333 * 
E 

*3 (E) = 2 * F ' (E) 



between 0.5 eV and 1 MeV. The above flux spectrum assumes a ratio of the 

resonance flux per unit lethargy to the integrated thermal neutron flux 

of 0.333 and a ratio of the integrated flux above 1 MeV to the integrated 

thermal neutron flux o.f 2. This assumed spectrum was then used to compute 

the effective thermal neutron absorption cross sections for the enriched-

reaci 

where a is the cross section of the nuclide for neutrons with speed of 

2200 meters per second, g is the Wescott's non 1/v correction factor, I 

is the resonance integral of the nuclide corrected for temperature and 

resonance self shielding, a, is the fission spectrum averaged cross 

section, and T Q is equal to 295.6 K, The values for go , 1, and o f 

were compiled from available sources by Oak Ridge National Laboratory and 

were written on magnetic tape available fur use with the ORIGEN code. The 

values of the effective thermal neutron cross sections thus calculated 

were used in Eq. (7) to compute the mean thermal neutron flux necessary to 

maintain the required specific power for a given fuel composition, for 

thermal reactors fueled with enriched uranium. 

In general, for all thermal reactors, the effective neutron absorption 

cross section of Eq. (8) is written as: 

0 a THERM*go + RES*I + FAST*o f . s . 
where 

THERM = ra t io of the neutron reaction rate for a 1/v absorber with 

a population of neutrons that has a Maxwell-Boltzmann distribution of 

energies at absolute temperature, T, to the reaction rate with 2200-m/sec 

neutrons. 

RES = ratio of the resonance flux per unit lethargy to the integrated 

thermal neutron flux. 



FAST = ratio of the integrated flux above 1 MeV to the integrated 

the-mal neutron flux. 

The values of these spectral indices for the thermal reactor fuel 

cycles considered in this study were obtained from Oak Ridge National 

Laboratory and are listed in Table 1. When fuel cycles are converted 

from uranium to plutonium fuel, the neutron spectrum is hardened as 

indicated by the increase in the values of RES and FAST. It is assumed 

that these spectral indices remain constant during the irradiation of the 

fuel. That is, the normalized volume-averaged neutron spectrum was assumed 

to remain constant during irradiation. 

Table 1 

Values of Spectral Indices for Thermal Reactors 
THERM RES FAST 

Water reactor fueled with enriched 
uranium. 0.632 0.553 2.00 

Water reactor fueled with recycled 
plutonium and natural uranium. 0.S0 0.55 4.00 
High temperature gas cooled reactor 
fueled with uranium and thorium 0.466 0.12 0.S8 
High temperature gas cooled reactor 
fueled with recycled plutonium and 
thorium. 0.369 0.198 1.160 

The values of go and I for the actinides in the water-reactor data 

library were updated using Mughabghab et al^ J and Benjamin . The iso

topes whose cross section values were found to be different from those 

in the original data library are shown in Table 2. In addition, for water 

reactors fueled with recycled plutonium and natural uranium, the cross 

section values of uranium and plutonium were corrected for self-shielding 

effects as recommended by Oak Ridge National Laboratory and are listed 

in Table 3. 



Corrected Cross Section Values of Actinides for Water Reactors 
Fueled with Enriched Uranium(a) 

(Barns) 
Isotope g o o ( n , r ) U n . f ) g o 0 ( n , f ) H n . f ) 

236„ S.3 (8) 3S8 W 0 0 

2 " ( I 411 C7) 290 ( 7 ) 0 0 

*"Np 170 6S0 f « 0 .019 0 

2 3 e N p 0 0 2200 C 8 ) 

l 5 o o < 8 ' 

23Bpu 5S9 C8) ISO 17.5 25 

2 * 2 P u 190 C8) 1280 0.03S 5 C?) 

" ' t o 83Z C7) 1S40 W 3 . 1 4 < 8 ) 0 

2 « % 1400 (71 7000 ( 7 ) 7600 C 8 ) 1S70 " ' 

2 « A m 0 0 2100 C 8 ) 300 <>" 

2 «Ain 77 C8) 1810 C 8 ) 0.45 1.50 

2 " 2 C B 30 0 5 ISO ™ 

2""Cm 14 (8) 606 ™ 1.10 t « 18 < « 

2 «Cm 342 C8) 102 M 2020 ™ 772 ™ 

2*6Qn 1.3 (8) 121 0 .17 C 8 > 10 <8> 

2 - 9 c f 475 (8) 76S CM 1690 C 8 ' 2110 <8> 

Ca) Unless referenced, the values are those in the water-reactor 
data tape l ibrary. 



Table 3 

Cross Section Values of Uranium and Plutonium for 
Water Reactors Fueled with Recycled Plutonium and Natural Uranium 

(Barns) 
Isotope go„(n,r) I(n.T) g°0[n,f> Kn.f) 
235„ 101 144 577 274 
238,j 2.73 22.0 0.0 0.0 
" a P u 560 ISO 16.5 25.0 

239 Pu 662 130 1450 300 
2*°PU 366 1200 0.0 0.0 

For the high temperature gas cooled reactor [HTGR) fueled with 

uranium and thorium, the 2 3 3 U cross section values in the HTGR data 

l ibrary were corrected upon recommendation by Oak Ridge- J The thermal 

fission cross section, go (n , f ) , was decreased to 505 barns from 525 

barns, and the resonance fission in tegra i , I (n , f ) , was decreased to 86.2 

barns from 862 barns. Again, for the HTGR fueled with recycled plutonium 

and thorium, the cross section values of plutonium in the HTGR data tape 

l ibrary were corrected for self-shielding effects using the data of Gulf 

d in Tabli 

"Table 4 

Cross Section Values of Plutonium for HTGRs Fueled with 
Recycled Plutonium and Thorium 

(Barns) 
Isotope g°0(n,Y) I(n.f) g°0(n,f) Ifn.f) 
2 3 9 Pu 1118 134 1756 333 
2"»Pu 361 2000 0.0 0.0 
2 1 , 1Pu 568 139 1486 537 



Fast Reactor Spectrum and Actinide Cross Sections 

The variables RES, THERM, and FAST were not employed for the fast-

reactor library. Reactor-spectrum-averaged capture, f ission, (n,2n) 

and (n,3n) cross sections were generated by averaidng the 18-energy-

group Al/ENDF cross sections over a fast reactor cere spectrum shown 
(1 21 in Figure 1. The average cross sections for nuclides in the radial 

and axial blankets were assumed to be the same as in the reactor core. 

However, the capture and fission cross sections for the uranium and 

Plutonium isotopes were corrected based on data from General Electric. 

The data from Genernl Electr ic were 28 region averaged cross sections for 

a liquid metal fast breeder reactor. These 28 regi-n cross section data 

were averaged to obtain capture and fission cross s* ctions of the uranium 

and plutonium isotopes for the core, axial and radial blankets by using 

the equation: n 

jC, V. N. t£ *. -J 1=1 l x l Yi a = — 
y v. N. *. 

where V. is the volume of region i, N. is the atom density of region i, 

o- is the spectrum-averaged cross section of nuclei j in region i, and 

$. is the spectrum-averaged flux in region i. The averaged cross section 

thus derived are shown in Table 5. 

The power output in the core and blankets were allowed to vary during 

irradiation such that at the beginning of cycle (BOC) the core is 

producing 92.8% of the total reactor output, at the middle of cycle (HOC) 

it is producing 90* and at the end of cycle (EOC) it is producing 87.3* 

of the total reactor power output. This variation in power output for 

the core, axial, and radial blankets is shown in Tabic 6. 



F i g . 1 

fa i.Of—4-
LETHAMV 

4 1 » *- 4 *-

O.OOI OJW 0.1 

ENEMY, tt«* 
Assumed Volume Avcrnfied Neutron Energy Spectrum tlsuil for 

Fast Reactor Calculations 



Table 5 

Spectrum Averaged Capture and Fission Cross Sections of Uranium and Plutonium in Fast Reactors 

(Barns) 
Core Axial Blanket 

Isotope 0 
c "f 

Z3=U 0.694 2. OS 
236u 0.496 0.117 
2 38„ 0.302 0.0432 
239 p u 0.496 1.81 

""Pu 0.392 0.35S 
2"'Pu 0,441 2.63 
2-2pu P.59S 0.183 

°c °f 
1.27 2.92 

0.859 0.0713 

0.404 0.0230 

0.967 2.26 

0.849 0.273 

0,772 3. SO 

0.993 0.183 

I 

Radial Blanket 

1.26 2.90 

0.880 0.0631 

0.3B9 0.0209 

0.999 2.28 

0.985 0.250 

0.894 3.74 

1.35 0.14S 
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Table 6 

Power Variation During Irradiation 

Percent of Total Power 
Beginning Middle of End of 

of Cycle Cycle Cycle 

Core 92.8 90.0 87.3 

Axial Blanket 4.2 6.5 8.4 

Radial Blanket 3.0 3.7 4.3 

Use of the ORIGEN Code 

The ORtGEN code, written for the IBM 360 computer, was converted 

for use on the CDC 7600 computer at the Lawrence Berkeley Laboratory. 

A listing of QRIGEN and its nuclear data library are shown in the appendix 

in microfiche form. The computations were then initiated by specifying 

the initial fresh fuel charge composition, specific power and irradiation 

time as input data to QRIGEN, and the program was executed. The output 

of the program was the compositions and activities of the isotopes present 

in the spent fuel as a function of time after reactor discharge for cooling 

times up to ten years. After a cooling time of between 30 to 150 days, 

:he spent fuel was reprocessed and recycled along with makeup fue' when 

necessary, such that the total amount of fissile material in the fresh 

fuel charge composition remained constant. The fresh fuel charge compo

sition for the second cvclc was then used as input data to OR I GEN and 

the program executed again . This process was repeated several times 

until an equilibrium cycle was obtained whereby the fresh fuel charge 

composition remained the same for two consecutive cycles. The output 

from ORIGEN also includes the compositions and activities of the isotopes 

present in the wastes after reprocessing as a function of time after 
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reprocessing. 

The results of seven different fuel cycles considered in this study 

are presented in the following chapters. 
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I I . NUCLEAR REACTIONS IN URANIUM-FUELED NUCLEAR REACTORS 

The n u c l e a r r e a c t i o n s which lead t o t he formation of r a d i o n u c l i d e s 

of neptunium, plutonium, amer ic iua and curium in nuc lear r t a c t o r fue l a r e 

shown in F igure 2- The p r i n c i p a l p lu tonium isotope formed is ' - ' ^Pu, with 

a h a l f - l i f e of 24,400 y e a r s , produced by t h e capture of neu t rons in 2 3 a U , 

l ead ing through s h o r t - l i v e d 2 3 9 U and 2 3 < ? N p t o f i s s i l e 2 3 9 P u . Non- f i s s ion 

c a p t u r e of neu t rons in 2 3 g P u r e s u l t s in 2"*°Pu, and i t ^ neutron c a p t u r e 

r e s u l t s in f i s s i l e 2 1 , 1 P u . The i s o t o p e s 2 3 g P u and 2 I , 1 P u are f i s s i o n a b l e 

with the rmal and f a s t neutrons and c o n t r i b u t e s i g n i f i c a n t l y t o t h e energy 

sources i n thermal and f a s t r e a c t o r s . Because of i t s h a l f - l i f e o f 6,580 

y e a r s , 2 4 0 P u i s a very s t rong and p e r s i s t e n t alpha source in r e a c t o r 

p lu ton ium, and 13.2 yea r s 2 4 1 P u i s an extremely i n t e n s e be ta s o u r c e . The 

decay of 2 4 l P u i s predominantly b e t a t o iorm alpha e m i t t i n g •£'*lAm. A 

smal l amount (0.0023%) of 2 l , 1 P u undergoes a lpha d e c a y s ' 

2 t , 1

P , . 8-(99»%) 7

 2 t * l

A f T t a J

 2 " N p 

13.2 y r . 458 y r . 

q(0.u023%) 3 Z 3 7 U g" 

13.2 y r . 6.75 d 

The gammas from 2 M P u decay a r e r e l a t i v e l y weak (20.8 KeV) , but i t s 

decay daugh te r s 2 J f l A a and 2 3 7 U emic h i g h e r energy gammas and a r e important 

sou rces of e x t e r n a l r a d i a t i o n from plutonium fuel m a t e r i a l . 

Non- f i s s i on cap ture of n e u t r o n s in 2 u l P u r e s u l t s in 2 t * 2 P u , and be

cause of i t s long h a l f - l i f e , t h e r a d i o a c t i v i t y of 2 l * 2 Pu i s not important 

compared t o t he o the r plutonium i s o t o p e s . I t s neu t ron -cap tu re daugh te r 

2 u 3 P u i s s h o r t - l i v e d and decays away w i t h i n a few days a f t e r plutonium 

i s removed from the neutron environment of the r e a c t o r . 
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The greatest amount of alpha radioactivity in reactor-produced 

Plutonium results from 86-year 2 3 e P u , which is produced by the reaction 

chain initiated by non-fission neutron capture in 2 3 5 U and by fast-neutron 

(n, 2n) reactions with 2 3 8 U , as shown in Figure 2. Some 23B?u is also 

produced by fast-neutron (n, 2n) reactions with 2 3 9Pu. 

Neutron absorption in 2 3 7 N p also generates the 2.85 year 2 3 6 P u . The 

decay daughters of 2 3 6Pu also contribute to the radioactivity in separated 

plutcnium containing 2 3 6Pu. 
ZSfipu o > 232„ a ^ 228^ 

2.85 yr' w 72 yr" 1.91 yr' 

220^ «_* 216 P Q a > 212pb 55 s.' 0.15 s." 10-64 h' 

12Bi Z H V " * 2 1 Z P O - * ,»-; » Z O 0Pb 

A-> 2 0^ » 36% ' ' 3.10 n. 

The short-lived beta emitters, 2 1 2 B i and 2 0 8 T £ , are accompanied by 

penetrating high-energy gammas. 

Radioactive decay of 2 1* lPu and 2 t* 3Pu result in the Formation of 
2"*lAm and 2 4 3Am, which are also important and persistent sources of alpha 

radioactivi ty. Neutron absorption in these americium isotopes leads to 

163-day 2t*2Ca and 17.6-year 2(ll*Cm. These, together with the 32-year 
2 4 3Cm formed by neutron capture in 2 4 2 Cm, are the most intense sources 

of alpha radioactivity in discharged uranium fuel. Also, 2**2Cin, 2l*3Cm, 

and 21ll*Cm alpha decay to form 2 3 a P u , 2 3 9 P u , and 2 I* 0Pu, respectively. A 

long-lived decay source of 2 l | 1 P u i s 9300-year 2l*5Cm formed by neutron 

capture in z'*l*Cm. 2 k 3Am alpha decays to 2 3 9 Np which quickly decays to 
2 3 9 P u , T.ect decay reactions are the most significant sources of 
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Plutonium in the high-level radioactive wastes resulting from reproces

sing uraniuia fuel. Therefore, aaericium and curium radioact ivi t ies are 

important considerations in the plutonium fuel cyles. 
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III. FUEL CYCLES FOR THE 1000 MW WATER REACTORS 

Light Water Reactor Fueled with Enriched Uranium 

The material and radioactive quantities of the fuel actinides -

uranium, piutonium, americiura, curium - involved in the typical fuel cycle 

for the uranium-fueled water reactor1 ''were calculated and are shown in 

Figure 3. Listed are yearly quantities calculated for a pressurized water 

reactor operating at an electrical power output of 1000 Mw at 80?
o load 

factor. The quantities indicated are characteristic of an equilibrium 

fuel cycle, whereby each succeeding charge of fresh fuel is of the same 

composition as the previous fuel charge. Although it neglects the pertur

bations of the start-up and shut-down cycles, the equilibrium fuel cycle 

is characteristic of the operation over most of the plant life. In the 

water reactors, equilibrium fueling occurs by replacing one-third of the 

reactor fuel every year, so that each fuel element remains within the 

reactor for three years prior to discharge, corresponding to an average 

thermal exposure of 33,000 Mw days per Mg of uranium charged and an average 

thermal specific power of 30 Mw per Mg. 

The uranium fuel charged to the reactor is Zircaloy-clad uranium 

dioxide, enriched to 3.3 iso^opic percent 2 3 5 U in total uranium. During 

the three-year operating period, about 3.5% of the total uranium will have 

been fissioned, either directly as in the case of 2 3 5 U and 2 j a U fast fission, 

or indirectly through conversion of fissile plutoniuni. The discharge fuel 

is stored at the reactor site for 150 days to allow for decay of fission 

products, especially 8.05-day I 3 I I which must not be allowed to escape 

from fuel reprocessing in any but minute quantities and 2 3 7 U . The discharge 

fuel is then shipped to a reprocessing facility where it is separated into 

uranium, plutonium, a high-level waste containing the mixed fission products 
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and remaining actinides, and a high-level waste consisting of activated 

cladding and fuel-assembly s t ructure . The recovered uranium, containing 

0.83% 2 3 5 U , is then returned as an input to the isotope-separation plant 

for re-enrichment. The percentage of input material which appears as 

processing losses and as scrap recycle in each fuel cycle operation is 

taken from a recent AEC study^ on reactor fuel cycle costs. 

The material and radioactive quantities of actinides (U, Np, Pu, 

Am, Cm) in the charge and discharge fuel, in shipment, and recovered 

from fuel reprocessing are indicated on the flow sheet and are tabulated 

in Table 7. The radioactive quanti t ies of fission products and fuel 

cladding are also shown in Table 7. The inventories of uranium are average 

inventories, a l l other inventory quanti t ies were calculated on the basis 

of the composition of discharge fuel. A tota l of 246 Kg/yr of plutonium 

is contained in the discharge fuel to be reprocessed, and the recovered 

plutonium contains 170 Kg/yr of f i s s i l e plutonium. 

For an estimated value of f i s s i l e plutonium of 57.50 per gram as 

water-reactor recycle fuel, the value of the recovered plutonium is about 

$1.4 million per year. This i s over twice the value of the recovered 

uranium. It is to realize the value of the contained plutonium that is the 

main just if icat ion For processing fuel from this reactor. 

The plutonium thus recovered in each year contains 1.22 x 10 curies 

of alpha emitting radionuclides and 2.79 x 10 curies of beta emitting 
2 l , 1 P u . The isotopic composition of the recovered plutonium is shown in 

the f i r s t column of Table 8 , and the radioactivity resulting from each of 

these plutonium isotopes i s shown in the f i r s t column of Table 9. 
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Table S 

Isotonic Cosposltion of Plutoniua in Reprocessed Discharge Fuel, 
For 100D U> Power Plants 

Uraniua-r-ueled 
Hater Reactor 

Hi.* 

Hutonluje-Fueled 
Kater Reactor 

»t.~. 

Fast-Breeder 
Reactor 
H i . * 

(a) 

2 " P u 1.0 s 10** 3.7 x 10' •5 1 .S » 10" 6 

n e p u 2.4 4 .3 6 .9 x 1 0 ' 2 

JJ9PU it.a 17.2 71 .7 

"•°Pu 24.0 27.8 2S.I 

" ' P u 11-3 IS.6 2.4 

J"!PU J .9 12.1 0 .76 

100 

Table 9 

Curies of Plutonian Radionuclides Reprocessed Yearly, 
For 1000 H> Power Plants 

Uraniua-Fueled 
Rater Reactor 

Curles/Yr 

1.J4 X 1 0 2 

Flutoniun-Fueled 
Hater Reactor 

Qiri es/Yr 

1.76 x 10" 

Fast -Sreeder 1 ' 
Reactor 
Qjri es /Yr 

" 6 P u 

Uraniua-Fueled 
Rater Reactor 

Curles/Yr 

1.J4 X 1 0 2 

Flutoniun-Fueled 
Hater Reactor 

Qiri es/Yr 

1.76 x 10" 1.59 x 10 1 

• » P u - .01 X 1 0 S 6.SO X 1 0 S 2.25 X 1 0 4 

« 9 P U 8.82 X 1 0 3 2.03 X 10* 8.SI X I O 4 

-""Pu 1.30 X 1 0 4 S.44 X i o 4 1.07 X 1 0 5 

'">PU 2.81 X 1 0 6 1.69 X i o 7 4.67 X 1 0 6 

" " P a 3.76 X 1 0 ! 4.^0 X 
• > 

10" 5.74 X 1 0 1 

Total o 1.23 X 1 0 S 7.25 X 1 0 S 2.15 , i o s 

Total 6 2.81 X 1 0 6 1.69 X i o 7 4 .67 » 1 0 6 

Ca) Atoaics International Follow-On Liquid Metal Fast Breeder Reactor 
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The yearly production of americium and curium appear in Table 7 

under the column heading '150 Days'; that i s , ISO days after the fuel 

is discharged from the reactor. 

The high-level radioactive wastes from fuel reprocessing are to be 

stored for an interim period of 5 to 10 years at the fuel reprocessing 

s i t e . They are then to be shipped, in a consolidated form, to a federal 

repository tor perpetual storage. 

Detailed plots of the growth and decay of plutonium in the high-

level waste are shown in Figure 4. It was assumed, for the purpose of 

this calculation, that 0.5% of the uranium and plutonium in the reprocessed 

fuel and a l l of the reaaining actinides follow the high-level wastes. 

For a period of about 10 years after reprocessing the concentration of 
Z 3 8 P u increases with t iae in the high-level waste because of the relat ively 

large amounts of i t s precursors 2I*zAm and 21*2Cm and i t remains in ap

preciable concentration for over 100 years. For a period of about 10,000 

years, the concentration of Z 3 9 P u increases in the high-level waste 

because of the relatively large concentrations of i t s radioactive-decay 

precursors 2**3Am and 2 t , 3Cm. Similarly, the concentration of 2 4 0 P u increases 

for several hundred years because of the relatively large amount of i t s 

precursor ztil*Cm. The long-lived decay source of 2 I* lPu is 9300-year 2 l + 5 Cm. 

The radioactive inventories of neptunium, americium, and curium 

radionuclides in high-level wastes, as a function of waste storage time, 

are shown in Figure 5. In Figure 6 are shown the radioactive inventories 

in high-level wastes of the elements neptunium, plutonium, americium, 

and curium, and the tota l of a l l the actinides present in the high-level 

wastes. I t is apparent that for storage periods of less than one hundred 

years the main contribution to to ta l actinide radioactivity is due mainly 
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Fig. 4 
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to neptunius, plutonium and americluo. 

The recovered plutonium product builds up additional radioactivity 

with time due to the radioactive decay of 13.2-year 2 l t l Pu to form 
2 t* lAo and 2 3 7 U and due to the radioactive decay of 2.85-year 2 3 S P u to 

form 2 3 2 U , 2 2 e T h and the 2 2 8 Th decay daughters. 

The radioactive inventories of plutoniuo in the fuel cycle operations 

were calculated, with process hold-up times obtained from a study by 

Pigford , along with the associated inventories in the fuel cycle 

operations and are shown in TaulelO. The total fuel cycle mass inventory 

is 879 Kg with alpha and beta ac t iv i t i e s of 4.33 x 10 and 4.39 x 10 

curies respectively. 

Light-Water Reactor Fueled with Natural Uranium and Recycled Plutonium 

There are several alternate means of u t i l i s ing plutonium as recycle 

fuel in water reactors. As one a l te rna t ive , the plutonium may be blended 

with natural or slightly enriched uranium as self-generated recycle 

fuel in the reactor in which i t was or iginal ly produced, thereby reducing 

the required amount of uranium isotope separation for th*t reactor. 

Portions of the reactor core may be assigned to mixed Pu02-U02 fuel, with 

othsr portions fueled with isotopically enriched UO_. Because of the 

high neutron absorption cross section of plutanium some modification in 

the reactor control absorbers may be necessary. Alternatively.it might 

be more desirable to design some water reactors to be fueled entirely 

with a mixture of natural uranium and make-up plutonium recovered from 

fuel discharged from uranium-fueled water reactors. The plutonium 

recovered from fuel discharged from such reactors is to be blended with 

natural uranium and make-up plutonium. This concept has the advantage 

that a l l fuel within the reactor consists of the mixture of natural 

http://Alternatively.it


Table 10 

Inventories of Plutonium in Fuel Cycle of 1000 Mw Water Reactor Fueled with Uranium 

Reactor 

Post-irradiation cooling. 

Shipment to fuel reprocessing 38.4 days 

Fuel reprocessing 

Total external to reactor 

Total in reactor and external 
fuel cycle 

Recovered plutonium produced 
in one year of operation 

Plutonium in radioactive 
wastes from one year of 
operation 

Hold-up 
time 

Total 
Fu 

3 years 733 
150 days 100 
38.4 days 26 
30 days 20 

146 

879 

244 

Plutonium Inventory (a) 

2.46 

Fissile 
Pu 

_ E E _ 
510 

70 

18 

14 

102 

612 

169 

1.71 

MphD 
Pu 

curies 
3 .61 x 10! 

4 .93 x 10' 
1 .29 x 10' 
1 .01 x lo' 
7 .23 x lo' 

4 .33 x 10! 

1 .22 x 10; 

1 .23 x 10; 

Bota 
fu 

curies 

3 .81 X 10 
5 .22 X 10' 
2 .95 X 101 

2 .31 X 10! 

5 .75 X 10' 

4 39 X io; 

2, ,79 X 10« 

2. 81 X 10* 

(a) Fissile plutonium: 3Pu + 'Pu 
Alpha: 2 3 6Pu + z 3 6Pu + 2 3 9Pu * 2 , , < >Pu • 2 1 , 2Pu 

Beta: "'Pu + z " P j 
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uranium and plutonium. It is this concept which is the basis for the 

plutonium recycle in the present analysis. These results can be used 

as a good approximation to the flowsheet for fuel elements fabricated 

from natural uranium and recycle plutonium and used in partial core 

loadings in the f i rs t alternative described above, providing the through

puts and inventories are scaled according to the power generated by 

these recycle fuel elements. 

The fuel cycle flowsheet for the plutonium-uranium fueled water 

reactor*- ' is shown in Figure 7. As in the case of the uranium-fueled 

water reactor, each fuel element is discharged after three years. To 

maintain sufficient f i ss i le content of the fresh fuel, 505 Kg/yr of 

makeup plutonium i s required from the recovered fuel of the uranium-

fueled water reactors. Since each of the 1000 Hw reference uranium-fueled 

water reactors , as shown in Figure 5, produces 244 Kg/yr of recovered 

plutonium, a t o t a l generating capability of 2070 Mw of uranium-fueled 

water reactors is required to support 1000 Mw of plutonium recycle. 

This ra t io will vary with specific designs. Table 11 l i s t s the mass and 

radioactivity for the charge and discharge and the fuel composition 150 

days after discharge, as well as the reactor inventory. The inventories 

of uranium and plutoniura are average inventories, al l other inventory 

quantities were calculated on the basis of the composition of disf.arge 

fuel. As shown in Figure 7, a total of 1450 Kg/Wr of recycle and makeup 

plutonium is supplied to the fuel, fabrication operation. The uranium-

plutonium mixture fabricated into fresh fuel contains 5.0% total plutonium 

and 3.0% f i s s i l e plutonium. The 2 t t lAm in the fresh fuel results from the 

radioactive decay of 13.2 yr 2 4 1 P u in the recycled fuel after i ts sepa

ration in fuel reprocessing. 
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A f t e r 150-day s to r age for r a d i o i o d i n e decay, t he fuel i s shipped t o 

r e p r o c e s s i n g . The recovered p lu ton ium i s recyc led t o fuel convers ion and 

f a b r i c a t i o n . The recovered uranium, con t a in ing 0.33% 2 3 5 U , i s not worth 

r e c y c l i n g . The r equ i r ed n e t i npu t o f n a t u r a l uranium from e x t e r n a l sources 

i s 28,060 Kg/yr. The process l o s s e s and sc rap recyc le f r a c t i o n s a r e 

t h o s e used in a r ecen t AEC* " ' s t u d y on r e a c t o r fuel c y c l e s . 

The i s o t o p i c composition of t h e plutoniura recovered in fuel r e p r o c -

c e s s i n g and t h e r a d i o a c t i v i t y q u a n t i t i e s of t he plutonium rep rocessed 

y e a r l y a r e shown in t he second columns of Tables 8 and 9 . The c o n c e n t r a t i o n 

of h igh-mass plutonium i s o t o p e s i s r e l a t i v e l y high because a l l of t he 

Plutonium i s r ecyc led , except f o r t h e small amount involved in p r o c e s s 

l o s s e s . As a r e s u l t , r e l a t i v e l y l a r g e q u a n t i t i e s of americium and curium 

a r e p roduced , as shown in t h e second columns of Tables 12 and 15, r e s u l t i n g 

in much g r e a t e r q u a n t i t i e s o f a l p h a a c t i v i t y in t he h i g h - l e v e l was tes 

and in much g r e a t e r amounts of p lu ton ium u l t i m a t e l y p r e s e n t in t h e s e 

was tes from americium and curium decay . The r a d i o a c t i v e con ten t of p l u 

tonium in d i scha rge fuel i s over s i x t imes g r e a t e r than t h a t in t he uranium-

fue led wa te r r e a c t o r , and the c o n t e n t of americium and curium i s over 

t e n t i m e s g r e a t e r . The t o t a l i n v e n t o r y of plutonium in t h e r e a c t o r and 

e x t e r n a l fuel cycle i s c a l c u l a t e d and l i s t e d in Table 14. The t o t a l mass 

i n v e n t o r y i s about f ive t imes g r e a t e r fo r t he uranium-plutonium fueled 

r e a c t o r than for the uranium-fueled r e a c t o r , and the t o t a l a lpha r a d i o 

a c t i v i t y i s about seven t imes g r e a t e r fo r the uranium-plutonium fueled 

r e a c t o r t han for t he uranium-fueled r e a c t o r . 

From Figur i t can be seen t h a t each year about 1490 Kg of 

p lu ton ium, con ta in ing 905 Kg of f i s s i l e plutonium, 1.05 x 10 c u r i e s of 

p lu tonium alpha a c t i v i t y and 2 .4 x 10 c u r i e s of plutonium b e t a a c t i v i t y * 



Americium Radionuclides Reprocessed Yearly 
for 1000 Mw Power Plants 

Uranium-
Fueled 
Water 

Reactor 

Plutonium-
Fueled 
Water 

Reactor 

Kilograas/Year 

III 

2 "'to 1.32 15.7 4 .05 

"*2 n ltal 0.011 0.218 0.0712 

2* 3Am 2.48 

3.81 

61.8 1.92 

Total 

2.48 

3.81 77.7 6.04 

Curies/Year 

2"lAm 4.53 I 10 5.39 x 10 1.39 X 10 
i iMft, 1.16 x 1 0 2 2.12 x 1 0 3 6.92 x 1 0 2 

z^Am 1.16 x 1 0 2 2.12 x 1 0 3 6.92 x 1 0 2 

z^Am 4.77 x 1 0 2 1.19 x 1 0 4 3 .69 x 1 0 2 

Total a 5.01 x 1 0 3 6.58 x 10 4 1.43 x 1 0 4 

Total 6 1.16 x 1 0 2 2.12 X 1 0 3 6 .92 x 1 0 2 

(a) Atomics International Follow-On Liquid Metal Fast 
Breeder Reactor. 



Curium Radionucl ides Reprocessed Yearly 
for 1000 Mw Power P l a n t s 

e 
u

 
*J 

u 
« 

3 
« ra 

Plutonium-
Fueled 
Water 
Reactor 

Kilograms/Year 

Fast l a ) 

Breeder 
Reactor 

« z C n 0.133 1.92 0.113 
2"'3Cm 0.002 0.022 0.006 

2"*Cm 0.911 46.2 0.127 
Z-SQJ 0.055 5.22 O.004 

Total 

Curies/Year 
2"2Cm 4.40 i 10 5 6.36 x 10 5 3.76 x 10 S 

2" 'Cm 9:05 X 101 1.03 x 10 3 2.87 i 10 2 

"••Cm 7.38 x 10 4 3.74 x 10 6 1.03 x 10 4 

Z^Cm 9.79 9.21 x 10-

1.01 x 10 7 

6.29 x 10'1 

Total S.15 I 10 5 

9.21 x 10-

1.01 x 10 7 3.87 X 103 

(a) Atomics I n t e r n a t i o n a l Follow-On Liquid Metal Fast 
Breeder Reactor . 



Table 14 
Inventories of Plutonium in Fuel Cycle 

Fueled with Natural Uranium and 
of 1000 Mw Water Reactor 
Recycle Plutonium 

Reoctor 

Past-irrudiation cooling 

Shipment to fuel reprocessing 

Fuel reprocessing 

Shipment to fuel conversion 

Fuel fabrication 

Shipment to reactor 

Pre-irrudiation inventory 

Scrap recycle shipment 

Total external to reactor 

Total In reactor and 
external fuel cycle 

Plutonium makeup from one 
year of operation 

Hold-up 
timo 

Total Pu 
Kg 

Fissile Pu 
Kg 

Mpha Pu 
curios 

2.47 x 10 6 

Beta Pu 
curies 

3 yr. 3380 1997 

Mpha Pu 
curios 

2.47 x 10 6 2.00 x lo' 

ISO days 3S6 205 2.87 X 10= 4.56 x 10 

38.4 days 93.6 52.3 7.62 X 104 1.78 x 10* 

30 days 73.1 40. B 5.95 X 10* 1.39 x 10{ 

B.4 days 22.6 12.8 1.79 X .o4 4.16 x 10 ! 

30 days 119 72.8 8.38 X 10« 1.91 x 10* 
12 da/5 44.9 27.4 3.15 X 104 7.20 x 10 S 

36 days 134.7 B2.2 9.45 X 104 2.16 x 10* 

12 days 3.4 2.0 2.36 X 103 5.39 x 10 4 

954 555 7.20 X 10= 5.S6 x 10' 

4334 2552 J. 19 X 10* 2.56 x 10* 

505 352 J. 52 X 10= 5.77 x 10 6 
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must be carried through several operations of chemical conversion, fabrica

tion, and shipping for such a 1000 Mw reactor. The process losses to the 

environment must be controlled to extremely low levels in order to maintain 

the public r isks at low and acceptable levels . 

The plutonium activity in the high-level wastes resulting from one 

year of operation is shown as a function of storage time in Fig. 8. The 

radioactivity of Am, Cm, and Pu in high-level wastes from uranium-fueled 

water reactors and uranium-plutonium fueled water reactors are compared 

in Fig. 9. The plutonium activity is well over ten-fold higher in the 

wastes from the plutonium-recycle water reactor, and the curium act ivi ty 

is greater by an even larger factor. 

The flowsheet of Fig. 7 indicates estimates of the losses of plutonimn 

to other solid wastes in the fuel-cycle operations. These wastes generally 

contain plutonium and other actinides at very low concentrations, so they 

are referred to here as low-leuel wastes. These plutonium losses are 

not environmental releases, as acceptable environmental releases must be 

many orders of magnitude less than the losses to these wastes. Therefore, 

the wastes associated with these process losses must be subject to perma

nently protected storage or disposal. It is assumed here that these 

wastes are made up of 0.5* of the plutonium in fuel reprocessing, 0.5^ 

in oxide conversion, and 0.5% in fuel fabrication. Therefore, for such 

a plutonium-recycle flowsheet, the amount of plutonium appearing in these 

low-level wastes is greater than that associated with the high-level 

fission-product wastes at the time these process operations occur, although 

the high-level wastes ultimately contain more plutonium because of the 

americium and curium. The amounts of plutonium are significant, and 

careful attention must be given to a waste management program which 

assures adequate control of al l of these wastes. On the basis of equal 
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protection to the environment, the management of the low-level plutonium 

wastes may be a more difficult problem than the management of high-level 

wastes, because of the comparable quantities of plutonium and because of 

the much larger volume of material involved in the low-level wastes. 



F i g . 8 

Plutonium A c t i v i t y in High-Level Wastes from a 
Uranium-Plutonium-Fueled Water Reactor 

One year operation 
3077 Mw thermal 
30 Mw/Mg 
33 ,000 Mw day/Mg 
B 0 % loud factor 

0 5 % of Pu reprocessed 
remains m high-level wastes 

10 10 2 I 0 3 I 0 4 

STORAGE T I M E , years 
1 0 5 O 6 
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Fig. 9 

A c t i n i d e s i n H i g h - L e v e l Wastes f o r 

I f f u 
Fueled and U-Pu Fueled Water Reactors 

ID 1 1 1 1 1 1 

One year operation 

I I - 7 3 0 M a / M g 
10 3 3 . 0 0 0 M» dOy/Ma 

V ^ Cm B 0 % load factor 
0 . 5 % at Pu processed 
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IV. FUEL CYCLES FOR THE 10U0 Hw LIQUID METAL FAST BREEDER RHACTOR 

Atomics I n t e r n a t i o n a l Follow-On Liquid Metal Fast Breeder Reactor 
(AIFO TMFBB) 

Two t y p e s of r e fe rence des ign f a s t b r e e d e r r eac to r s were c o n s i d e r e d . 

The f i r s t one desc r ibed he re i s t he AIFO des ign which i s assumed 

t o be t y p i c a l of e a r l y LMFSRs t h a t may begin commercial ope ra t i on be 

g inn ing in 1986. The fue l - cyc l e f lowsheet for t h i s 1000 Mw LMFBR fue led 

with d e p l e t e d uranium (0 .25* 2 3 5 U ) o b t a i n e d from the t a i l s from uranium 

i s o t o p e s e p a r a t i o n o p e r a t i o n s , i s shown in Figure 10- Fuel charged t o 

t h e r e a c t o r co re c o n s i s t s of mixed ox ides of uranium and r e c y c l e p lutonium 

recovered f r o a d i scharge f u e l , w i th a Pu/U r a t i o of 0 .206 . The r e a c t o r 

core c o n t a i n s 19.1 me t r i c t ons of uranium and plutonium. The core fue l 

o p e r a t e s to an average thermal exposure of 67,600 Mw days pe r Mg p r i o r 

t o d i s c h a r g e , corresponding t o an average core fue l l i f e t i m e of 1.99 y e a r s 

a t 80% c a p a c i t y f ac to r -

Surrounding the r e a c t o r core i s a b l anke t of dep le ted uranium, which 

absorbs n e u t r o n s leaking from t h e r e a c t o r core t o produce a d d i t i o n a l 

Plu tonium. The a x i a l b lanket c o n s i s t s o f a x i a l ex tens ions of the 

c y l i n d r i c a l co re - fue l rods and i s d i s cha rged along with the core f u e l . 

The r a d i a l b l anke t c o n s i s t s of f u l l - l e n g t h rods of dep le ted uranium which 

o p e r a t e f o r 5 .81 y e a r s , a t 80* c a p a c i t y f a c t o r , p r i o r t o d i s c h a r g e . Heat 

i s gene ra t ed i n t he a x i a l and r a d i a l b l a n k e t s by f i s s i o n s in uranium and 

in gene ra t ed plutonium. The average thermal powers generated a r e 2214 .6 , 

106 .8 , and 7 3 . 8 , megawatts, fo r t h e c o r e , a x i a l , and r a d i a l b l a n k e t s , 

r e s p e c t i v e l y . The average thermal s p e c i f i c powers, expressed in megawatt 

pe r m e t r i c t on of U-Pu fuel charged t o each reg ion , a re 116 for t h e c o r e , 

8.1 f o r t h e a x i a l b l a n k e t , and 4 .7 for t h e r a d i a l b l a n k e t , based upon 

f u l l power. 



Fig. 10 

Fuel Actinide Flowsheet for the 1000 Hw A. I. Follow-On LMFBR. 
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The percentage of input material which appears as processing 

losses and as scrap recycle in each fuel cycle operations is taken from 

Pigford's report to the Ford Foundation. The flowsheet quantities are 
(14) based upon an overall thermal efficiency of 41% expected for commercial 

fast-breeder reactors. 

The plutonium in the discharge fuel is the total of that in fuel 

discharged from the core and from the blanket and are assumed to be shipped 

and reprocessed together, such that the plutonium product and wastes will 

be blended. Table 15 lists the amount of fuel charged and discharged 

from the core, axial blanket, and radial blanket, and the total of the 

three regions of the reactor. Every year, 1630 Kg of plutonium is charged 

to core and 1620 Kg is discharged from the core. 201 Kg and 113 Kg are 

discharged from the axial and radial blanket respectively every year, 

making a total discharge of 1934 Kg/yr. The plutonium in the blanket is 

relatively rich in the lower-mass plutonium isotopes, particularly 2 3 9 P u , 

whereas the plutonium in the core discharge contains higher concentrations 

of the higher-mass plutonium isotopes, as well as americium and curium. 

Tnis is shown in Table 16. The assumed mixing of plutonium recovered 

from discharged blanket and core fuel, and the continuous removal of a 

portion of this recovered plutonium as plutonium product, result in less 

overall buildup of the higher-mass plutonium isotopes in the equilibrium 

fuel cycle of the fast breeder, as compared with the equilibrium fuel 

cycle of the water reactor fueled with recycle plutonium. This is 

indicated in Table 8. 

As shown in Table 9, the lower concentration of 2 3 8Pu and 2 U 1 P u in 

breeder plutonium results in less alpha and beta activity in plutonium 

processed yearly as compared with the uranium-plutonium fueled water reactor. 



Table 15 

Material and Radioactive QuantltteD In Reactor and Fuel Cycled 
for the AIFO LMFBR. 
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0 . " " " 2 . ( ! 2 E * 0 C ft. CfcE K f l ~ ~ 1 . t 4 t - - 0 « » ' l.ntt*Q? * i . ? l F * 0 0 I . < H t O ? 
0 . &.&41T + 0 0 fr.lOE»Qfl 3 . D 7 E + 0 0 J . f " > F . * 0 3 I . I 2 C + 0 I I « ? ? F * 6 9 

O . 2 . 1 3 F + C0 o Z . i r F t O Q a 4 . ? S F O Q 
0 ft.CVE »CP . . ._ g » . B 2 F « C * _ _ fll . ? 1 F » P Q . 

i . i t r + o r i ' . ^ r f H - o s I . O H F I - C I ? . t e r r - C 5 1 . 4 3 F . t o t ' i . ? 9 F - a s 2 . n t F * o i 
I . ' i o r + OA 1.<*4F.«Q0 ? . C ' i C t f ) 4 l . 2 7 E * 0 0 J . I 4 r * ( l » ->. J S F t O O J . C 7 £ » T 4 
7 . U ! r : * 0 4 l . C 9 f : * 0 3 _ * > . h f 1 r * 0 4 _ 1 . C 9 E « 0 1 ft.ortF.t04 i » . ? ! i F * 0 3 l . l r t E * O S 
^ . O . l t - t i l t * 4 . 7 1 F 4 0 2 I . O A F f C S 4 . 7 ) f c * C 2 | . C 4 i : » Q ! i h,7Tf*0?. l . l . l K K l b 
? . 901- + Cfe 4 . * i * ) £ * 3 I 4 . h 7 F t O A 4 • !if>E H ) I 4 .Ci J R + L O (1 . 4 C F 4 0 I H . £ 4 I . " * C * 

I . ' J - ' F H ; I ] . 4 T F * C l S . 7 4r.» C 1 I . 4 7 E + Q 1 f i . M P t o I 2 . 7 ? F * O I I . 0 f > E O 2 
f l . q . 1 0 F - Q 4 _ ,' . 4 | F * 0 « 4 . 7 7 f > IT I ,?*r-CT I . B S F - 0 3 4 . H Q F t ( i f t 

' fl. OPF t Oft I . f 2 f c * 0 . V 7 . ? / r I Cft ' ~ 1 . f t P E t O j 4 . H 2 F » 0 0 " 3 . ? 4 6 t 0 3 t . 1 . 1 E * 3 7 " 
[ i i . i i f - » o s a i , 4 i r * - c £ a i , i p r 4 0 ' i a j . 7 i n « Q 5 
p u o n r + 0 6 0 7 . o u t - ' * o e 0 4 .(> i F » c f i fli.cyr* c 7 

~~ i . 6 - j F t a i 3 .<>4C t o o i . . ( t v u 4 ' ' ~A»a?ct-oo ' i , j u r » o * " " 4 , 1 i F . t u o " - ' 1 . 4 t r * Q 4 • 
0 . 7 . 1 t E - 0 » 6 .< iJ ' l - t C l 7 . I 1 F - 0 ? h . « M K * 0 3 I . 4 2 F - 0 1 J . 3HC.*Q3 
0 . i . 0 4 ^ - 0 ^ 1 . . M i . K ' J U , f i e - C f 6 . M K + D3 2 . C 7 E - 0 . 1 l . o 7 C » 0 b 
0 , | . 4 2 C » 0 0 __ J . f t ' j F * 0 2 _ | . 9 3 F . » 0 0 _ J . f t V K + OP l . f l P F f O O f . 3 * F « C ? 
0 . " 9 . t t 2 F > C f i ' * ? . " ; i F * C ? ' 9 . 2 5 P - 2 0 * ? . 7 4 F - 0 9 I . 9 6 F - 0 S B . O O E + Ofl 
1 , 5 * - » r i 0 1 5 . 6 5 E » 0 0 l . I O E + Ce 6 . 0 l £ t - 0 D I . 5 5 E + 0 4 6 . 0 ^ E » 0 0 I . I 4 C I Q 6 

a l . S I C ' O l o l . ?1f+04 a l .4^C»04 a I .45 ' : •'34 
g O . _ B 1 . I 2 E * C C ( 1 6 . « ) I E * 0 ? D 2 . a * j F » 0 f t 

http://ft.ortF.t04


Table 15 (continued) 

CHAOCr DISCHARGE 60 DAYS INVENmfV 
KGM/YR ClJq IES/YH KCM/YR CUniCS/YH KGM/YH CU'UFS/VR KGH CURI5S 

CH.->^ 0 . _ O. I . 4fiF-01 4.P?F*C» l , l 3 C - n i J.7«iF*0S ? .9CF-C I 9 .MC*05 
r « ? 4 j o . o . '6-a?E-oJ a«ei?r*Ci G . ^ E E - C J " "" 2 . C 7 F » O 2 I . 2 ! » E - 0 2 * ~ a .7->F«OP 
r M / M o, o. i . i t e ~ o i i *o . IF+O* i >e7tf-ni i -0 3r f04 ?.s-»e-ui ;?.cfc* D« 
ry. '»S 0 . 0 . 3. 5SF-C3 ft. ?<!<--£ I 3.56E-0 3 b .?4F-o i T.10E-0 3 I .2 5F f ) 0 
r**7-»'. D. 0. 9.%^C-0S 2»<9 3l--02 «J.4<iE-a5 Z.93F-02 1.A9F-0* b.Q3e-0? 
CM?4 r 0. " " C . 1. 40E-C6 1 .24F-C7 » «40E-Oft ' 1 .2 4T-0 7 "~ 2.7QE-C6 " " a.OtF-OT " 
C "•"»•! 0. 0 . 2.2SE-CE 9. 2 4E-CS i . 2£E-0fl 9. ?«F -0« *.4QE-0ft 1 .U4C-1T 
Tf l r* l . 0. O. 2 .B1E-0 ! 4,Q3Ft-05 2.50F-01 3.Pf>F-*-0S 5.64F.-01 <J.Q2r+0« 

5 «».«2E+C? a3.fli>E + C i n<j.ft3n*-05 

T .t»7F.-fW" - - — 07.6 TR-rq 0 I . 5 IE-CO " 
r, K-**-j 'J. Q. 2.17E-10 3,ft?F"C4 1.9CF-I0 3 . 1 H - 0 4 4 . J5C- I0 7.PIE-04 
nit *<ji} i l , 0. 5. 7I f : - f S 2.2 3E--C5 3.34E-23 I .4QP- I J I . 14F- 14 4.4<tC-05 
rcr*L o, ' " o • ' " a. 17E-10 3,eie-C4 i . "SOE-I o 3. i r e - o * ~~ 4 . J ^ E - J o ~" 7.6bf-a» " 

aO. aO. aO« 
0 ^ . 8 4 f - C * 0J .1 ?£-0* fl r..6fiF-3 4 

CFPAq n. 0 . " 4 .?2E- t 1 I .7?F-07 6.90S-1 I ~ 5 .•!.>*: _fi 7 "~ * n .4AE- I I 3. <• JF-OT 
CF >^0 0 . 0 . 3.7 IE- 12 * • Ctfc- C7 2- 6SE-12 4.OIF-07 7.4QE-12 'l. lOC-OT 
Cr^r.] 0. 0 . 4..J0E-14 ft.UOC-ll 4 .30E- I * to.iJJE-1 I 0. S7F.- I * 1 • 3hE- 1 0 
r.F >••<? 0 . 0 . 4.31C- 16 2 . 3 ? F - | 0 4 . ldE-16 ? .22F-10 H.6.16-16 4 .6 3F- 10 
CF2'3:* 0. 0 . 1.12E-1A 3 .24E-1 I l.CCE-19 J , l f l F - l ? " " "2 .23E-1-1 6 . 4 6 F - U 
TI1TAL 0. 0- 4 . 5-JC-l I 5.79E-Q7 7.?af=-U 6.85E-07 y . 1SE- 11 1 . 1 bF-C6 

aS. 7CC-C7 O&.H2E-07 d l . l ^ E - 0 6 
. . . _ . P_"I.2fiP-0«J B3,24F-01_ 3 6 . 4 « - 0 S _ 

TOTAL *).'54E*0 3 0 . H .S5G*03 1.23£*0« 8. BSE* 0 3 £. Z3F.*0fi I ,0JE»O4 I.23E+0 9 

FISSinK 0. " rt. '6.AOE+02 3-46E+CS '6.fiOE + 02 2.1SE + Qf) 1.3EF+03 6.0t>F.*O<! 
PROD, 

Cl_Att. . „ 3. 1r>E+02 . 0. __ 3,36E*03 , 6.6ftF»06 3-.36F + 03 _2.5flE+06. 6..7QE.+ Q3 6_.«4E + 0e 



Table 15 (continued) 

AXIAL BLANKET 

D r ^ C H U H S K 6 0 DAVS I N V E N T O R Y 
K G M / V R CUM | F S / V q K G M / Y H C U ^ I E S / Y H KGM C U R I E S 

U P 1 A 4 i . 0 4 C - O i ? 3 . 7 4 1 - - C I 3 . 6 £ E - 0 £ J « 4 n £ - 0 1 B . 6 3 E - 0 a 3 . 4 0 F . - 0 1 I . 1 A E - 0 1 7 . I Q E - 0 1 
~ UP IS a . 1 7 K + 0 0 """ 1 . I K E - 0 2 3 . M F * 0 C "ft« C*)E- C .1 3 . 7 U E + 0 0 " 6 . 0 * f i - O V ~t, 1 I E * 0 0 " "1 . M b f c - 0 2 " 

l i 2 * f i 3 .0>JI ->OC l . l n E - 0 1 3 - 3 3 * : + 0 0 2 . I 1 P - 0 1 3 . 3 3 6 + 0 0 E . 1 I R - 0 1 6 . 4 C E O 0 4 , a f . F - 0 l 
U3T7 o . o . i . a e e - o a w o i r * c G s . 6 5 K - 0 9 2 . i 7 G » o i ^ . S I R - O R 3.Q5F»or. 
U2.W 6«5:1E>0 3 3 . IflE+OO A.34E40-1 2 . 1 1C + C0 _ 6 . 34C+C3. 2 . 1 IC+OO I .2<)E*04 4.?-3C*0<1 
u a u o . " " * n . " ' b.2f>E-o.i a . i o e t - o f l o« " o - i i 2 s e - 0 3 " ' " 4 . i r i r * ' ) e 
TCTAL b . f i qe*OJ a.?76*-00 6.3<5E»03 3 .11F+C8 tt.3SE+03 2 .17R*o : j I . ^ F + 0 4 2 . tOFtOG 

a * . 7 7 F * - 0 0 a 2 « f t O E + CO a 2 . e H F + 0 0 a S . 4 4 6 * 0 0 
flO. 0 2 . 1 I F » - Q B . . . . . . . . | J 2 . 1 7 P * 0 3 _, „ . 0 4 . ^ 0 F > 9 f l 

N ( J ; . 1 6 0 , 0 . 1 . 3 3 F - a f l B . O I K + Q O 2 . * 3 E - 2 8 I . 5 9 F - - 1 9 2 . f S C - 0 f l 1 . 6 0 c t 0 1 
NP?" i7 0 . 0 - 1 . 0 0 C * 0 C ?,CCK-ti 1 . 0 I E 4 - 0 0 T . 1 5 C - 0 1 2 . 0 Q E t O C > 1 . 4 1 C O 0 
' V ^ J f l 0 . 0 . 2 . 4 1 E - 0 4 «S.E'JE«-R1 f . Q I E - 1 3 _ t . T W I - 0 4 _ 4 . 7 B r - 0 4 1 . PSfc • 0 9 

' N I ? 3 ! o . " " " o i q . fiia-oi' p.c^fc'+ca " i . H T E ~ O O " 4 , 3 ' > K + O . I " " l - 7 « J E * O O * . i r r t - c « 
TCTAL 0 . 0 * U l d t - t O O 2» ICE«-Cfl I . 015+00 5 . C7E + C0 3 . 7<3E»00 4 .1 fiF *0Q 

a 7 . 0 6 F - 0 1 a T . l R F - 0 1 a l » 4 i r » 0 1 
„ 0 2 . c 5 r * c e . S ^ . j e f t ^ o o e * . i 7 F t 3 H , . 

r>U?3(i t i . 0 * 1 . 9 2 R - C 6 1 . C P E + O O I . Q 6 P - 0 6 *> . 0 7 F - 0 1 3 . 1 3 * E - 0 0 2 . 0 4 ^ 4 - 0 0 
P L . M H O . 0 • 3 - 2 7 F - 0 2 5 . « 2 F * C 2 2,S<iE.-C2 S * S(»E»-C2 6 . 5 P F - 0 ? 1 . f O E + Q ) 
l » L ? 3 9 0 . . 0 . I ,9?.t*0P, 1 . l r t K « - 0 4 W 9 . l E * 0 2 I L I Q E » Q 4 3 . e 4 F » - 0 ? _ ? . 3 3 f - » 0 4 
PU14C- 0 . 0 . " e - C I C + C O l . 7 « > C 3 """ fl.C9E*00 1 . 7 d F » i M "" t - M C + O l " 3 . S t > 1 - * 0 3 ~ 
P U ' M 0 . 0 . 1 . 7 4 £ - 0 1 1 . 6 S C + C 4 | . 7 I J C - C 1 I . H I E »C4 J . 5 e E - 0 l 3 . 6 3 E * > 0 4 
P U ? A ? i . 0 . 3 . 0 2 E - C 3 ) 1 . 1 B F - C 2 3 . 0 2 b - 0 3 l . M E - 4 2 6 . 0 2 E - 0 3 H . ^ S C - O ? 
P L 3 * 1 0 . 0 . 9 - 3 J E - C B , ? . 4 1 E * C 2 7 * 6 7 6 - 2 5 I . g i F - | 5 | . G S F - O T » , H O F,»0? 
TOTAL 0 . 0 . 2 . 0 1 E + 0 2 3 . 2 6 E * 0 4 2 . Q Z E + 0 2 3 . 2 3 K * 0 4 ' 4 . 0 0 F * 0 2 6 . 5 D C » Q » 

a Q . a 1 . 4 IF + C4 o 1 . 4 ? F t 0 4 a 2 , a ? P + 0 « 
^ 0 . Q l . e E F + C 4 g l . e i E + C- B 3 * 6 B C + 0 4 

A « ? 4 l 0 . " ' " " 0'. 4 . S f l E - 0 3 I . S 7 C + C 1 fi. 5 7 E - C 3 " " 2 . 0 U F + 0 1 < J . l 3 F - 0 1 . 1 . 1 3 C » 0 1 
A M 2 4 2 M 0 . 0 . l . P J F - O f t U 1 9 E - 0 1 1 . 2 H E - 0 S 1 . 1 < 1 I T - 0 1 2 . A 4 t - - 0 3 2 . . T 7 F - 0 1 
A M ? * 2 0 . ( 1 . 3 . 7 9 E - C 7 3 . C 7 F + 4 J 2 1 . 4 7 E - 1 0 I . I 9 E - 0 1 7 . 5 b F - 0 7 6 . 1 1 F * 0 2 

^ A « ? 4 3 _ . 0 . . , 0 . fi|l9R-0S M » * « » E - C 2 _ 8 P 2 0 e - 0 9 _ | i O O E - Q 2 _ _ | » 0 4 F - 0 * J # 0 l F - 0 2 
A M 2 4 4 3 . 0 . 7 , r a t - 1 1 a . S l P t t O ' T * b * f l - 2 5 2 . 2 « ( ! - | 4 l . f \ 5 F . - 1 0 4 « & C K » 0 0 
T C T A L 0 . 0 . 4 . 6 4 K - 0 3 3 . 2 5 E * C 2 * * 0 3 F - C 1 2 . 0 7 E 4 - Q I 9 . 2 5 E - 0 3 6 . 4 / ) F « - 0 2 

Q O . a 1 . 5 7 E * 0 J a 2 . o a E * O l a 3 * 1 3 E » 0 1 
. . ._ . flOj P3«C9E+(J i« . g l . l < J E - O I , J J 6 . 1 6 E » 0 2 „ 



Table 15 (continued) 

AXIAL BLANKET 

CHANGE DISCHARGE 60 DAYS INVENTORY 
KGM/YP, cunies/vn KGM/YR CURIFS/YR KGM/Y« CUIIRS/YR KGM cimiES 

C W?A? 0. _ . 0 . 3. 3 IE- OS I . I OF*-0 2 2« S9E-CS 0.S7E I-Cl 6.59t-'-0ii 2. 14F.OJ* 
r.M^t.1' " J. 0. "1.91^ -07 (WHSE-Cl 1 .93E-1'7 tt.flf.F-Q * \Ua5E-0 7 1 • 7 7E-0 2 " 
rn->t* 0 . 0 . 4 . I0F-C7 3.3ZE-C2 «• C7E-C7 J.30E-OZ t i . 17C-0 7 O.hJH-0 2 
C ? 4 b 0. 0. l.H*F=-a<) 1.3B6-0T 1 .*4E-09 3,?S=-C7 3. 6TF-0 9 6.4<!r-07 
C« " i ft J . C. 7.S4F.-12 2.4S(f-i,g T.V4F-12 2.4bF-0-» I .5HE-1 I *.>inF-09 
C«2«7 0. " " " 0 . ' 2 .2Sf?- l *~" " I -9<SF- |!i 2.PEF--14 KQqF-15 - * " " * . 4 f l C - l * "" 3.<J(iF.-lS' 
CMMH n. 0. rt .q^E-lT 2.H7C-16 6.<*9E-I7 2,P7C-lh 1.39E-16 £.7IF-16 
TDTAL 0. 0 . 3.3 7F-C5 1 • 1CF*C2 2.6SE-05 a.5 7F»01 6.7PE-0S ?.1<JF»02 

a R. f l7F*0 l c ?• I 9ft* Off 
'pa .JHF- IT* " Q*.7AC-t7~ 

vB ••• ii S:lS-:w-j;jS-:ii-

rissinii"" o. er. 3.26c»oi r;34e»oa 3.26E«oi i.sor-toT S . « E * T ) T ~ 
PHOD. 

. CLAfl. ._ 2.32E*03 J±!_._ 3.23F.*03 l.4CF+Cft a.3gE»03 S.B'JE+Ofi *.62E»03 

file:///Ua5E-0


Table 15 (continued) 

Ct-AHGF 
KC.M/YR CUOIFS/V« 

RADIAL BLAWKET 

OAYS 
CUH IES/YR i .-u e-oi 

2.B2I - -C3~ 
fl.flPfI-02 
3.T0F4-02 

" 0 . 
.% 71F>C2 

o i ,e<»e+on 

„ P l .TOF + 0? . 

* . 3 0 e - C I 
. I . « I T F - C 5 

" 7.SJF.-01 i . inc+oo 
a * . 3 0 6 - 0 1 

. . P 7 . 5 1E-01 .. 
6.2SF-C1 
4.9JE»Q2 
l . f r I C * 0 1 
? . M F » i ) 4 
2 . 7 7F-CP 
* . 7 y f > i » 

" l . ? 6 E « 0 * " 
o f l . so r f o j 
&2 .41E + J4 

~ ti-lSF»01 
ft.B.lC-Ol 
Q .P . JF -Ol 
* t f l r t F - 0 ^ 
4 . S 8 F - I 4 
l ) . 2 ? F + Qi 

a « * 1 6 C + 0 1 
P Q . 2 3 E - 0 1 

KGM 
1 .3OC-0J 

" l . 0 2 K * 0 l 
7 .7?F*0D 
I . 2SE-02 
I . B 3 C * 0 * 
s .BOF-OJ 
l . 5 3 F » 0 * 

CUHIFS 
Q.bSF-OI 

" 2 . I 9 E - 0 2 

I .02E + 0f> 
5 . I Ot- t O O 
1 ,9Tt *Qf\ 

8 6.47K* 00 
I ,95fc«00 

I . |7fc + DI 
2 . 4 4 F + 0 0 
9 - I <JEf 0* 
1 . 4 ? E » ) R " 
1 « 6 7F • C 0 

a 2 . * * E * 0 0 
B 1 . 9 7 E » J « . . 

J . 7 7 C » 0 0 
? • fi 6E • 0 3 
3 . 7 6 F » 9 4 
8 . 7 t F » 0 J 
I . « I F * 0 5 
I • M E - 3 1 
j . a e r * 0 3 

a 4 . 9 1 F 4 0 * 
0 1 . 4 3 F * 0 5 

— 4 . . t 6 K * 0 2 " 
« • rdE + oo 
3 . 3 5 E + 0 3 

_ S . 6 3 F - 0 I a. ri c *o i 
4 . 0 ? F f 03 

R4.37E+0? 
g j . S 7 R * 0 3 



Tabic 15 (continued) 

RADIAL BLAHKST_ _ _ 

niSCHAMGK 40 DATS tWENTCinV 
KGM/YB CUR1CS/VR KCM/VR CUH I E 5 / ¥ n KGM CURIES 

1 . 1 * E - 0 * 3-TfiF* C2 a.OQP-QS 2 . 9 T O 0 2 6 . S 9 O 0 4 2 . lttC + 03 
i.-.*«•» u . u . l .Oar . -C i 4 . 7 3 E - C 2 W 0 2 C - 0 6 4 . 7 I E - C 2 ~ '~6.S?F-06 2 . M F - 0 I 
CM 34 & o. 0 . 2.Q3E-0A 2 O 7 E - 0 I a«*)lE-Q6 2 .3 f iC-01 I . 7QF.-05 I ,3BE» DO 
C« '«n 0 . 0 . l .STE-CB 3.47E-CC 1.S7E-CB J .47R-0A l . l o E - 0 7 ? .02E-0S 
CW?«r. 0. 0 . 1 . 3 0 E - 1 0 3 .9 5E-Ce I . * ( « • • 10 3.«35F-afl 7 . * 3 E - 10 X.P.^-Qf 
CM>47 .1 . — -- — - 0 . E.4 2E-13 4 . 7 9 E - I 4 5 , 4 3 6 - 1 3 " ' 4 . 7 9 E - 1 4 —' T . I 5 E - 1 2 2 . ? d O l l ~ 
C»?4Q 0 . 0 . 2 .S4E-13 I . 0 4C-14 2 . S 4 E - I S 1 . C4F-14 1.4 7 E - I 4 6 . 0 . I F - 1 4 
TCTAL 0 . 0 . 1 .17E-04 3.7fiE*-Q2 9 . R 4 6 - 0 S 2*43£*-03 6 . 0 2 E - 0 4 ? . I B C * 0 3 

fl3.76E»-Ca B 2.9JG*-0Z a 2 . l ' 1 O 0 J 
"" ~ *~pB.«se- i f i " g n . e z E - i f t ' " ""'*e S . O I E - I S 

H K ? » 9 a . o . s .e4{= - ia *)• 7bE- i s «« 12E- l a e« SSF -12 3 . J Q F - I r U . 6 * I E - I I 
HK2-10 0. 0 . 1 .PHE-2.1 7 . . IDF- 14 1 . 5 9 E - 3 I * »a iE -22 1 , 09E-?2 4 i 2 4 F - I 3 
TCTAL 3 . " " 0 . E .a4G- l f l 9 . e 3 F - 12 5. 126-1 6 " 0 .55G-12 " " 3 . 1 9 0 - 1 7 5 .7 I C - 1 1 

nO • a 0 * aOi 
fl9.S3ff-l2 fiH.SSF-l? 0 5 . 7 1 E - M 

CF2«') "*' 0. " " 0 . 3 . 166- i r t 1 . 2 9 F - I 4 3 . ( l d E - t a " ' " I . " f lF -14 I .63G- IT 7.*BF-I4~~ 
CF'F.1 0 . 0 . 4 .90F.-20 5. 3«G- IS 4.P6R-2;0 5 . 3 2 E - I 5 2 . B 4 E - I 9 3 . 1 1 F - 1 4 
CF?^1 0. 0 . I . 9 5 E - 2 2 3 . 0 B F - I 9 1-39E-22 3.CDF-19 L I 3 E - 2 1 1.79F.- IA 
CF2*?? 0 . 0 . 4. 76E-2S R.5SF-19 4 . 7 6 E - 3 5 2 . S 5 E - I 9 2 . 76E-24 1 .4eR- IB 
CF?fl.< 0 . 0 , 2 . 0 5f.-2B' ' 5 . 9 3F- 2 I ' ~" 2 .0SE-SB * ' 5 .? JE-2 1 """ 1 . 19E-27 3 .4 4E-20 ' 
TOTAL 0. 0 . 3 . 2 1 6 - 1 3 1 .32E-14 3 . 9 3 E - I H 2 . 1 2 C - I 4 l . e C E - 1 7 1 * 0 6 0 1 3 

a l « E 2 E - l 4 a ? . l i e - 1 4 a l . 0 6 F - l 3 
P 4 . 2 P E - I 7 fl4.26E-17 B ^ . t l E - l t 

•9HFtOfl 

r - i ss inn o. ' ~ o . ^2."3rtF.*oi « . f lae+cT~~'—a.aee + c i " 3.43f;»ofi W 3 e t v o s 2iBQE+ca~ 
PROD. 

_CLM>. . „ 9.54f- + 02__ _ 0 . ,ft-S4E»g2, 2 .69E*qS 9.g4E + 02_ ...A»qaE»Ofl B.S4E + Q3 T.70E»p5 



CHARCF 
KGrvvn cur»rFs/rR U3.14 I * 7 1 ( 1 - 0 1 i.oftF+on IJJ»3S I . C > f i » O l ?..i3C-oa UP36 H . 7 S E * 0 C s.s&e-oi U > J 7 0 . a* 

U ? l f l ] . 7 3 £ * 0 4 5 . 7 2 P * 0 0 
U 8 J Q 0 0 . 
Tar*i. 1 - 7 2 6 * 0 4 7 . iAC + a a 

a 7..i*ie+oo 
— _ (J.o. ,. , , 

NPI»3»5 J . 0 . 
•JP2.17 0 . 0 . 
N P ? 1 h 0 . 

~ 0 . 
0 . 

N n a a - i 
0 . 

~ 0 . 
T O T A L 0 . 0 . 

f ' U J M t l 2 . 5 2 0 0 6 1 . I 4F4 -0 1 
PUP.10 1 . I 3 F . * 0 0 i , 4 o e * ( j 4 
P U 2 V I 1 . I 7 I X I J 7. IQE»OA P U P 4 0 " «.ia**os 9 . 0 3 F * C 4 
P ( . ? * l 3 . R 4 E t ' 0 l J . ' » 0 E * 0 6 
P U 2 4 ? l . 2 S E * 0 1 4 . H 9 0 + C I 
R U 2 4 1 0 . 
T O T A L l . £ 3 E + 0 3 4 . O R E * Oft 

j l . r t l C * Q 5 

A M ? A I " """ 4 . 6 4 0 0 1 " l .S^f+03— 
A M ; * ? M 0 . Q . 
A « ? 4 ? D . 0 . 
A « 2 4 . 1 0 . 
A M P 4 4 0 . 0 , 
T O T A L A . r t 4 E - 0 I 1 . QOF + CM 

a t . 5 4 6 + 0 3 
. 6 0 - . , . 

Table IS (continued) 

_BEACTOR TOTAL 

DISCHARGE 6 0 OAVS INVFNTORV 
KCM/VR CU'M(tS/Yq KGM/TO C U R I E S / * n KQM CURIES 

I . * I E - 0 1 0.9HE-01 1-636-0 I _ 1 .nlF*00 4 . j»SF-0J 2.*IP,*00_ 
6.7 7E+00 t**5F-C2 6.77E+0Q 1 .45E-0S £,43E»01 S.2IE-02 
e.«S6E*D0 6.6BE-01 8.976+00 S.«9E-C1 2.27F401 1.44**00 
S.See-OS 4.B6E+C6 1.27E-Q4 1.04E*04 l«27E-Qt 1.0«F*07 
).61F.*04 5*irf*00 LC1E4-04 ?J.37F.*tlO "».3Bf=+04 1.4*E*0l 

~2.'.$56-"0i! H.5J£*0» 0 . " 0 . " " 5 . 4 6 E - 0 " ~l.n3F.»C9 
I.C1E + 04 fl,d?E + Cfl l.ClC+04 1.04ft tD* 4*33E*04 9 . 2 0 0 0 9 

aft»,3SE*O0 a 6.5?F*oo a i .e»F*oi 
^0 Q.67E + Cfl . , p. I .04P*04 fl 1 .li4F»09 _ 

3.04E-2T l . e iF- l f l 3.19E-07 I,QIC* 12 
4.64E*00 3«3IC*a3 l.lbC+OI 8«I4E*30 
fl.<!7E-l2 I.PPF-03 9. 77E>03 l.PIT*C6 
l.t>6E-06 "™" 3,H7E»0? "" 7.ttSF»00 ' I -U3F*C9 
4.tSG*00 3 . SOE+CP 1. <34E*01 t .0 3E*09 

a 3•31F+00 a »• I4E*00 
.. . ,. .. 03»H7E*O2„ g.l .1?K*09_ 

3. lCE-Cft I .fUC* 01 2.9ftE-05 1 ,59R*0 I ft.3*E-0S S.SSE+Sl 
1.3013 + CO 2 . |*JE*C4 l.33£*00 2 . 2»E*04 2.b9£+00 4 .3 7C*04. 
J»3flf*03 H.49F*04 1«.19E*03 fl.£!F.»C4 _3 .?6E*OI . l.99F*0B_ 

~4.eeC+C2 I.C7E*CS 4«P6E*C2 " 1 .07T «0« ?.33K*02 2.0hF*05 
4,<!je*OI 4.71E»C6 4.6CF.KU 4,«7P*0C 6.fi7E«0l 8.72F*0ft 
1.47F.+ 0I 8.75K*0I I.47E+01 3.75F+0V J.72E+CI 1.00fi*02 
9.30E-C4 P.4tF*C*1 4.77E-17 I ,24f>07 _ I.H6E-03 «*f)nF»0* 

~T.9JE«0 1 7.3JE+06 L9«E*Q3 " ».QyF. + aft ~ 4.2GK»03 ' I . 1 fcF» C 7 " 
a?.!4F+C9 a 2 . I S F + 0S a*.*9C*05 
p r . i a E + c e 0 *«I>7F*C(S B I . I C I + 0 7 



Table 15 (continued) 

REACTOR TOTAL 

RGE D I S C H A R G E 6 0 DAYS I N V E N T O R Y 
cu«ies/vn KCM/VR CUWIES/*R KGM/VB cuitiES/vn KGM CURIES 

0. 1 .4ISF-Q1 4.II3F*0 9 I . 1 4E-01 J.76E*0S 7.91E-01 Q.ftJEf OS 
C. e. 2 7F-C3 B.OHF*C2 C.25R-C3 2.0 7 6+02 I .25E-0 2 5 .7SF+02 -

0. I .27C-0I 1.03F + C4 1.27E-01 I.Q3F+04 2.S4F-01 2.06F+0* 
0. 3.fif>E-C3 A.24E-01 3.S6F-0J 6.29F.-01 7. ICF-03 1.2SF+00 
0 . S.49E-CB 2.«3r-C2 9.4SE-C5 2.S3F-0? I.H9E-04 5.B3F-0 2 
0. 1.4JE-06 I .?4E-07~ " I .40E-06 1.24E-07 " 2.79E-06 2.4£E-0T 
0 . 2.2SE-C8 9.24F-CQ 2.2SH-C8 9.24R-0') 4 .49E-0H 1 .H4C-07 
0 . 2.0JF-OI 4.93F*CS 2.50E-0I 3.C7F+C5 5. t.EF-01 9.OSF+05 

(l4.53EtC ,5 Q1.(17E*0<* a9-H5F+09 
0 7.C7C-C5" pr.fl7i:-o«; B i -sae -an 

O. 2 . I7F-10 3.«PE-14 1.90E-10 3.17F-0* 4.32E-10 7.2IC-04 
0 . 5.T3E-J5 2.23R-C5 3,fi4n-23 l .4<jfr- | l I . I 4F -14 4.44E-05 
0. 2. 17E-10 3.B4E-C4 I .90E-10 " 3 . I7E-04 " 4 . 3 2 E - 1 0 " 7.(><SF-04 

63.64F-04 JJ3.17E-04 £ 7.66E-Q4 

7^F-C7~~ 6.9CE- 1 i 2.E2F-0 7 Q.4QF- | I " 3.4 3E-0 7 " 
C6F-Q7 X.t,tt:-12 4.03E-0 7 7.4GE- 12 e. I DE-0 7 

A! tJCE- I I 4.30E-14 6. HOT-I I U.57R-M I ..fbF-IO 
2.32F- 10 4 . I BE- 16 2.22E- 10 B.«3F- Id 4.C1F-I 0 
3 .24E- I1 | .Ot iG- lV~' 3 .K .E - I2 " " "~ 2 .23E- I0 ft.46E-ll 
0 . 7*JE- C 7 7.28E- 11 6. 65F -07 9. ISE-I I I.IBC-Ob 

OS.70E-07 a&.fl?E-07 0 1.15F-06 
^J^aeE-CS JJ3.24E-09 p 6.49E-09 

I.61f- + C4 I . 72F + C9 L 6 I F + 04 S.30E+06 4.71E+04 1 .Q4E + 0 9 

~7V3AE+02~ 3.T3E+C9 7.3fiF+02 2.316+08 1.56F+03 7.63F+0O 
[ 
c 

e,c3E+Q3, „ a.aap+co a,t3.E*p3 a-gap + go V..,&gF;ift4 9t99*£9.Q. i 



Also, as shown in Tables 12 and 13, th© frequent replacement and the lower 

concentrations of 2 ' , l Pu and z t* ?l 'u result in less build-up of amcricium 

and curium in the fast-breeder fuel, as compared with the uraniuia-

plutonium fueled water reactor. The 2 3 6 l ' u content in breeder produced 

plutonium i s calculated to be considerably less than that in plutonium in 

liijht-water reactors because of the lower concentration of Z 3 S U in the 

depleted uranium used in fast breeders. 

Table 16 

Isotopic Composition of Plutonium in Discharged 
AIFO LMFBR Fuel 

Axial Radial 
Core Blanket Blanket 
wt. * 

1.7 x 10" •6 
wt. \ wt . t 

236f>u 
wt. * 

1.7 x 10" •6 9 .6 x 10" ? 1.1 X 10" 6 

238p u 7.6 x 10" -2 1.6 X I 0 " 2 2 . 6 x 10" 2 

239p u 67 .2 95 .9 9 3 . 7 

2*<!pu 2S.0 4 . 0 6 . 0 

2"»PU 2 . 8 8.9 X 10" 2 2 . 1 x 10" 1 

2 - J p u 9.1 X 10' -1 l . S X 10~ 3 6 . 3 x 10" 3 

It is planned^ 'that fast-breeder fuel will be stored for 30 days 

at the reactor before it is shipped for reprocessing. This is shorter 

than the 150 day storage period planned for light-water nuclear plants 

because of Che economic incentive to minimize plutonium inventories in 

the fast-breeder fuel cycle. As shown in Table 17, the yearly amounts of 

plutonium in the fast-breeder fuel cycle are about eight-fold greater 

than in uranium-fueled light-water reactors, and the inventory of 

plutonium in any fuel cycle operation with a given hold-up time is cor-
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respondingly greater. Therefore, there is considerable incentive to 

reduce hold-up time in all the fast-breeder fuel cycle operations, in 

order to minimize the time the fast-breeder must operate on purchased 

plutonium makeup fuel before reaching the equilibrium fuel cycle shown 

in Figure it). However, the shortened storage period of 30 days introduces 

new problems in fuel reprocessing because of the large amount, 3.6 million 

CL-ries per year, of radioactive iodine fission products remaining after 

30 d^ys. 

Table 17 

M a t e r i a l Q u a n t i t i e s of Plutonium Handled Yearly in t h e 
Fuel Cycles o f 1000 Mw Power P l a n t s 

(b) 
Uranium-Fueled Plutonium-Fueled Fas t -Breede r 

Hater Reac to r Water Reactor Reactor 
Kg/yr Kg/yr Kg/yr 

Plutonium i n t o 
fuel r e p r o c e s s i n g 246 992 2058 

Plutonium i n t o 
fuel f a b r i c a t i o n 0 1.450 1727 

Net p r o d u c t i o n r a t e of 
t h e r m a l l y f i s s i l e . . 
p lu tonium 170 - 3 5 2 t a J 196 

(a) Required make-up ."rom uranium-fue led water r e a c t o r . 

(b) Atomics In te rna t iona l - Follow-On Liquid Metal Fast Breeder Reac to r . 

S h o r t e r cool ing a l so r e s u l t s in about a four- fo ld g r e a t e r amount 

of r a d i o a c t i v i t y in the shipped f a s t - b r e e d e r f u e l . This i n c r e a s e s t he 

s h i e l d i n g requirement for sh ipp ing c o n t a i n e r s and the r a t e of hea t 

g e n e r a t i o n in the fuel due t o r a d i o a c t i v e decay. Shipping s h o r t - c o o l e d 

b r e e d e r co re fual w i l l impose more s t r i n g e n t requirements for s h i p p i n g -

c o n t a i n e r des ign than for w a t e r - r e a c t o r f u e l . 

Based upon a 0.5% loss of uranium and plutonium from r e p r o c e s s i n g t o 

the h i g h - l e v e l was tes , Figure 11 shows the plutonium r a d i o a c t i v i t y in t he 
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h i g h - l e v e l wastes from one yea r of ope ra t i on of t he f a s t - b r e e d e r as a 

func t ion of s t o r age t ime . Because t h e r e i s l e s s bu i ldup of americium and 

curium i n t he f a s t - b r e e d e r f u e l , as compared with t h e uranimn-plutonium 

fueled wate r r e a c t o r , t h e r e i s l e s s i nc r ea se in p lutonium a c t i v i t y with 

s t o r a g e time in t h e h i g h - l e v e l was tes of t he f a s t - b r e e d e r . The t o t a l 

a l p h a Pu a c t i v i t y i n t h e h i g h - l e v e l wastes of the f a s t - b r e e d e r i s approxi 

mate ly 3 t imes l e s s than t h a t i n t h e uranium-plutonium fueled water r e a c t o r . 

F i g u r e s 12 and 13 show t h e neptunium, americium, curium, and t o t a l a c t i n i d e 

r a d i o a c t i v i t y in t he h i g h - l e v e l wastes from one y e a r of o p e r a t i o n of the 

f a s t b reede r r e a c t o r as a f u n c t i o n of s to rage t ime . Although t h e pe r 

cen tage of higher-mass plutonium i s o t o p e s i n t he d i s c h a r g e fue l i s not as 

h i g h fo r t h e b reeder r e a c t o r as fo r t h e uranium-fueled w a t e r r e a c t o r , 

t h e amount of americium produced i s s i g n i f i c a n t l y g r e a t e r fo r t h e 

b r e e d e r because t h e h igher -mass plutonium i so topes a r e p r e s e n t dur ing 

t h e e n t i r e c o r e - i r r a d i a t i o n t i m e . Hence t h e americium r a d i o a c t i v i t y in 

t h e h i g h - l e v e l wastes i s g r e a t e r f o r t he b reede r than f o r t h e uranium-

fue led water r e a c t o r . 

The c a l c u l a t e d i n v e n t o r i e s o f plutonium in t h e f a s t - b r e e d e r fuel 

c y c l e a re l i s t e d in Table 18 , based upon the f lowsheet q u a n t i t i e s shown 

i n Table 15 snd F igure 10 and t h e p rocess hold-up t imes s p e c i f i e d in t he 

1971 AEC fue l - cyc l e a n a l y s i s , e s c a l a t e d by 20% fo r con t i ngenc i e s . ' - , 1 6 ' 

The t o t a l inventory of p lu tonium alpha a c t i v i t y in t h e f a s t - b r e e d e r r e a c t o r 

and fuel cycle i s about o n e - t h i r d of the inventory of t h e uranium-

plutonium water r e a c t o r and fue l c y c l e , whereas t h e t o t a l inven to ry of 

f i s s i l e plutoniura i s about 36% more for the f a s t - b r e e d e r r e a c t o r . 
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Fig. 11 
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Fig. 13 
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Table 18 

Inventories of Plutonium in Fuel Cycle of 1000 i 
AIFO LMFBR 

Reactor 

Core and axial blanket 

Radial blanket 

Post-irradiation cooling 

Hold-up 
time 

1.99 yr. 

5.81 yr. 

30 days 

Total Pu 

Shipment to fuel reprocessing 28.8 days 

Fuel reprocessing 36 days 

Shipment to fuel preparation 8.4 days 

Fuel preparation 12 days 

Fuel fabrication 12 days 

Shipment to reactor 14 days 

Pre-irradiation inventory 36 days 

Scrap recycle shipment 12 days 

Total external to veactor 

Total in reactor and external fuel cycle 
In plutonium product from one year of operation 

159 

153 

191 

41 

58 

57 

63 

160 

4 

886 
5186 
265 

Plutonium Inventory 
Fissile Pu Alpha Pu 

Kg curies 

117 

113 

142 

30 

43 

42 

47 

119 

3 

656 
3992 
196 

1.76 x 10 

6.31 x 10 

6.94 .1 10 3 

1.78 x 10 4 

4.44 % 102 

9.83 x 104 

Beta Pu 
curies 

3.70 x 10 

1.49 X 10 

3.84 x I05 
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General Electric Follow-On Liquid Metal Fast-Breeder Reactor (GEFO LMFBR) 

The second reference design fast-breeder reactor considered is the 

GEFO design, which is assumed to be typical of the advance LMFBRs. 

The fuel-cycle flowsheet for this 1000 Mw General Electric breeder reactor 

is shown in Figure 14. The cure fuel of this advance design breeder 

reactor operates to an average thermal exposure of 104,5U0 Mw days per 

Mg prior to discharge, corresponding to an average core fuel lifetime of 

2.3 years at 80?. capacity factor, compared with an average thermal exposure 

of 67,600 Mw days per Mg fo - the core of the Atomics International design. 

The radial blanket operates for 3.6 years, at 80% capacity factor, prior 

to discharge. The average thermal specific powers, expressed in megawatt 

per metric ton of U-Pu fuel charged to each region, are 155.6 for the 

core, 13.0 for the axial blanket, and 8.5 for the radial blanket, based 

upon full power of 2058, 193, and 139 megawatts for the core, axial, and 

radial blankets, respectively. 

The material and radioactive quantities in the reactor and fuel 

cycle for the three regions of the reactor and its total are listed in 

Table 1?. Because of the high core specific power of the GEFO breeder, 

considerably less fuel is charged annually to the GEFO core than to the 

AlFO core, 5650 Kg/yr of uranium plus plutonium charged to the GEFO core 

compared with 9S4U Kg/yr for the AIF0 core. 

The isotopic composition of the discharge fuel of the LMFBRs is 

shown in Table 20. The discharge fuel of the GEFO reactor contain a 

higher concentration of the fissile isotope 2 3 9Pu, than the AIF0 dis

charge fuel. This is because less amount of the GEFO core containing 

higher-mass plutonium isotopes is discharged annually to be blended with 

the blanket containing lower-mass plutonium isotopes. The total amount 
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Tabic 19 (continued) 

C U U 1 E S / V R 

II 

J . < i 5 E + 0 5 _ 
j . i ; > r > 0 2 
M . ^ U f + 0 3 
r . 7 m - n i 

„ 5 . ( . h f - 0 3 _ 
3 . R u r - 0 T 
« . S i ; f - - O T 

3 . 3 ! i E # 0 5 

flJ.SIf-OM 

B 2 . 7 7 F - Q 3 

K G M / V R C U H i r S / v q 
• 1 3 E - 0 2 . 
• 7 L E - Q 3 
. i o e - o i 

. H 3 E - 0 * . _ 

. D U G - 0 6 
. 0 3 E - C 7 
. O J C - 0 1 

EsaEli-

6 y £ « - Q 5 _ 
3 . I l f c + Q 2 
( J . O C f + 0 1 
7 . 7 H F - 0 1 

, s . e « » r - 0 5 
a . b h F - O T 
t . 2 ? t - o r 
2 . 7 W + 0 5 

n 2 . 7 0 l l t Q S _ 
0 3 . ! i l F - O f l 

2 .2JP-03 
2 » 23V "03 

KOM 
. . 2 . J 9 E 

i . 5 t r . -
a . s s c -
I . D I E 

. 4 . ? IK-
« » , j a n -
2 . J 7 F -
G . 2 0 E -

I h V E N T O R V 
C.UH1ES 

• 0 1 T . y J E » O S , . 
0 2 7 . i h f . » a a 

• 0 1 a . 0 6 K + D * 
•oa i . T q t : * o o 
• 0 * . 1 . 1 G E - C I . 
Of* a . a i F - o f 

• oi y . 7 o r - c r 
0 1 R . M L + 0 5 

flO.l*E+05„ 
# t . o t x - c e 

- o e 
- 2 9 
- 0 9 -
- O Q 
- 0 0 
- o r 

-0U-

II 
fl.fijf * - o e 

2 , l O f i - O f t 
fl,S2F-Dt> 
1 , 1 7 F - 0 « 

_ 5 . s* t r -oy w 

I . I J F - 1 0 
C f i S h - O f . 

ff.ft.S'^-O* 

2 . < ; 3 F + 0 6 

j . a c c - c a b . e o F - o ^ 
. .1 .2UE-I3 4.«»'lt-0« 

3 . b C 6 - 0 9 * . J b E - 0 3 
ao . 
P 6 . 3 5 I - 0 3 

— T , 5 ' t i £ - i b i . ~ o « r : - c e 
q . s t E - i i i . a « . c - o s 
1 . 7 0 F . - I S ? . t - < * F ~ 0 9 

_ 2 . « b t > E = - l 4 1 . - » 2 t . - 0 Q . 
• i . J t l - 1 7 2 . I U F - C « . 
0 . * 3 F - I 0 1 . , 1 6 t - - 0 $ 

O l . J » E - O i » 

1 . 2 3 E + 0 * I . I I E * 0 9 

~viv. icfir 
POOD. 

f ) . ? 2 E * 0 i » 2 > 7 « e * 0 Q 



Table 19 (continued) 

AXIAL BLANKET 

TOTAL 

CUM IE S/Yfc 
1 . T*h -01 > 
p. o * t - - o i 

" 031 * 0 0_ 

. t u t - i v 
i » o u - * no 

. 2 . W I O 0 * 
s . . i * f « ao 
e. . ; I M - * O U 

a i . D I F + OP 
0b .366+00 

KGM 
_fi.73e-oz: 

U.76F+00 
7 . 1 IF+OO 
3 .S2E-0? 

_ l * « « F . t 0 V 
I .ThE-C; 
1 ,44F*04 

INVENT-OHY 

f i . i 
t l . '3 
c. 1 

« a . 
i n . 

;i 

0 . I 
0 . d 

l 
n- J 

.K.r-03 

. * 9 F - 10 
,<.4E-02 

- P < L . _ 

3*l '« 
b4i:« 

w . U7(.« 
0 5 . 1 6 F * 

_Jj^JflJ * o j _ 

3#7t'E-06 
6 . l ' 3C-02 

_ 2 . 0 £ E * 0 2_ 
l.r><f: + 0 l 
5 . 2 0 E - 0 1 
I . J 2 H - 0 2 

_ , « 7 £ - 2 3 _ 
2.7<;E*02 

2 . n i C - 0 2 
b,3fcC-05 
r .e . - 'F - io 

_ i . i 3 r - o * „ 
6 . ? l t > 2 » 
2 .QSE-02 

e . i 7r-o 
7 . J Tf. • 0 « 

Q2 .0Br4 f l4 
0 ! .2 'J I tO« 

~ c .M<JI + o i " 
6 . I M - 0 I 
6 . l ! ! l : -O I 

_ ft.hyr-o.r'. 

/ . o ? r « o i 
a6. *JCF. *Q I 

CUP i t s . 
«• . | f E - 01 
I . f l / F - 0 2 
l . b d E - Q I 
2.1'TC+O* 
* .7'rf l-*00 
• j .B<r»-ca 

a 5.t>HC + 0C 
flii.oye*ca_ 

E . 4 f E - C e J .?4E*Q1 
3 . i »4 l+00 2 . « ! i F * Q O 
s . t 7 i - o i s.bHt + ca _ 
P.tPt*OQ b.titf »C/> 
* . 7tjP»QQ Li,dhfr»0.b 

fls.atittoa . 
4 . T 5 F I O C 
2 . O J E * 0 J 

_ J . r 7 t » C * 
' i . j i n » o j 
i . j ^ r » 0 9 
I . I ' JOOt 

_ . J.OOE+03 
i ,7 i r » c « 

D4.7ri(-»04 
01 .2« i t * t lS 
~] . 2 f . t . »02 " 

J . 1 ?f * rj J 
_ l . h l f c - 0 1 

] . . i o r * o j 
a i . 2 f .O0? 

http://ai.2f.O0


Table 19 (continued) 

AXIAL DLADKET 

. . C N 2 1 £ _ 

C * Z « 7 
C M 2 1 H 
T C T f l t 

411-

cunies/VH 
0 1 

• tj-UrA .4?b- ( 
.o:u>< 

. 2 S K - I 

. 3 7 1 . - 1 

. C 7P.- f 

5CHARGF. 
C U M i e s / Y R 

1 B.t 341 * tO 2 _ 
c> < < . s i n - 0 2 
b 3 . * 6 f : - O I 
a 4 . 7 3 J - 0 6 
A 2 J L 3 ? C , . T . O « _ 

b 1 . 3 U t - l 4 
4 5.34F*02 

O E . * 3 4 F . * - 0 2 _ 
0 1 . 1 S L - 1 5 

1 . 0 2 E - 1 7 ( . 7 0 1 . - 1 1 

I . 0 2 E - I 7 1 . 7 4 K - 1 I 
n o . 
B l » 7 4 i : - L I 

1 . 7 7 G - 1 H 7 ^ 2 PC%Ts~~ 
5 . 5 b F - 2 D 6 . G 7 H - I S 
2 . P 0 E - P 2 3 , « 9 F - i y 

_ * . - - 7 . 5 C = £ S 2 . . S 5 t = . X O _ 

ji-iEiL 

AD 
KGW/VR 

_ j . 2 t e - 0 4 _ 
1 . 4 I E - 0 C 
4 . 0 I E - C 6 

_l. ,7aEriO_ 
7 . S S F - 13 
3 i 3 7 E - l S 
1 . 3 L E - C 4 

DJkVS 
cuPirs/vn 

4.i7r*oa._ 
6 . 4 4 F - 0 2 
2 . 2 4 F - 0 1 
4 . 7 3 F - 0 6 

__ ? . 3 2 F - 0 0 _ 
€ . * C r - l 4 
I . 3 t ? F - l 4 
4 • 1 7F » 0 2 

„ a * » 1 7 F * 0 2 _ 
g l . l b E - l b 

I - 4 9 C - I | 
_ _ 2 . & 1 F - 2 l _ _ 

I . 4 9 F - " ' 

3 . 0 3 6 - 1 0 I . 2 4 F - M 
5 . 5 1 6 - 2 0 e . O ? F - l S 
2 . 2 0 C - 2 2 3 . A Y F - 1 9 

- * - « * g E - g S 2 • bSBj-A 9 _ 
0 . 0 . 
3iC?k'-lQ I .04E-M 

0 4 . 0 2 E - I S _ 

I N V E N T O R Y 
K G M c u m e s 

_ 3 . 7 C C - 0 4 _ 1 . 2 K » C J _ 
3 . 2 S E - 0 6 ] . t . U F - O l 
5 . 2 C C - C 6 7 * b O C - 0 1 
e.iee-DK i.cjr-os 

. , 3 . < ; 6 £ - t O . 1 • ? . ? £ ' - C 7 _ 
1 . 6 T F - l i ! I . 4 7 F - I 3 
7 . 7 3 E - 1 S 3 . 1 7 E - 1 4 
3 . 8 3 E - 0 4 I . 2 3 E + 0 3 

a 1 * 2 3F. • 0 3 _ 
R 2 . r 3 F - l 5 

JiiEL 
0 3 . 4 4 E - I 1 

1 . J S E - 1 4 
l l . O t E - I V 

0 . 
3 . 0 b F - l 4 

a 3 * 0 4 £ - | 4 

6 . 4 4 F * 0 3 

5 . 8 7 F , * 0 I 3 . 6 . J f - * - 0 8 5 . t f 7 G + 0 1 2 . 0 P F + 0 7 
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ttatottnim o u j o o ! f . ^ - a n i w " - — o j i n t n 
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O C O O O O O i°s°°v°§!S 1!5 ?i??S 
j i i u i w - l _ . U ^ U L l 
jjft.<r><v*—=T^e-m 3 N C T - O 0 - 3 C T 

- « o * * o # ( j c v < r n . o « i o « 

i 5 ~ - « * — « — ? » - i •sr-«»c -•*-?• 
t t u | o« j e« M j O n 

5 J 0 0 „X„ j 5 J 0 0 „X„ < D C « - ' — O — MHK - U f l I ^ O A ) 
O O O C . - 0 
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l u U L l U i t l i UiUU'-IUiL.-fc- i . i . t . l - ' J - U 

ftM3«iiunir» o - o :-^z 
S pw« 

O 0 3 O U J ( T K a n ^ K o o r ? ^ 7 S pw« — J •3 — - • n - i t w *1" 
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t / ) U . W k J W < U U 
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g§^~-(~« o o c O O O C O c o o t °as 
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c o n e 
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Table 19 (continued) 

RADIAL BLM1KET 

CUFHES/VH 

_ C w 5 4 b _ 

-?•?»-

JIL 

DISCHAPGR 
KGM/VN cuniES/vn 

_2.3UE=J)4 7.Q0E + 02_ 
P .3 IF -0 f t 1 . Qf.F-Ol 
B.f)9l=-Cfi f , .9(i l"-0 1 
fi.31F.-Od I . U F - O B 

_f l .E .a . - lO t -3 f i r r .07L. 
1 .0HF-14 <t .4?f : - l4 
2 .49F-C4 7 .08E+02 

« a t ) U L * D 2 _ 
0 3 . 6 h C - l 5 

. f . l 4 r - 1 7 S . 2 4 F - H 
_Li_70Er.aa 6t6ftE-.13_ 

3 . 1 4 E - 1 7 5 . J I P - 1 1 ao. 
B 5 , J 1 F - U 

"."OIJE^TT 4 W O ? - i 4~ 
2.3fcC- iq 2*EHf--1 
I . 0 3 E - S 1 i*<..tfc~l 
5-t i l lE-^a I «7Ur -20 
1 . I C F - 1 7 h « W F - l * 

. ! .n t iF - i f i -

60 DAVS 
KftP/YU CUfUCS. 

_ l . O 5 C - 0 4 t . 14C 
2 . 3 0 E - 0 * I . f d F 
Q.E4C-C6 6 . W K 
6.31E-0Q l . l i r 

_4 .Q |C-1Q _ l .3'<F 

:&i: «4?F 

• ISF 
• 66E 

- 0 1 
- 0 1 
- 0 5 
- 0 7 
- 1 3 
- M 
+ 0J 

0 2 _ 
IS 

4 .44H + 0.1 1 . 7 / F 4 0 0 4 .4 l iF+03 I ,9QF.+ atl 

• 71JE-I7 4 . S 9 F - I I 
. 3 1 E - 3 0 3 .CW.-21 
. 7 £ F - 1 7 4 . b S F - | l 

aO. 
0 4 . 5 4 F - 1 1 

S.1<JF-|4 
c. S£E- I4 
I . 63E-1 * ) 

eec-iu-
I .7CF-^0 
P .54E-14 

a e . P 2 F - l 4 
.fl.2.CS£:-lfi_ 

KAM 
C7E-04 4oe-c« 
13E-06 
j c r - 0 7 
t)4E-C<; 
C4E-12 
5JE-»4 
C7C-04 

IhVi-hTauv 

•. .C7I-- ? . 

4,t>liE>01 1 . 4 7 0 0 0 

I.BHEHJ3 7.33E , t Qfi_ 

l . f 6 t * D 2 5.37E4-C0 

*77fitJ 5. Li J lltS t_ 
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Tabic 19 (continued) 

RBACTOB TOTAL 

C Jl»|l S/VR 
711001 
| 4 F - 0 a 

4 . "J.fF-Ol 
•i . ? ? E + o a 
4 . 6 I F + 0 0 

1 .7JT + 04 
_ fi«<)if *a4 . 

6«3rit" «04 
?» f-aft Ob 
2 * ! t>¥ • 0 I 

._ J.&UE-07. . 
2 . 7 1 ^ + Ofi 

ai »47r+os 
P<»f,«F*oft 

7 . f!«»H *0J " 
1.«Jjf -t0 2 
4 .g.1C+Q? 
! . l 9 F < 0 2 . 
3 . 5 3 6 - 0 9 
e.soe + 03 

Q 7 . 5 i r # 0 3 

7 . 7 7 E - 0 5 
3 . | 3 F . * ) 0 

. S . Q « C * 0 2 _ 
t .CbF*0? 
t . l « F + 0 I 

I . 1 7 E - 0 1 i.rae-os 
_ £ * t j | S * 0 0 _ 

i.asc-Ofl 
3 . 9 | C « 1 0 

TQNy 
CUMINS 

4.4QC.-G? 
I .JOF »fO 
1 . I 2 L 4 0 7 
2-C3E»C9 
1 .C?t»C9 

s 
2.7SC*C? 
9 . 1 VFf 00 

2.QJfc«o¥ 
i 9 . igirt re 

« . l ? F + 0 1 
3 . r>J i *o* 
1 .311 *05 
b.eJi *ot» 
4. ( . IF I 01 

i^ .7^t *OS 
It>.yJfc#0& . s . 7 « « _ t . |4F*Ci 

__3 .02EtQ2 . 
6 .47C*0S 
9 .75F»0S 

am<m* 03 
- 0 I t 921 >.0C. 



Table 19 (continued) 

REACTOP TOTAL 

DAYS 
CUBIFS^VP 

2 . TOE • 05.. 
3 . 1 i r * 0 2 
M.9PF*03 
?. 7UK-01 

3 .5MF-07 
4 . 2 2 F - 0 T 
2 .79F + 05 

g2. 79F.+.05 
B3.61F-0B 

2 . 5 j r . -03 
_ . l . b O F . - I Z . 

02.H3F-OJ 
" > . IOF-Of l — 

4.52E-Q(t 
1 . 1 7F-0<* 
G.94Cr09_ 
1 • ] 9R- 1 0 
L . L?F-06 

Oft .b9^-06 

c^*nc-E 
KCM/VR CURIfcS/YR 

ft. o . 
0 . 0 . 
0 . 0 . 
0 . 0 . 
r.. (\. 
0 . D. 
a . o . 
a . o . 

0 . 0 . 

OISC 
KC.H/fn 

L.O&ErO.I_ 
(>• 7HC-03 
1 . 1 1F--01 
4 , 4 l l ; - 0 3 
I ».H3Fj-.0*_ 
4 .QI .F-06 
i . o 3 F - n 7 
Z .P7C-01 

i . *S^F-O<J 

IHAhGE 60 
CURIES/VR KGM/rR 

a . *7P+ns n . i f F - n p 
.». l2t* -0? 6.7f»K-03 
o.«ifir»oj i.tcn-oi 
r .7rtG-01 4 . 4 1 E - 0 3 
ft,<.OC-02 l . t»3F. -04_ 
3* QUC-07 4.CCK-C6 
4.2PF.-07 1.C3C-Q7 
3 . bCB.fZ P .03E-01 

BS.SftFUl-l 
B 3 . f t l f - Q a 

, , 2.«l7E?0>i ?*ttb£Tft& 
2 . 7 7 6 - 0 3 1.J4E-CJ 

a o . 
P?.7Tt: -03 

DAYS 
CUBIFS^VP 

2 . TOE • 05.. 
3 . 1 i r * 0 2 
M.9PF*03 
?. 7UK-01 

3 .5MF-07 
4 . 2 2 F - 0 T 
2 .79F + 05 

g2. 79F.+.05 
B3.61F-0B 

2 . 5 j r . -03 
_ . l . b O F . - I Z . 

02.H3F-OJ 
" > . IOF-Of l — 

4.52E-Q(t 
1 . 1 7F-0<* 
G.94Cr09_ 
1 • ] 9R- 1 0 
L . L?F-06 

Oft .b9^-06 

1 KVt 
KCM 

Z.4 1E=01__ 
l . 5 t E - C 2 
S.bSE-Ol 
U C I E - 0 2 
4 . 2 | F . - 0 4 _ 
9»32E-Gi 
E. 3 7b-0 7 
S . 2 2 E - 0 I 

3 .5CE-C9 
1 . 2 6 P - I J _ 
3.5CE-0*) 

•NTU^Y 
CURIES 

CMtf<i3 

c^*nc-E 
KCM/VR CURIfcS/YR 

ft. o . 
0 . 0 . 
0 . 0 . 
0 . 0 . 
r.. (\. 
0 . D. 
a . o . 
a . o . 

0 . 0 . 

OISC 
KC.H/fn 

L.O&ErO.I_ 
(>• 7HC-03 
1 . 1 1F--01 
4 , 4 l l ; - 0 3 
I ».H3Fj-.0*_ 
4 .QI .F-06 
i . o 3 F - n 7 
Z .P7C-01 

i . *S^F-O<J 

IHAhGE 60 
CURIES/VR KGM/rR 

a . *7P+ns n . i f F - n p 
.». l2t* -0? 6.7f»K-03 
o.«ifir»oj i.tcn-oi 
r .7rtG-01 4 . 4 1 E - 0 3 
ft,<.OC-02 l . t»3F. -04_ 
3* QUC-07 4.CCK-C6 
4.2PF.-07 1.C3C-Q7 
3 . bCB.fZ P .03E-01 

BS.SftFUl-l 
B 3 . f t l f - Q a 

, , 2.«l7E?0>i ?*ttb£Tft& 
2 . 7 7 6 - 0 3 1.J4E-CJ 

a o . 
P?.7Tt: -03 

DAYS 
CUBIFS^VP 

2 . TOE • 05.. 
3 . 1 i r * 0 2 
M.9PF*03 
?. 7UK-01 

3 .5MF-07 
4 . 2 2 F - 0 T 
2 .79F + 05 

g2. 79F.+.05 
B3.61F-0B 

2 . 5 j r . -03 
_ . l . b O F . - I Z . 

02.H3F-OJ 
" > . IOF-Of l — 

4.52E-Q(t 
1 . 1 7F-0<* 
G.94Cr09_ 
1 • ] 9R- 1 0 
L . L?F-06 

Oft .b9^-06 

1 KVt 
KCM 

Z.4 1E=01__ 
l . 5 t E - C 2 
S.bSE-Ol 
U C I E - 0 2 
4 . 2 | F . - 0 4 _ 
9»32E-Gi 
E. 3 7b-0 7 
S . 2 2 E - 0 I 

3 .5CE-C9 
1 . 2 6 P - I J _ 
3.5CE-0*) 

7. 1 7t*»C2 
2.06E+04 
1 . /QFt-CO 
1 .^op-n i Cf247 

ct*?,ta 

c^*nc-E 
KCM/VR CURIfcS/YR 

ft. o . 
0 . 0 . 
0 . 0 . 
0 . 0 . 
r.. (\. 
0 . D. 
a . o . 
a . o . 

0 . 0 . 

OISC 
KC.H/fn 

L.O&ErO.I_ 
(>• 7HC-03 
1 . 1 1F--01 
4 , 4 l l ; - 0 3 
I ».H3Fj-.0*_ 
4 .QI .F-06 
i . o 3 F - n 7 
Z .P7C-01 

i . *S^F-O<J 

IHAhGE 60 
CURIES/VR KGM/rR 

a . *7P+ns n . i f F - n p 
.». l2t* -0? 6.7f»K-03 
o.«ifir»oj i.tcn-oi 
r .7rtG-01 4 . 4 1 E - 0 3 
ft,<.OC-02 l . t»3F. -04_ 
3* QUC-07 4.CCK-C6 
4.2PF.-07 1.C3C-Q7 
3 . bCB.fZ P .03E-01 

BS.SftFUl-l 
B 3 . f t l f - Q a 

, , 2.«l7E?0>i ?*ttb£Tft& 
2 . 7 7 6 - 0 3 1.J4E-CJ 

a o . 
P?.7Tt: -03 

DAYS 
CUBIFS^VP 

2 . TOE • 05.. 
3 . 1 i r * 0 2 
M.9PF*03 
?. 7UK-01 

3 .5MF-07 
4 . 2 2 F - 0 T 
2 .79F + 05 

g2. 79F.+.05 
B3.61F-0B 

2 . 5 j r . -03 
_ . l . b O F . - I Z . 

02.H3F-OJ 
" > . IOF-Of l — 

4.52E-Q(t 
1 . 1 7F-0<* 
G.94Cr09_ 
1 • ] 9R- 1 0 
L . L?F-06 

Oft .b9^-06 

1 KVt 
KCM 

Z.4 1E=01__ 
l . 5 t E - C 2 
S.bSE-Ol 
U C I E - 0 2 
4 . 2 | F . - 0 4 _ 
9»32E-Gi 
E. 3 7b-0 7 
S . 2 2 E - 0 I 

3 .5CE-C9 
1 . 2 6 P - I J _ 
3.5CE-0*) 

B.P3C-07 
9 .70E-C7 
H. l f lF»05 ^ 

HH^'W 

c^*nc-E 
KCM/VR CURIfcS/YR 

ft. o . 
0 . 0 . 
0 . 0 . 
0 . 0 . 
r.. (\. 
0 . D. 
a . o . 
a . o . 

0 . 0 . 

OISC 
KC.H/fn 

L.O&ErO.I_ 
(>• 7HC-03 
1 . 1 1F--01 
4 , 4 l l ; - 0 3 
I ».H3Fj-.0*_ 
4 .QI .F-06 
i . o 3 F - n 7 
Z .P7C-01 

i . *S^F-O<J 

IHAhGE 60 
CURIES/VR KGM/rR 

a . *7P+ns n . i f F - n p 
.». l2t* -0? 6.7f»K-03 
o.«ifir»oj i.tcn-oi 
r .7rtG-01 4 . 4 1 E - 0 3 
ft,<.OC-02 l . t»3F. -04_ 
3* QUC-07 4.CCK-C6 
4.2PF.-07 1.C3C-Q7 
3 . bCB.fZ P .03E-01 

BS.SftFUl-l 
B 3 . f t l f - Q a 

, , 2.«l7E?0>i ?*ttb£Tft& 
2 . 7 7 6 - 0 3 1.J4E-CJ 

a o . 
P?.7Tt: -03 

DAYS 
CUBIFS^VP 

2 . TOE • 05.. 
3 . 1 i r * 0 2 
M.9PF*03 
?. 7UK-01 

3 .5MF-07 
4 . 2 2 F - 0 T 
2 .79F + 05 

g2. 79F.+.05 
B3.61F-0B 

2 . 5 j r . -03 
_ . l . b O F . - I Z . 

02.H3F-OJ 
" > . IOF-Of l — 

4.52E-Q(t 
1 . 1 7F-0<* 
G.94Cr09_ 
1 • ] 9R- 1 0 
L . L?F-06 

Oft .b9^-06 

1 KVt 
KCM 

Z.4 1E=01__ 
l . 5 t E - C 2 
S.bSE-Ol 
U C I E - 0 2 
4 . 2 | F . - 0 4 _ 
9»32E-Gi 
E. 3 7b-0 7 
S . 2 2 E - 0 I 

3 .5CE-C9 
1 . 2 6 P - I J _ 
3.5CE-0*) 

po.ct>F.-ce 

, 4.<>nr-04 ,_ ,_ 
T O I L . 0 . 0 • J . 5 3E-C 1* 

IHAhGE 60 
CURIES/VR KGM/rR 

a . *7P+ns n . i f F - n p 
.». l2t* -0? 6.7f»K-03 
o.«ifir»oj i.tcn-oi 
r .7rtG-01 4 . 4 1 E - 0 3 
ft,<.OC-02 l . t»3F. -04_ 
3* QUC-07 4.CCK-C6 
4.2PF.-07 1.C3C-Q7 
3 . bCB.fZ P .03E-01 

BS.SftFUl-l 
B 3 . f t l f - Q a 

, , 2.«l7E?0>i ?*ttb£Tft& 
2 . 7 7 6 - 0 3 1.J4E-CJ 

a o . 
P?.7Tt: -03 

DAYS 
CUBIFS^VP 

2 . TOE • 05.. 
3 . 1 i r * 0 2 
M.9PF*03 
?. 7UK-01 

3 .5MF-07 
4 . 2 2 F - 0 T 
2 .79F + 05 

g2. 79F.+.05 
B3.61F-0B 

2 . 5 j r . -03 
_ . l . b O F . - I Z . 

02.H3F-OJ 
" > . IOF-Of l — 

4.52E-Q(t 
1 . 1 7F-0<* 
G.94Cr09_ 
1 • ] 9R- 1 0 
L . L?F-06 

Oft .b9^-06 

1 KVt 
KCM 

Z.4 1E=01__ 
l . 5 t E - C 2 
S.bSE-Ol 
U C I E - 0 2 
4 . 2 | F . - 0 4 _ 
9»32E-Gi 
E. 3 7b-0 7 
S . 2 2 E - 0 I 

3 .5CE-C9 
1 . 2 6 P - I J _ 
3.5CE-0*) 6..1&E-0 3 

ao. 
B f t . J i F - 0 3 

CF240 
CKP'tO 

c . 
0 . 
0 . 

0* 
0 . 
0 . 
n . 

3 . 2 5 F - 1 0 
4 . IfaR-l 1 
7 .A1C-1J 

I .vHE-OG 5 . I 4£»10 
4 . S 5 F - 0 6 4 .13E-1L 
| . i r t - 0 9 7 . 4 U - I 3 
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of plutonium to he reprocessed annually is 1400 Kg for the GEFO reactor 

compared with 1940 Kg for the AIFO reactor. Thus, the amount of alpha 

plutonium radioactivity reprocessed annualy for tha GEFO reactor is about 

two-thirds of that reprocessed annually in the AIFO reactor fuel cycle. 

Table 20 

Isotopic Composition of Plutonium in Reprocessed 
Discharge Fuel of LMFBRs 

AIFO GEFO 

wt. % wt. % 
2 3 6 P u 1.S4 x 10" 6 2.42 x 10"b 

z 3 0 P u 6.88 x 10" 2 7.27 x 10~ 2 

2 3 9 P u 71.7 77.0 
2 4 D P u 2S.1 20.6 
2 £ f lPu 2.38 1.85 
2 l t 2Pu 0.76 0.47 

100 100 

The calculated inventories of plutonium in the GEFO reactor fuel 

cycle are listed in Table 21, based upon the same process hold-up times 

as the AIFO reactor. The amount of plutonium inventory in the reactcr 

and external fuel cycle for the GEFO reactor is more than 1000 Kg less 

than the inventory in the AIFO reactor. However, the piutonium product 

from one year of operation is almost 200 Kg more for the GEFO reactor. 

The estimated neutron source strength of spent IWFBR core fuels are 

compared with those from water reactors in Table 22. Most of the neutrons 

originate from spontaneous fission in the isotopes 21*2Cm and zl|l*Cm and 

are of considerable interest in the design of shipping casks for irradi

ated fuels. The 2 l l l tCm isotope, which has a half-life of 17.6 years, is 

also expected to present a shielding problem in transporting and disposal 
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of the wastes. Greater than 90% of the neutron source strength is due 

to 2k2Csa and 2**4Cm; in water reactors 70 to 90% of it results from 2 4 4Cm, 

whereas in LMFBR's, approximately 60% is generated by 2t*2On. The total 

neutron spectrum is slightly harder for fast reactor due to a higher fa.n) 

fraction. The LMFBR source spectra are about 25% (a,n), while the water 

reactor source spectra are 88 to 95% spontaneous fission. The results of 

Table 22 indicate that the neutron source in spent LMFBR cores will be 

greater than from enriched-uranium water-reactor fuel but less than 

from plutonium-recycle water-reactor fuel. If spent LMFBR fuel elements 

from both core and blankets are shipped and processed together, the neutron 

source from the mixed fuel is no more of a hazard than that from water 

reactor fueled with enriched uranium. This is indicated in Table 25, 

which shows the neutron source strength of the mixed core-blanket fuel. 



Table 21 
Inventories of Plutoniura in Fuel Cycle 

Reactor 
Core und axial blanket 
Radial blanket 

Hold-Up 
Time 

3.0 yr. 
3.6 yr. 

Post-irradiation cooling 30 days 

Shipment to fuel reprocessing 28.8 days 

Fuel reprocessing 36 days 

Shipment to fuel preparation 8.4 days 

Fuel preparation 12 days 

Fuel fobricotion 12 days 

Shipment to reactor 14 days 

Pre-irradiation inventory 36 days 

Scrap recycle shipment 12 days 

Total external to reactor 

Total in shipment 

Total in reactor and external fuel cycle 

Total Pu 
. *i ... 

3500 

115 

110 

138 

23 

33 

32 

36 

92 

2.27 

581 

169 

4081 

of 1000 Mw GBFO LMFBR 

Plutonium Inventory 
Fissile Pu Alpha Pu 

In plutonium product from one year of operation 446 

J£ 

90 

86 

109 

18 

26 

25 

28 

72 

1.79 

456 

132 

3327 

352 

2.'75 x 10 

1.45 X 10 

2.44 X 10 3 

3.48 x 10 

9.63 x 10 

2.40 x 10" 

Beta Pu 
curies 

3.39 x 10 = 

2.60 x 10 = 

4.37 x lO4 

6.24 x 10'' 

6.08 x lO4 

6.63 x 10 4 

1.71 x 10 5 

4.30 x 10 2 

1.21 x 10 6 

3.19 x 10 5 



Table 22 
Estimated Neutron Source Strength of Spent Power Reactor Fuels 
Water Reactor Fueled with 

Enriched Uranium 
Isotope Isotope 

Content 
( 8 / t o n ) ( c ) 

Neutron Source,. : 
o-n S.F.(b> 
(sec" ton" x 10" ) 

23Gp u 219.9 7.3' 0.5 
2 3Jp u 5280 0.5 0 
2»0p u 2170 0.8 2.0 
2 " 2 P u 354.3 0 0.7 
z"'Am 48.55 0.3 0 
2 « C m 4.C48 47.1 96 
2*"Cm 33.44 6.5 381 
2"&Cm 0.2286 0 2.1 

Tot/i I i 61.8 4B2 

Overull Totul 544 

Water Reactor Fueled with Recycle 
Plutonium and Natural Uranium 
Isotope 
Content 
U'ton) C c ) 

Neutron 
a-n 
(sec"1 

Sourco(a)„ , 
S.F.(b> 

ton"1 x 10"6) 

I 47.1 3.3 

12150 1.2 0 

9058 3.2 B.5 

3954 0.02 7.9 

577.B 4.0 0 

70.6 681.6 1387 

1698 -.31.6 19360 

18.Bl 0.01 173.6 

1069 

22009 

20940 

[D) Neutron source strength is at 150 days after fuel is discharged from reactor. 
(b) S.):, = spontaneous fission. 
(c) "Ton" in this tuple refers to metric ton of fuel ns charged to the reactor. 



Table 22 (cont inued) 

l istimuted Neutron Source S t r eng th of Spent Power Reactor Fuels 
A1F0 LMFBR Core GEFO LMFBR Core 

Isotope 
Isotope 
Content 

Neutron 
u-n 

Source J, 
S.F. ( b ) 

Isotope 
Content 

Neutron 
a-n 

Source1"' 
S.F. ( b ) 

(B/ton) ( c ) (sec"l ton"1 x 10~6) (e/ton) l c ) -1 (sec ton - 1 x ID"6) 
23Bpu 131.16 4.4 0.3 157.3 5.2 0.4 
2 39pu 114200 11.0 a 111200 10.7 0 
z"°Pu 40350 17.2 46.4 45960 16.0 43.3 

••"•ZPU 1544 0.008 3.1 1157 0.006 2.3 
2 l , l A m 402.9 2.8 0 350.3 2.4 0 
2 "Cm 13.52 130.5 265.6 16.35 157.9 321.3 
2l<"Cii. 13.33 2.6 152.0 19.59 3.8 223.3 
2«Cm 0.01 0 0.09 0.03 0 0.3 

Total 16l». S 467.5 196 590.9 

Overall Total 636 787 

(a) Neutron source s t r e n g t h is a t 311 days a f t e r fuel i s d i scharged from co re . 

(b) S. l : . = spontaneous f i s s i o n . 

(c) "Tun" in t h i s t a h l e r e f e r s to me t r i c ton of fuel as charged rn the core . 



Table 23 

Estimated Neutron Source Strength of Spent Power Reactor Fuels 

AIPO LMFBR GEF0 LMFBR 
Isotope 

Isotope 
Content 

Neutron 
a-n 

Sourcel9J. Isotopo 
Content 

Neutron Sourcev?u\ 
a-n S.F. ( b ) 

( S/ton) ( c ) Csoc"1 ton - 1 x 10"6) (g/ton) C c ) (sec" tan" 1 x ID"6) 
J3Bpu 69.97 2.3 0.16 61.12 2.04 0.14 

" 9 P u 73750 7.1 0 65008 6.42 0 
2*0pu 25800 9.0 24.27 17444 6.16 16.4 
2 * 2 P U 782.8 0.004 1.565 395.6 0.002 0.79 
z ,"Am 214.7 1.43 0 122.3 0.85 0 
2 u 2 C n 6.856 66.18 134.7 5.586 53.9 109.7 

"̂•Cro 6.753 1.319 77.01 6.668 1.30 76.0 
i M 6Cm 0.005 0 0.05 0.01 0 0.1 

Total 87.3 237.7 70.7 203 
Overall Total 325 274 

(a) Neutron source strength Is at 30 days after fuel is discharged from reactor. 

(b) S.F, = spontaneous fission. 

(c) "Ton" In this table refers to metric ton of fuel as charged to the reactor. 



V. FUEL CYCLES FOR THE 1000 Mw HIGH TEMPERATURE 
GAS-COOLED REACTOR (HTGR) 

HTGR Fueled with Thorium and Enriched Uranium 

The gas-cooled reactor ^ recently introduced as an alternative 

nuclear power plant, is a helium-cooled graphite structure fueled with a 

mixture of natural thorium ( 2 3 2Th) and uranium of high fissile content. 

Part of the uranium in the reactor fuel consists of make-up highly en

riched uranium (93.^* 2 3 5 U ) , obtained by enriching natural uranium in an 

isotope separation plant. The discharged fuel is processed to recover 

the uranium remaining from the makeup 2 3 5 U , which is then recycled for 

only one more pass through the reactor to avoid the penalty from high 
2 3 6 U content. The cost advantage of not recycling the exposed 235U 

material over a fuel cycle which recycles the exposed 2 3 5 U material has 

been estimated to be about 0.06 mills/kwhr averaged over the 30 years of 
(19) reactor operation. Also recovered for recycling is the largely fissile 

2 3 3 U , formed by neutron-capture reactions in thorium. The thorium is too 

radioactive to be recycled and is stored for 10 to 15 years to permit the 

decay of the 2 3 aTh and its gamma active daughters before recycling. 

Since the fuel cycle conversion ratio of the reference type HTGR under 

consideration is about 0.4 with a fuel exposure time of four years, 

makeup 2 3 5 U will have to be used throughout the life of the reactor- The 

fuel cycle considered here is the equilibrium fuel cycle, reached after 

several years of operation. 

The principal act in ides involved in using thorium-uranium fuel are 

shown in Figure 15. The primary chain leading to the formation of uranium 

in the irradiated HTGR fuel is: 

2 " T h " Y • 2"Th 2 ( 2 a " 3 p a _ _ T _ _ 2 3 3 U ( 1 ) 
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Fig. IS 
fcclMt Ouln 1rm n v t a lm4UttM 



Neutron capture reactions in 2 a 3 U generate 2 3 1*U, 2 3 5 U , and 2 3 6 U . In 

addition, 2 3 2 U is formed by the initiation of (n, 2n) reactions in 2 3 2 T h . 

The primary chain leading to the formation of 2 3 2 u is: 

232-n, "- 2 n • "'Th 2 5
B 3 h > " l p a n.T „ 2 3 2 p a _ B _ + 2 3 2 u (,, 

The main source of high energy gamma radioactivity in - 3 iU after re

processing of fuel from HTGRs will be from the decay products of - '-"ll. The 

decay chain of 2 3 2 U will contribute both very high energy gamma rays and 

neutrons from [a, n) reactions with light elements associated with the 

uranium. The decay chain can be written as 

232M a - 229-1̂  g . 22U R a
 g

 fc 220 R n ° .» 216pn fc 
U ^72y* T h 1.91y* R a 3764d* to 553T* P ° * 

216 P o ^ _ * 212pb _&_^ 212 B i gC36t) 2 0 8 T B ^ 2 0 B p b ( 3 ) " , c ~ i n " 60.6m 3.1m A 

0.3 us. 

The decay daughters 2 0 8 T£ and 2 1 2 B i produce high energy gammas and are 

major sources of radiation from recycle uranium fuel. 

In addition to reaction (1), 2 3 3 U is also form from neutron capture 

of 2 3 2 U : 

233u (".2") > 232(j 

The principal plutoniura isotope formed is 2 3 8Pu, formed by the chain 

initiated with neutron capture in 2 3 5 U . Higher-mass plutonium isotopes 

result fron neutron absorption in the small amount of 2 3 a U (6.5%) present 

in the highly enriched make-up iranium, as shown in Figure 2. 

The fuel elements of the HTGR consist of a hexagonal block of graphite 

approximately 31.2 inches high and 14.2 inches across the flat with 

approximately 72 holes for the helium coolant flow and 132 fuel holes. 
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The fuel is in the form of ceramic kernels coated with pyrolytic carbon 

and silicon carbide and bonded into sticks of approximately 0.63 inches 

in diameter that fit into the fuel holes in the graphite blocks. 

Each fuel block contains only one of the three types of uranium-

thorium fuel so that the spatial arrangement of blocks throughout the 

reactor containing different types of fissile uranium provides a means of 

controlling the spatial distributions of neutron flux and power density. 

The material properties of each of the three fuel types are given 

in Table 24. The B1S0 particles are coated with an inner layer of low 

density pyrolytic carbon and an outer layer of high density pyrolytic carbon. 

The TRISO particles are coated with an inner layer of low density pyrolytic 

carbon and the outer layers being a layer of silicon carbide sandwiched 

between two layers of high-density pyxolytic carbon. The pyrolytic carbon 

coatings are to prevent the rapid spread of fission products in the reactor 

system while the principal function of the silicon carbide coating is to 

keep the fissile 2 3 5 U particle intact during the crushing and burning 

prior to reprocessing so that it can be physically separated from the 

other particles by size classification. By maintaining separation of 

the spent 2 3 5 U from the 2 3 3 U , the fabrication cost is reduced. This is 

possible because particles containing only thorium or 2 3 5(J can be 

fabricated at considerably lower cost in a separate facility from the 
2 3 3 U particles since shielding is net necessary. The recycled 2 3 3 U 

particles must be handled in heavily shielded facilities1" '~ because of 

high concentration of 2 3 2 U CO.03%), which has daughter products Z08Tii and 
2 1 2 B i that emit high-energy gamma radiation. 

The steam generated by the hot helium coolant from the reactor is at 

higher temperature and pressure than the steam generated in water reactors, 

resulting in an overall thermal efficiency of 38.7%. The average thermal 



(24) 

Property 

Table 24 

HTGR Fuel Particle Descriptions 

Initial and Makeup Elements 2 3 3 U Recycle Elements 2 3 S U Recycle Elements 
Fissile Fertile Fissile Fertile Fissile fertile 
Particle Particle Particle Particle Particle Particle 

Isotope 235„ Th " 3U-Th Th 2"U Th 
Kernel Composition uc2 Th0 2 CTh,U)02 Th0 2 uc2 Th0 2 

Kernel Diometcr(lim) 200 500 400 500 200 500 
Type Coating TRISO BI50 DISO BISO TR1S0 BISO 

Coating Thickness (urn) 

Duffer Carbon 85 BS 90 85 85 85 
Inner Dense Carbon 25 25 
Silicon Carbide 25 25 
Outer Dense Carbon 35 75 80 75 35 75 

Total Particle Diameter (urn) S40 620 740 820 540 820. 
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specific power in the reactor core is 64.57 Mu per Mg of uranium and 

thorium in the fresh fuel. Each year one-fourth of the reactor fuel, 

contained within 900 graphite fuel blocks, is discharged and replaced with 

fresh fuel, so that each fuel element remains within the reactor for four 

years. At an average load factor of 80%, the resulting average thermal 

exposure is 94,270 Mw days per Mg of uranium and thorium charged. Calcu

lated isotopic compositions of the charge and discharge fuel for each 

of the three fuel types are listed in Table 25. The compositions of 

the annual charge and discharge fuel for the reactor are listed in 

Table 26. Also listed in Table 26 are the compositions of the discharge 

fuel 150 days and 365 days after the fuel is discharged from the reactor. 

The discharge fuel is stored at the reactor site for 150 days 

to allow time for decay of fission-product radioiodine and 2 3 7 U . The fuel 

is then shipped to a reprocessing facility where it is separated into 

thorium, uranium, and high-level waste containing the mixed fission products 

and remaining actinides, and a high-level waste consisting of activated 

cladding and fuel-assembly structure. The shipment to reprocessing 
CIS} facilities is calculated to require 215 days for each annual discharge. 

All the plutonium present in the fuel and 0.25% of the uranium and thorium 

are assumed to follow the high-level waste stream. The recovered uranium, 

except for the once recycled makeup 2 3 5 U , is returned as input for 

conversion and refabrication. The percentage of input material which 

appears as losses and as scrap recycle in each fuel cycle operation is 

taken from a recent study on the HTGR fuel cycle. A flowsheet of the 

fuel actinides is shown in Figure 16. it is apparent that the reactor 

fuel cycle consumes almost ten times as much natural uranium as thorium. 

Since it is not planned to recover the plutonium for recycling, so 



Isotope 

Th 
2 3 2.U 
233(j 

T H - 2 3 3 U 

Table 25 
Calculated Uranium Compositions of HTGR Fuel Particles 

(Annual Quantities) 
«=U 

Fresh Makup 
Curies 

2 34 u 

35 U 

Kg. 
j Charge 

0.7975 7271 
2271 0.106 
1749 184.6 
479.1 77.42 
0.068 3!. 75 
2.436 38.42 
3.41 x ID" 4 1.022 

i Discharge 
0.737 6740 

2312 0.108 
1601 168.9 
484.9 78.36 
0.069 32.16 
2.467 38.91 
1.30 x 10 7 0.160 
3.47 x lo-4 1.045 

18.18 
0.701 

0, .057 
7 .01 X 10' 
0 .173 
0 .037 
2 .815 
1 .49 X 10 
5.92 X 10 

& 

2.937 
326.9 

2,66 x 
7.40 x 
0.028 
17.32 
44.39 
0.182 
17.76 

2 35 U 

Recycled Makeup 
Curies 

0.334 
0.037 
2.780 
6.75 x 

0.070 
3.03 x 
0.191 
1.96 x 
1.8B4 
9.95 x 
5.28 x 

Kg. 

0.054 
17.11 
43.85 
20.26 

3 .26 X 10 
3, ,20 x 10' 
0, ,031 
O, 
29. 

.914 

.71 
0 ,122 
15, 84 



Table 26 
Material and Radioactive Quantities in Reactor and Fuel Cycle for a 1000 Mw Uranium-Fuolcd HTGR 
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Table 26 (continued) 
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Fig. 16 

Actinide Flowsheet for the 1000 Mw Uranium-Fueled HTGR 
Yearly Quantities 
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the plutonium, americium, and curium follow the high-level reprocessing 

wastes with relatively small quantities appearing in the lew-lev I re

processing wastes. The calculated material and radiocctiviLj quantities 

of plutonium, americium, and curium in these wastes are listed in Table 26, 

under the column labeled 365 days since reprocessing occurs 365 days 

after the fuel is discharged from the reactor. The mass of plutonium 

contained in these wastes at the time of reprocessing is over 12 times 

greater than in the uranium-fueled water reactor and about five times 

greater than in the uranium-plutonium-fueied water reactor. However, 

the long-term storage problem is no greater for the wastes from the 

uranium-thorium fuel cycle because far less americium and curium are 

formed in this cycle since there is relatively small quantity of 2 3 8 U 

present in this HTGR fuel. The calculated radioactivity of plutonium 

in these high-level wastes as a function of storage time is shown in 

Figure 17. Figure 18 shows the total actinide activity in the high-level 

wastes as a function of waste storage time. 

The material and radioactivity quantities of uranium in the charge 

and discharge fuel and in fuel reprocessing (356 days after discharge) 

is shown in Table 26. The principal alpha source in the recycled uranium 

is the 72-year 2 3 2 U . After the separation of uranium in chemical 

processing 1.91-year 2 2 6Th, the decay daughter of 2- 2U, builds up and 

the hard gammas associated with its short-lived daughters will require 

shielding when fabricating recycle fuel. Based on 100% 2 3 2Th in natural 

thorium, the 2 3 2 U content in the recycle 2 3 3 U is calculated to be 338 

ppm, resulting in a 2 3 2 U alpha activity of 2266 Ci in the yearly amount 

of recycle uranium to be processed. Some natural thorium contains trace 

quantities of 2 3 0Th, a decay product of 2 3 e U and evidently occurring because 
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Fig. 17 

Plutonium Radioactivity in High-Level Wastes 
Produced in One Year by 1000 Mw HTGR 
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Figure 18-
Actinide Rodiooctivity in High-level Wastes 

Produced in One Year by IOOO Mw HT6R 
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of co-existing uranium deposits. Neutron capture in 2 3 0 T h leads eventu

ally to 2 3 2 U , as illustrated in Figure 15. Table 27 shows the effects 

of 2 3 0Th in the charge fuel on the concentration of 2 3 2 U in the discharge 

fuel. For a concentration of 4 ppm of 2 3 0Th in the thorium makeup, the 
2 3 2 U concentration in the recycled uranium is increased by 6.4%. For a 

concentration of 100 ppm of 2 3 0 T h in the makeup thorium, the 2 3 2 U 

concentration in the recycled uranium is increased by 160% to 879 ppm 

and a 2 3 2 U alpha activity of 5892 Ci/yr. 

Considerable alpha activity is also associated with 2 3 3 U , and 

beciuse of its long half-life of 1.62 x 10 years, 2 3 3 U in the iow-ievel 

wastes from recycle process operations will dictate the requirements of 

long-term waste management. The total alpha activity in the recycled 

uranium in this fuel cycle is over 150 times smaller than the alph.i 

activity in the fuel recycled in the uranium-plutonium fueled water 

reactor, and i. is 50 times smaller than the alpha activity in the fuel 

recycled in a water reactor operating on slightly enriched uranium fuel 

with self-generated plutonium recycle. 

Plutonium in Fuel Cycles for the HTGR 

An alternative means of realizing the fuel value of plutonium re

covered from discharge fuel from uranium-fueled water reactors would 

be to recycle this plutonium in the HTGR. This plutonium could replace 

the highly enriched 2 3 5 U makeup fissile material in the uranium-thorium 

fuel cycle. The plutonium remaining in the discharge fuel will he re

covered and recycled along with the fissile uranium formed by neutron 

absorption in the thorium. It is assumed that the uranium bred from 

thorium is recycled thrice, after which it is retired. Table 28 

and 29 sho^ the steady state annual charge and discharge of the thorium, 



Tabic 27 

Thorium and Uranium in the Charge and Discharge Fuel of the 1000 Mw HTGR 
Fueled with Thorium and Recycled Uranium 

0 ppm of 2 3 0 T h in Charge 
Isotope Charge Discharge 

[kE/yr] ( k S / y ) 
Z3U T h 5.37E-03 

2 32 T | , 7.27E*03 6.74E+03 

232(, 1.06E-01 1.08E-01 

233 U 1.B5E+02 1.69E»02 

2 3'.„ 7.74E+01 7.84E*01 

235u 3.76E+02 5.04E*01 

236K 8.23E*01 1.13E+02 

237u 4.64E-01 

23BU 4.40E*01 1.97E-04 

4 ppm of 2 3 0Th in Charge 
Charge 
[kg/Kr] 
2.B4E-02 
7.27E+03 

1.06E-01 

1.85E+02 

7.74E+01 

3.76E+02 

8.23E+01 

4.40E+01 

Discharge 
[kg/yrl 
1.29E-02 

6.74B+03 

1.15E-01 

1.69E+02 

7.84E+01 

5.04E+01 

1.14E+02 

4.64E-01 

1.97E-04 

100 ppm of * 3 0Th in Charge 
Charge d i s cha rge 
| k g / y r ] [kg/.vr] 
7.27E-01 1.97E-01 

7.27E+03 6.74E+03 

1.06E-01 2.80E-01 

1.85E*02 1.69E+02 

7.74E+01 7.B4E+01 

3.76E+02 5.04E+01 

8.23E*01 1.14E+02 

4.64E-01 

4.40E+01 1.97E-04 



Table 28 

1000 Mw HTGR with PU Recycle 
Steady State Charge 

Radionuclides 

Th-232 

U-232 

U-233 

U-234 

U-235 

U-236 

U-23B 

Pu-236 

Pu-238 

Pu-239 

Pu 240 

Pu-241 

Pu-212 
Totol U 
Total Pu 

Th 
Particle 
IKR/yr) 

U-233 
1st Recycle 

IKfi/yrJ-
U-233 

Jnd Recycle 
|K«/yrJ 

U-233 
3rd Recycle 

tKg/yr] 
7.07E*03 

9.80E-02 2.96E-02 8.74E-03 

2.04E+02 3.S1E+01 6.0SE+00 

3.94E*Ol 3.17E+02 1.38E+01 

1.17E+01 2.13E*01 1.36E+01 

1.31E*00 6.72E+00 9.42E+00 

2.02E-03 2.27E-02 5.78E-02 

Pu Pu 
Recycle Makeup Total 
[Kg/yr] |KB/yr] [Kg/yr] 

7.07E+03 

1.36E-01 

2.45E+02 

8.S0E+01 

4.67E+01 

1.74E+01 

8.24E-02 

1.30E-04 4.87E-04 6.17E-04 

9.40E+00 1.16E+01 2.]DE»01 

2.03E+00 2.78E*02 2.80E+02 

1.30E+01 1.1SE»02 1.28E+02 

1.17E+01 S.3SE*01 6.53E+01 

3.65E+01 1.86B+01 S.51E+01 
3.94E*02 

7.26E+0] 4.77E*02 5.50E*02 



1000 

Table 29 

Mu HTGR with Pu Recycle 

Steady S t a t e Discharge 

Radionuc l ide ; i P a r t i c l e 
[kg /yr ] 

1st Recycle 
t k g / y r ] 

2nd Recycle 
[kg /y r ] 

3rd Recycle 
[kg /y r ] 

P a r t i c l e 
[kg /y r ] 

To ta l 
[kg /y r ] 

Th-232 G.G3O03 3.71E-07 8.96E-07 1.02E-06 2.62E-09 6.63E+03 

U-232 9.96E-02 3.O2E-02 8.95E-03 2.62E-03 1.47E-04 1.41E-01 

U-233 1.90E+02 3.55E+01 6.13E+00 1.06E+00 4.84E-05 2.33E*02 

U-234 •i.oon+oi 3.21E+0. 1.40E+01 S.25E*00 1.97E-01 9,14E*01 
U-235 1.18E*0] 2.16E*01 1.38E+01 6.381-tOO 1.05E-01 S,38E*01 
U-23d 1.33E+00 6.79E-00 9.53E+00 8.6DB+00 4.31E-02 2,635*01 

U-238 2.04E-03 2.29E-02 5.85E-02 8.67E-02 4.B0E-04 1.71E-01 

l'u-236 1.20E-07 2.28E-06 5.51E-06 6.20E-Q6 1.54E-04 1.68E-04 

PU-23B 2.40E-02 4.30E-O1 1.02E+00 1.14E+00 6.27E+00 8.88E+00 

Pu-239 3.00E-03 O.96E-02 1.76E-01 2.03E-01 1.61E+00 2.06E+00 

Pu-240 9.30E-04 3.26E-02 9.20E-02 1.096-01 1.14E+01 1.16E+01 

Pu-241 2.59E-04 1.25E-02 3.77E-02 4.58n-02 1.23E*01 1.24E+01 

Pu-242 4.41E-05 3.41E-03 1.13E-02 1.43E-02 3.69E*01 3,69E*01 

Total U 2.43E+U2 9.60E+01 4.35E+01 2.14E+01 3.46E-01 4.05E+02 

Tota l Pu 2.82E-02 5.4BE-01 1.34E*00 1.5 lii+00 b.B5E*01 7.18E+01 
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uranium, and plutonium isotopes. 478 Kg/yr. of makeup plutonium is re

quired from the recovered fuel of the uranium-fueled water reactors. Thus, 

a total generating capability of 196S Mw of uranium-fueled water reactors 

is required to support this 1000 Mw plutanium fueled HTGR for one year. 

The results from Table 29 show that only negligible 2 3 3 U is retired, thus 

recycling thrice is equivalent to full utilization of the bred uranium. 

More detailed yearly quantities of the charge and discharge fuel are 

listed in Table 5(1. The reactor inventories are also listed. The in

ventories of the thorium, uranium, and plutonium are average inventories, 

all other inventory quantities were calculated on the basis of the compo

sition of the discharge fuel. A fuel cycle flowsheet illustrating the 

adaptation of the gas-cooled reactor to plutonium-uranium-thoriura fueling 

is shown in Figure 19. Since the plutonium is recycled, only a relatively 

small amount of plutonium is lost to the high-level wastes at reprocessing. 

However, essentially all the americium and curium in the dij^harge fuel 

appears in the high-level reprocessing wastes. The calculated radioactivity 

of plutonium in the high-level wastes is shown in Figure 20. The plutonium 

radioactivity in these wastes is smaller at the time of reprocessing than 

for the uranium-fueled HTGR, but for storage time greater than a few hundred 

years, the plutoniura radioactivity is greater than for the uranium-Cueled 

HTGR due to the large amount {42.4 Kg/yr} of 2Ut,Cra present in the high-

level wastes. The calculated radioactivities of neptunium, americium, and 

curium in the high-level wastes as a function of storage time is shown in 

Figures 21 and 22. The curium radioactivity in these wastes is comparable 

to that produced in the plutonium-fueled water reactor. For the first 

hundred years of storage, curium is the main contributor to the total 

actinide radioactivity in the high-level wastes, beyond that, neptunium, 



Table 30 
Material and Radioactive Quantities in Reactor and Fuel Cycle for a 1000 Mw HTGR 

Fueled with Thorium, Recycled Plutonium, and Recycled Uranium 
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phaae . . t f ta as obtained in f i t s to the two body s c a t t e r i n g da ta by 
20 

MacGregor, Arndt and Hright , and obta in fCO) by summing the s , p and 

d p a r t i a l waves- Then, s ince we d e s i r e an average i n t e r a c t i o n cor rec ted 

for many-body e f fec t s we per forc two averages and two co r r ec t i ons 

s equen t i a l l y in a Fermi gas approach as follows: 

i ) Average over spin and i sosp in s t a t i s t i c s . We def ine the 

f r ac t ion of non- ident ica l p a r t i c l e c o l l i s i o n s 

« Z - Z N 

where N and Z represent neutron number and proton number, r e spec t ive ly 

of the i n t e r a c t i n g ions 1 and 2 . Then we evaluate the average amplitude 

f(0) = Cf (0) + ( 1 - Q f p p ( 0 ) (18) 

For an N=Z p r o j e c t i l e on an a r b i t r a r y t a rge t Q=Hl and the r e s u l t s of 

t h i s procedure are demonstrated a t the top of Figs- 5a and 5b for the 

r e a l and imaginary components r e spec t ive ly of f{0) . All q u a n t i t i e s are 

p lo t t ed on a sca le uf inc iden t lab k i n e t i c energy from 0 to 70 MeV. At 

the h ighes t energy depicted we expect about a 2-3" e r r o r in f and f 

due to neglect of the higher p a r t i a l waves. 

i i ) Average over the Fermi ca t ion . This we do because we want 

to e l iminate the complexity of the fu l l momentum dependence of the 

nucleon-nucleon i n t e r a c t i o n . The nucleons co l l id ing in the two-ion 

Eedium sample a wide range of momentum components of the i n t e r a c t i o n 

due to t h e i r Fermi motion. If both nucle i are represented by Fera l 

gases , the average amplitude i s 
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plutonium, and americium a l l contribute to the tota l actinide radioactivity. 

The contribution of uianium to the high-level wastes radioactivity is small. 

I t was calculated that the radioactivity of uranium in these wastes at the 

time of reprocessing was 14.9 curies and after one thousand years, i t was 

9.47 curies. 

Table 31 shows the inventories of plutonium in this 1000 Hw plutonium-

fueled HTGR fuel cycle. The holdup times for the various processes were 

assumed to be the same as those in the uranium-fueled HTGR fuel cycle and 

were obtained from the recent study on the HTGR fuel cycles. J 

The neutron source sticky: i of the spent HTGR fuels is l i s ted in 

Table 32. Because of the very high concentration of 2£,I*Cm» the HTGR fueled 

with recycled plutonium and thorium has the highest to ta l neutron source 

strength of a l l the fuel cycles considered in this study, 66,569 x 10 

eutrons/sec/metric ton of fuel charge compared with 22,009 x 10 neutrons/ 

sec/metric ton of fuel charge for the water reactor fueled with recycled 

plutonium and natural uranium. Over 92% of the to ta l neutron source 

strength i s contributed by the spontaneous fission of 2Ul*Cm. The tota l 

neutron source strength of the spent fuel of the HTGR fueled with recycled 

plutonius and thorium i s less than that in the enriched uranium water 

reac tor ' s spent fuel but more than that in the core-blanket mixture of 

the LHFBR's spent fuel. 

Because of i t s relat ively high thermal-absorption cross-section, 

most of the makeup plutonium will be consumed during the f i r s t cycle of 

i r radia t ion, and recovery and recycle of the plutonium remaining in the 

discharge fuel may not be economically necessary. Thus, an alternative 

fuel cycle would be to recycle the f i ss i le uranium formed by neutron 

absorption in thorium, but not to recycle the irradiated makeup plutonium. 

The alpha activity associated with this recycle uranium would be only a 



Table 31 

Inventories of Plutonium in Fuel Cycle of 1000 Mw HTGR Fueled with Plutonium 

Reactor 

Post-irradiation cooling 

Shipment to fuel reprocessing 

Fuel reprocessing and conversion 

Shipment to fuel fabrication 

Fuel fabrication 

Shipment to reactor 

Pre-irradiation inventory 

Scrap recycle shipment 

Total external to reactor 

Total in reactor and external fuel cycle 

Plutonium makeup from one year of operation 

Hold-
tin 

•up 
le 

yrs. 

Total Pu 
Kg 

Fissile Pu 
KR 

Alpha Pu 
curios 

1.11 x 10 6 

Beta Pu 
curios 

4 

•up 
le 

yrs. 1240 719 

Alpha Pu 
curios 

1.11 x 10 6 7.35 x 10 8 

ISO days 29.5 5.94 6.28 X 104 2.30 X 10 7 

21S days 42.9 B.39 9.42 X 104 7.30 x 10 5 

56 days 11.3 2.14 2.53 X 104 1.84 x 10 5 

3. 5 days 0.75 0.17 1.61 X 103 1.21 x 10 4 

30 days 45.7 26.8 3.34 X I04 5.52 x 10 5 

215 days 322.9 203.1 2.35 X 105 3.91 X 10 6 

36 days 54.1 34.0 3.94 X 104 6.54 X 10 5 

10 days 0.15 0.10 2.23 X 101 3.68 x 10 2 

507.3 282.6 4.92 X 105 2.90 x 10 7 

ycle 1747 1002 1.60 X 106 2.64 x 10 8 

eration 478.4 333.2 2.39 X 105 5.46 x 10 5 



Table 32 

Estimated Neutron Source Strength of Spent HTGR Fuels 

HTGR Fueled with Recycled 
Uranium and Thorium 

HTGR Fueled with Recycled 
Plutonium and Thorium 

Isotope Isotope 
Content 

U / t o n ) ( c ) 

fal Neutron Source ,;:, 
n-n S . P . t b ' 
( s o c " 1 t on" 1 x 10" 6 ) III

I 

Neutron Source ... 
a-n S . F . ( b ) 

( s e c " 1 t on" 1 x 10" 6 ) 

230p u 1314 43 .8 3 .0 1162 38.73 2.7 

239 Pu 290 0 .03 0 256.8 0.02 0 

«°Pu 170.9 0.06 0.16 1529 0 .53 1.4 

2 « P u 125.6 0 0.25 4607 0.02 9 .2 

2">Am 5.027 0 .03 0 141.6 0.99 0 

2«Cm 0.BB71 8 .6 17.4 63 .59 613.8 1249 

""Cm 25.58 5.0 291.7 5412 1057 61700 

2" 6Cm 0.4642 0 4 .3 205.4 0.12 1896 

Total 57 .5 316.B 1711 64858 

Overall Total 374 66569 

(a) Neutron source strength Is at 365 days after fuel is dischargod from roactor. 

(b) S. F. ° spontaneous fission. 

fc) "Ton" in this table refers to metric ton of fuel os charged to the reactor. 
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few thousand c u r i e s per year. Such a fuel c y c l e would avoid the continued 

build-up of plutoniuni to the high concentrat ions , the large i n v e n t o r i e s , 

and the large amounts of alpha a c t i v i t y processed and refabricated when 

plutonium i s mul t ip ly recyc led . 

A fuel c y c l e flowsheet i l l u s t r a t i n g the adaptation of the gas-cooled 

reactor t o t h i s plutonium-uranium-thorium fue l ing i s shown in Fig. 23 . 

The ca lcu la ted y e a r l y quant i t i e s of fue l a c t i n i d e s are l i s t e d in Table 3 3 . 

Except for the r e l a t i v e l y small process l o s s e s t o low-level wastes , e s 

s e n t i a l l y a l l the plutonium, americiura, and curium in the discharge fue l 

appears in the h i g h - l e v e l reprocessing wastes . The amount of plutonium 

in these wastes i s greater at the time of reprocess ing than for any of 

the other plutonium fuel cyc l e s described h t r e i n , but the amounts of 

americiun and curium are s t i l l lower than fo i thr fue l cyc les involving 

mult ip le r e c y c l e o f plutonium. The amount o f alpha rad ioac t iv i ty in the 

charged plutonium i s almost ha l f of that in HTGR with mult iple recyc le of 

plutonium. The makeup plutonium required i s 495 Kg/yr, thus a generating 

capab i l i ty o f 2033 tt* of uranium-fueled water reactors i s required, compared 

with 196S tfe f o r the multiple plutonium r e c y c l e HTGR. The p»utonium 

inventor ies in the fuel cyc le of t h i s HTGR fueled with thorium, plu

tonium, and recyc led uranium are shown in Table 34. The t o t a l mass in 

ventory i s 1556 Kg and the t o t a l alpha inventory i s 1.04 x 10 c u r i e s , 

compared with 1747 Kg and 1.60 x 10 cur ie s re spec t ive ly for the HTGR 

with mult ip le r e c y c l e of plutonium. Thus, the amount of plutonium and 

i t s a s soc ia ted alpha a c t i v i t y processed can be reduced by not recyc l ing 

the plutoniua in the HTGR, and the increase in the amount of makeup p lu-

toniun required from not recycl ing the plutonium i s small , about 17 kg /yr . 

An a l t e r n a t i v e concept of fuel ing a gas-cooled reactor e n t i r e l y with 



-Ill- LBL-3682 

water-reactor plutoniun with no thoriuB in the fuel and no recycle of 

Plutonium, has been described by Brogli, et al. J 



Fig. 23 
Fuel Cycle for Gas-Cooled Reactor Fueled with Thorium, 

Cyoarly quantities) 
1000 Mw 

Plutonium, and Recycle Uranium 

Thorium. 
IOO%" zTh 

7.07 Mg 

Fuel 

Gas Cooled 
Reactor 

38.7% Thermal 
Efficiency 

4 yr 

Uranium Recycle 

Plutonium 
from 2 U-Fueled 

Water Reactors 
0495 Mg 

2.48*l05a;Ci 
5 65»l0 6 /3Ci 

0.246 Mg 2 3 3 U 
0.047 Mg 2 3 5 U 
5310 OL Ci 

Reprocess 
Radioactive 
Wastes 

0.785 MgFR 
3.79*l07CiFP 
0.060 MgPu 

3.0l«l06tfCi Pu,Am,Cm 

Spent Fuel 
0.663 Mg a 2 Th 
2120 Ci 228.23E.234Th 

0.021 MgU 
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Table S3 

Fuel Ac t in ides in 1000-Mv HTCR Fueled with Thoriun, 
Plutonium, and Recycled Uranium */ 

Fuel Charged 
to Reactor 

i g / y r C i / y r 

ReDrocessed 
Fuel 

Fuel Charged 
to Reactor 

i g / y r C i / y r EB/yr C i / y r 

» « T h 0 0 2.S8X10" 5 2 . 1 2 x l O S 

Uhh 7 . 0 7 x l 0 3 7.73X10" 1 6.63xlO S 7.2SX10" 1 

M 4 T h 0 0 4.72X10" 8 1.09 

Tota l Th 7 . 0 7 x l 0 3 7.73X10" 1 £ " - 1 0 3 2 . 1 2 x l O S 

252„ 1 .36X10 ' 1 2 .91X10 3 1.42X10" 1 3 . 0 4 x l 0 S 

233„ 2 . 4 4 x l 0 2 2 . 3 2 x l O S 2-SOxlO 2 2 . 3 6 x l 0 S 

2S4„ ».49x10* S.2SX10 2 9.17X10 1 5.68X10 2 

23S„ 4 .67X10 1 l .OOxlO" 1 S.38X10 1 l . l S x l O ' * 

»*o 1.74X10 1 1.10 2.65X10 1 1.68 
Z37„ 0 0 3 .18x10*' 2 .60X10 1 

"•„ S . 2 4 x l 0 ' 2 2.74X10" 5 1.75X10" 1 5 . 8 4 x l 0 " 5 

Tota l U 3 .94x lO Z S . 7 6 x l 0 S 4.22X10 2 6 . 0 0 x 1 0 s 

" « * U S.06X10" 4 2 . 7 0 x l 0 2 1.10x10"* S .84X10 1 

" 8 P u 1.20X10 1 2 . 0 I x l O S 7.70 1 . 3 0 x l O S 

« 9 P U 2.89X10 2 1.77x10* l .SB 9 .67X10 1 

M 3 P U 1.19X10 2 2.62X10* l . l l x l O 1 2 . 4 4 x l O S 

2 « P U S.S7X10 1 S.6SX10 6 1.06X10 1 l.oaxio 6 

2 « P U 1.94X1S 1 7.S8X10 1 2.88X10 1 1.12x10* 

Tota l Pu 4.95X10 2 o 2 . 4 S x l 0 5 

t S . 6 S x l 0 6 

S.98X10 1 a 1 .33x lO S 

B 1.08X10 6 
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Table 33 (continued) 
Fuel Actinides in 1000-Mw HTGR Fueled with Thorium, 

Plutonium, and Recycled Uranium -' 
(Continued) 

Fuel 
to 

Charged 
Reactor 

Ci/yr 
Repr ocessed 

Fuel 
Fuel 
to 

Charged 
Reactor 

Ci/yr fcK/'rr Ci/yr 
M 1 A » 0 0 1.31 4.S0X103 

2 4 2»A» 0 0 1.41xl0~2 1.37X102 

2 « A » 0 0 2.12x10* 4.21X103 

Total Am 0 0 i..Uxia1 8.8SX103 

2 « C 0 0 1.91X10"1 6.32xlOS 

2 « C . a 0 1.45X10"2 6.86xl0Z 

2"c. 0 0 Z.76x10* 2.23X106 

*«£. 0 0 2.87 S.07X102 

«»c o_ 0 9.70x1a"1 2.99X102 

Total Co 0 0 3.16X101 2.86X106 

mj Calculated front an equilibrium fuel cycle, 4-yr fuel 
life, 38.7* thermal efficiency, no recycle af thorium and 
plutonium, uranium retired after third recycle, fuel 
reprocessed one year after discharge. 



Table 34 

Inventories of Plutonium in Fuel Cycle of 1000 Mw HTGR Fueled with 
Thorium, Plutonium, and Recycled Uranium 

Reactor 

Post-irradiation coaling 

Shipment to fuel reprocessing 

Puel reprocessing 

Fuel fabrication 

Shipment to reactor 

Prc-irradiation inventory 

Total external to reactor 

Total in reactor and external fuel cycle 

Plutonium makeup from one yeor of operation 

Hold-up 
time 

Total Pu 
Kg 

Fissile Pu Alpha Pu 
curies 

7.20 X 10 5 

Beta Pu 
curies 

4 yrs. 1108 715 

Alpha Pu 
curies 

7.20 X 10 5 1.02 x 101 

150 days 24.1 5.2 4.61 X w* 1.86 x 10 

215 days 34.5 7.5 6.61 X iO4 6.36 x 101 

52.5 days 8.6 1.8 1.91 X 104 1.5S X 101 

30 days 40.7 28.3 2.03 X 104 4.64 x 10; 

215 days 291 203 1.46 X 105 3.33 X 10( 

36 days 48.8 34.0 2.44 X ID4 5.57 X 10! 

478 2B0 3.22 X 10S 2.37 X 10' 

:yclo 1556 995 1.04 X 106 1.26 x lo' 

>aration 495 345 2.48 X )0S 5.65 x 10( 
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VI. GROVfTH OF NUCLEAR POWER IN THE UNITED STATES 

The c a l c u l a t e d throughputs and i n v e n t o r i e s of a c t i n i d e s in the nuc l ea r 

fuel cyc les p r e s e n t e d in Chapters I I I through V can be used to e s t ima te 

the amounts of p lu ton ium, americium and curium t o be handled in the t o t a l 

United S t a t e s n u c l e a r power indus t ry invo lv ing s p e c i f i e d amounts of power 

from each of t he seven f u l l cyc les cons ide red . For t he expected growth 

of nuc lea r powi..' in t he 'Jn. ted S t a t e s , we r e l y h e r e on da ta in the f o r e c a s t 

by the Atomic Energy Commission, l " wherein t h e "most l i k e l y " yea r ly 

add i t i ons of t o t a l n u c l e a r power capac i ty a r e s p e c i f i e d for the per iod 

from 1973 through t h e yea r 2000. The AEC assumpt ions used here to determine 

the q u a n t i t i e s of wa te r r e a c t o r s , both uran ium-fue led and uranium-plutonium 

fueled , of f a s t - b r e e d e r r e a c t o r s and of g a s - c o o l e d r e a c t o r s as a funct ion 

of time a r e as f o l l o w s : 

1. The f a s t b r e e d e r s a r e assumed t o p e n e t r a t e t h e nuc lea r power 

market beginning in 1986, with t he i n s t a l l a t i o n in t h a t year of 1.5 Gw. 

An a d d i t i o n a l 22 Gw of f a s t b r e e d e r p l a n t s i s expec ted t o be i n s t a l l e d by 

1990, and t h e t o t a l f a s t b reeder capac i t y by t h e yea r 2000 i s expected t o 

be 400 Gw. 

2. Gas-cooled r e a c t o r s a re assumed t o p e n e t r a t e t he non-breeder 

po r t ion of t h e n u c l e a r power market t o t h e extent of 10% of t he non-breeder 

add i t ; -ms in 1980 and t o inc rease to 15% by 1985 and remain at t ha t level 

for the remainder of t h e cen tury . 

3 . The remaining a d d i t i o n s a re water r e a c t o r s . I n i t i a l l y these a r e 

uranium-fueled wate r r e a c t o r s . The plutonium recovered from these r e a c t c r s 

9 3 
{z) 1 Gw fg igawat t ) = 10 wat ts = 10 Mw. 

Capac i t i e s quoted a r e e l e c t r i c a l gene ra t ing c a p a c i t i e s , opera t ing at an 
assumed load f a c t o r of 80%. 
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is stockpiled until 1977, at which time one-fourth of the recovered 

plutonium is recycled as make-up fuel for water reactors. This fraction 

increases to one-half in 1978, to three-fourths in 1979, and to unity in 

1980. When the breeders are introduced, they will have first priority 

for the available plutonium for start-up inventory. Plutonium recycle in 

water reactors will be discontinued to the extent necessary to make plu

tonium available for breeder start-up. 

It is assumed in this analysis that the plutanium production-consumption 

and inventory properties of the water reactors, fast breeder reactors, 

and gas-cooled reactors are those described in Chapters III through V. 

A new uranium-part on ium fueled reactor can be started up when the available 

plutonium equals the reactor inventory for the equilibrium fuel cycle. 

It is assumed that plutonium is recovered from discharge fuel on the 

average of two years after the generation of a given amount of energy. Ad

ditional make-up plutonium for reactor inventory is necessary until this 

recovered plutonium is available. Thereafter, each reactor is assumed to 

operate in its equilibrium fuel cycle, the plutanium-recycle water reactors 

requiring net make-up plutonium from the uranium-fueled water reactors and 

the fast-breeder reactors producing a net plutanium product. Process 

losses are indicated on the flowsheets. These assumptions provide sufficient 

constraints for the calculation of a reactor growth pattern that satisfies 

a material balance of plutonium production and consumption. The initial 

conditions on plutanium inventory are as follows:1 

20D0 Kg. of water-reactor plutonium was available for reprocessing 

at the end of 1972, 

S20 Kg. of water-reactor plutonium was expected to be available 

from fuel reprocessing at the end of 1973, 

and additional 1400 Kg. of water-reactor plutonium was expected 
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to be available at the end of 1974. 

The results of the power-growth calculation are shown in Fig. 24 

and are summarized in Table 35. The data for total installed power and 

installed power for fast breeders, gas-cooled reactors, and water reactors 

result from the AEC projections. The allocation of water reactors ro 

uranium fueling and uranium-plutonium fueling result from the plutonium 

material balance calculations described above. According to these calcula

tions, the uranium-plutonium fueled water reactors reached a peak capacity 

of about 67 Gw. in 1992, which is about 13% of the total water-reactor 

capacity at that time. Thereafter, these reactors must be converted to 

enriched-uranium fuel so that their plutonium make-up requirement and 

their plutonium inventory in reactors and fuel cycle can be diverted to 

start up fast breeders. 

In this first case studied, the GEFO fast breeder reactors were assumed 

to be the fast breeder reactors that will be operating in the United 

States. When this assumption was changed to the AIFO fast breeder reactors 

being the fast breeder reactors that will be operating in this country, 

it was found that even without the recycling of plutoniun in water reactors, 

there will not be enough plutonium to satisfy the AEC assumption of 400 Gw. 

of total fast breeder capacity by the year 2000. The results of the pro

jected growth of nuclear generating capacity for this case are shown in 

Figure 25. Without the recycling of plutoniun in water reactors, the tctal 

installed capacity of the AIFO fast breeder reactors is 392.5 gigawatts by 

the year 2000. It is not possible to install 400 ow of total AIFO fast 

breeder capacity by the year 2000 because of the large amount of plutontun 

inventory required by the AIFO fast breeder reactors, a reactor inventory 

of 4300 Kg compared with 3500 Kg for the GEFO fast breeder reactor. 
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Tabic 3S 

GROfcTH OF NUCLEAR POWER REACTORS IN THE UNITED STATES 
(Case 1) 

INSTALLED ELECTRICAL CAPACITY, GV 

URANIUM PLUTONIUM GEFO URANIUM 
FUELED FUELED FAST GAS 
WATER WATER BREEDER COOLEO ALL 

YEAR REACTORS REACTORS REACTORS REACTORS REACTOR! 

1972 1 3 . 7 0 . 0 0 . 0 0 . 0 1 3 . 7 
1973 2 8 . 9 0 . 0 0 . 0 0 . 0 2 8 . 9 
1974 4 2 . 3 0 . 0 0 . 0 0 . 0 4 2 . 3 
1975 5 4 . 2 0 . 0 0 . 0 0 . 0 5 4 . 2 
1976 6 1 . 2 0 . 0 0 . 0 0 . 0 6 1 . 2 
1977 6 6 . 7 2 . 6 0 . 0 0 . 0 6 9 . 3 
1978 7t>.5 8 .2 0 . 0 0 . 0 8 6 . 7 
1979 8 9 . 3 1 4 . 0 0 . 0 0 . 0 1 0 3 . 3 
1980 1 1 0 . 8 18 .0 0 . 0 2 . 8 1 3 1 . 6 
1981 1 3 0 . 7 2 0 . 7 0 . 0 5 .6 1 5 7 . 0 
1982 149 .4 2 4 . 8 0 . 0 8 . 7 183 . 0 
1983 1 6 9 . 2 2 9 . 4 0 . 0 12 .4 2 1 1 . 0 
1984 1 9 2 . 4 34 .6 0 . 0 17 .0 2 4 4 . 0 
1985 2 1 7 . 4 4 0 . 2 0 . 0 2 2 . 4 2 8 0 . 3 
1986 2 4 5 . 3 4 5 . 0 1 .5 2 8 . 2 3 2 0 . 0 
1987 2 7 6 . 0 4 9 . 2 4 . 5 34 .3 3 6 4 . 0 
1988 3 0 7 . 3 5 3 . 2 8 . 9 4 0 . 6 4 1 0 . 0 
1989 3 3 8 . 2 5 6 . 9 1 5 . 2 4 6 . 7 4 5 7 . 0 
1990 3 7 1 . 0 60 .4 2 3 . 5 5 3 . 1 5 0 8 . 0 
1991 4 0 3 . 9 6 3 . 7 3 3 . 9 5 9 . 5 5 6 1 . 0 
1992 4 3 6 . 5 6 6 . 9 4 6 . 8 6 5 . 8 6 1 6 . 0 
1993 4 7 8 . 7 6 0 . 6 6 4 . 6 7 2 . 1 6 7 6 . 0 
1994 5 2 6 . 4 4 9 . 0 8 7 . 1 78 .5 7 4 1 . 0 
1995 5 e 5 . 9 2 3 . 4 1 1 7 . 2 8 4 . 5 8 1 1 . 0 
1996 6 4 2 . 6 0 . 0 1 5 1 . 0 9 0 . 4 8 8 4 . 0 
199 7 6 6 9 . 0 0 . 0 1 9 5 . 0 9 5 . 0 9 5 9 . 0 
1998 6 6 7 . 7 0 . 0 2 5 1 . 0 98 .3 1037 .0 
1999 6 9 3 . 6 0 . 0 3 2 4 . 0 9 9 . 4 1 1 1 7 . 0 
2300 6 9 9 . 6 0 . 0 4 0 0 . 0 100.4 1200 .0 
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In addition, the plutoniw product from one year of operation per gigawatt 

of the AIFO fast breeder reactor is less than the plutonium product of 

the GEFO fast breeder reactor, 265 kg per year per gigawatt for the AIFO 

reactor compared with 446 kg per year per gigawatt for the GEFO reactor. 

A third case considered is a nuclear power industry without fast 

breeder reactors. Plutonium is recycled into the water reactors at the 

rate described above, that is that there is no plutonium recycling until 

1977 at which time one-fourth of the recovered plutonium is recycled into 

water reactors, and this fraction increases to one-half in 1978, to 

three-fourths in 1979 and to unity in 1980 and beyond. The results of 

the projected growth of nuclear generating capacity for this third case 

are shown in Fig. 26. The total generating capacity of the uranium-

plutaniua-fueled water reactors increased continuously to the year 2000, 

giving ft total capacity of 217 gagawatts. The total generating capacity 

of the uraniuB-thoriun-fueled gas-cooled reactors is also increased to 160 

gigawactts in the year 2000, compared with 100 gigawatts in Case 1, as 

all capacity additions are non-breeder additions. The remaining nuclear 

generating capacity is made up of uraniun-fueld water reactor, totaling 

825 gagawatts by the year 2000. 

In the absence of fast breeder reactors in the nuclear power industry, 

it is possible that the plutonium recovered from uranium-fueled water 

reactors will be recycled in the gas-cooled reactors as well as in water 

reactors. Thus, in the fourth case considered in this study, we assumed 

that all gas-cooled reactors in Case 3 are fueled with uranium, thorium, 

and recycled plutonium. The plutonium discharged from these gas-cooled 

reactors are recycled back into the reactors after reprocessing and re-

fabrication. This is not to be confused with the fuel cycle for the 
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Fig. 26 
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plutonium-fuclcd gas-cooled reactors in which the discharge plutoniun 

is not recycled, but follows the high-level wastes streaa. such a fuel 

cycle will be considered later. The results of the project growth ox 

nuclear generating capacity, using these assumptions are shown in Fig. 27. 

Since plutonium is being consumed in the gas-cooled reactors, the generating 

capacity of the uranium-plutoni^a-fuelcd water reactors in the year 2000 

is decreased co 141 gagawatts in this fourth case from 217 gagawatts in 

the third case. The generating capacity of the uranium-fueled water 

reactors is increased to 399 giagawatts in the year 2000 to make up for 

the decrease of the generating capacity of the uraniun-plutonium water 

reactors. 

In the fifth case studied, it was assumed that the recovered plutonium 

will not be recycled in water reactors, but that it will be stockpiled 

until the year 1980, at which tine one fourth of the recovered plutenium 

is recycled into gas-cooled reactors and this fraction increases to unity 

in 1990. The uranium-thorium gas-cooled reactors are again assuned to 

be 10% of the non-breeder additions in 1980 and to increase to 15% by 1985 

and to resain at that level for the remainder of the century. The results 

of the projected growth of nuclear generating capacity in this fifth case 

are shown in Figure 28. The generating capacity of the thorium-uranium-

plutonium gas-cooled reactors is 320 gigawatts in the year 2000 while the 

thorium-uranium gas-cooled reactors' generating capacity is 160 gagawatts 

and the uraniua-fueled watJr reactors' generating capacity is 720 gigawatts 

in the year 2000. 

As was mentioned in the last chapter, an alternative fuel cycle for 

utilizing plutonium in gas-cooled reactors would be to use plutonium 

recovered from water reactors as nake-up fuel for the gas-cooled reactors 

and to retire the plutonium remaining in the spent fuel of these gas-cooled 
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reactors Into the high-level wastes. This is the fuel cycle for the final 

cuse studied. The assumptions in the final case is the same as those 

made for the fifth case except the plutonium discharged from the gas-

cooled reactors are not recycled, but are discharged as part of the high-

level wastes. Since the plutonium from gas-cooled reactors are not re

cycled, less plutonium is available for recycling in this final case 

than in the fifth, case, thus the generating capacity of the thorium-

uraniun-plutonium-fueled gas-cooled reactors is less for the final case 

than in the fifth case, and the uranium-fueled water reactors' generating 

capacity is more in the final case than in the fifth case. The project 

growth of nuclear capacity for the final case is shown in Fig. 29. The 

generating capacity of the thorium-uranium-plutonium-fueled gas-cooled 

reactors is 309 gagawatts in the year 2000, for the thorium-uranium-fueled 

gas-cooled reactors, it is 160 gigawatts and for the uranium-fueled water 

reactors, it is 730 gigawatts. 

Projected Quantities of Plutonium, Americium, and Curium in Fuel Reprocessing 

The power growth calculations were used to estimate the total amount 

of plutonium reprocessed yearly from each of the four reactor types in 

Case 1, and is shown in Fig. 30. Even with plutonium recycle in water 

reactors, most of the annual plutonium reprocessed is from uranium-fueled 

water reactors until towards the end of the century when most of the 

plutonium to be reprocessed will come from the fast breeder reactors. The 

integrated amount of plutonium reprocessed is shown in Fig. 31. According 

to these estimates, a total 620 metric tons of plutonium will be reprocessed 

yearly in the year 2000, and a total of 4,450 metric tons will have been 

reprocessed by the end of this century. The integrated amount of plutonium 

reprocessed is greatest for the uranium-fueled water reactors, because 
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considerably more energy will have been generated from these reactors in 

th i s century than from any others . 

The yearly rate of plutanium reprocessing for the six cases described 

in the last section are compared in Fig. 32. The annual ra te of plutonium 

reprocessing is smallest for Cases 5 and 6 where there are no fast breeder 

reactors or urpnium-plutonium-fueled water reactors, and a l l plutonium 

i s recycled in the gas-cooled reactors. One reason for th i s i s because 

che plutonium inventories in the fuel cycles for the plutonium-fueled 

gas-cooled reactors are less than the plutoniinn inventories in the fuel 

cycles of the plutonium-fueled water reactors, since the plutonium gas-

cooled reactors are partly fueled with f i ss i le 2 3 3 U and part ly with 

f i s s i l e plutonium in the plutonium makeup fuel, while the plutanium-

f tieled water reactors considered in this study are fueled almost entirely 

with f i s s i l e plutonima from the plutoniua makeup fuel with l i t t l e f iss i le 
2 3 S U from the natural uranium makeup fuel. Thus, less amount of plutonium 

i s charged as well as discharged from the plutonium-fueled gas-cooled 

reactors than from the plutonium-fueled water reactors. The annual rate 

of plutonium reprocessing i s largest for Case 1 and eventually Case 2, 

both cases involved the introduction of fast breeder reactors into the 

nuclear industry. The GEFO fast breeder reactors discharge about 1400 Kg 

of plutonium per gigawatt per year and the AIFO fast breeder reactors 

discharge about 1940 Kg of plutoniua per gigawatt per year. In addition, 

fast breeder reactors produce more plutonium than they consume, thus 

more generating capacity is fueled with plutonium in Cases 1 and 2 than 

in the other four cases. The annual rate of plutonium reprocessing is 

smaller for Case 2 than Cases 1, 3„ and 4 until 1990 because no plutonium 

fueled reactors are introduced until 1S36 when the AIFO fast breeder reactor 
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penetrates the nuclear generating industry. The integrated aaount of 

plutoniua reprocessed i s coapared in Fig. 33. The integrated anmmt of 

plutonium reprocessed is greatest for Case 2, totaling 4690 r.g of plu-

toniun reprocessed, and i s snal les t for Case 6, totaling 1930 Kg of 

plutoniua reprocessed. 

Thus the effect of the introduction of fast breeders is to increase 

the aaount of plutoniua reprocessed and the effect of the introduction 

of plutoniun-fueled gas-cooled reactors i s to lower the aoount of plu-

tariiuB reprocessed, assuming that the plutoniun produced in the water 

reactors will be recycled in e i ther of the three reactor types. 

Sinilar trends are noted in the calculations of the plutoniua alpha 

ac t iv i ty reprocessed yearly and in the integrated aaounts of plutoniun 

alpha activity reprocessed, as shown in Fig. 34 and Fig. 35 for each 

of the fuel cycles considered in Case 2. Because of the high concentrations 

of z 3 8 P u and 2 l*0Pu in the plutoniua-fueled water reactors, the aaounts 

of alpha-active plutonium reprocessed yearly froa these reactors exceed 

the yearly reprocessing ra te of alpha-active plutonium fron a l l the uraniua-

fueled water reactors in the period 1984 to 1989. even though the Kilo-

grass of plutoniua reprocessed yearly during that period i s less for the 

plutoniua-fueled water reactors than for the uraniua-fueled water reactors. 

Conversely, because of the re la t ively low concentrations of z 3 8 P u and 2t*°Pu 

in the fast-breeder plutoniun the aaounts of alpha-active plutonima re

processed are less for the power-growth plan including breeders, as shown 

in Fig. 36 and Fig. 37. Because of the high concentration of 2 3 8 P u in 

the plutoniun discharged fron the plutcniua-fueled gas-cooled reactors, 

the amounts of alpha-active plutoniun reprocessed are comparable for 

the power growth plan including breeders (Cases 1 and 2) , and for the 

power growth plan including plutonium-fueled gas-cooled reactors [Cases 5 
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and 6 ) , as shown in Tigs . 36 and 37, even though more plucanium i s 

r eprocessed in Cases 1 and 2 . The cumula t ive amounts of a l p h a - a c t i v e 

plutonium reprocessed in Case 5 a c t u a l l y exceeds the cumulative amounts 

of a l p h a - a c t i v e plutonium reprocessed in Case 2 , up t o t he year 20C0. The 

curau 1 a t i v e amounts of a l p h a - a c t i v e p lu ton ium reprocessed up t o t h e year 

2000 a r e 1540 m i l l i o n c u r i e s for Case S and 1530 mi l l ion c u r i e s for Case 2. 

Thus , one e f f e c t of the i n t r o d u c t i o n of breeders i n t o t he n u c l e a r 

power i n d u s t r y i s t o lower t h e amounts o f a l p h a - a c t i v e plutanium rep rocessed 

compared wi th a power-growth plan where a l l plutonium i s recyc led in water 

r e a c t o r s . The amounts of a l p h a - a c t i v e plutonium reprocessed a r e l e a s t 

for t h e power-growth plan where a l l p lu tonium from water r e a c t o r s i s used 

as make-up fue l in gas-cooled r e a c t o r s ; t h a t i s , Ca.se 6 . 

F igu re s 58 and 39 show t h e annual and cumulative c u r i e amounts of 

b e t a - a c t i v e 2 I t l P u reprocessed fo r each fue l cyc le in Case 1. The t r e n d s 

a r e s i m i l a r a s fo r those found f o r t h e a l p h a - a c t i v e plutonium r e p r o c e s s e d . 

Th i s i s a r e s u l t o f t h e low c o n c e n t r a t i o n s o f 2 l # 1 P u i n t h e f a s t b r e e d e r 

r e a c t o r s compared with t he c o n c e n t r a t i o n s of z '* 1 Pu in t he p lu ton ium-fue led 

water r e a c t o r s . Figures 40 and 41 i n d i c a t e t h a t the g r e a t e s t amounts of 

2 1 , 1 P u r ep roces sed a r e in t h e case where a l l plutcnium i s r ecyc l ed i n t o 

water r e a c c o r s ; t h a t i s . Case 3 . The s m a l l e s t amounts of 2 U 1 P u rep rocessed 

occur in Case 6 where a l l plutonium i s used as makeup fuel fo r t h e g a s -

cooled r e a c t o r s - This i s because t h e amounts of plutonium rep roces sed 

a r e s m a l l e s t for Case 6. 

In c o n s i d e r a t i o n s of r ad io log i ca l s a f e t y and pub l i c h e a l t h , a t t e n t i o n 

i s u s u a l l y focused on a l p h a - a c t i v e plutoniura because of t h e s h o r t range 

of a lpha p a r t i c l e s and t h e i r l a r g e energy depos i t ion per u n i t mass of 

t i s s u e . Ho*ever, t he r e l a t i v e l y l a r g e r a d i o a c t i v e q u a n t i t i e s of 2 4 l P u 
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a c t i v i t y being r e p r o c e s s e d , e s p e c i a l l y dur ing t h e e r a of piutonium 

recyc le in water r e a c t o r s , i n d i c a t e s t ha t s p e c i a l a t t e n t i o n be given 

to the r a d i o l o g i c a l e f f e c t s of t h i s r a d i o n u c l i d e and i t s daughte rs . 

For example, dur ing t h e year 1990 about 1.9 b i l l i o n c u r i e s of :"* !Pu are 

expected t o be r ep roces sed in Case 1, some 20 t imes g r e a t e r than the 92 

mi l l ion c u r i e s of a l p h a - a c t i v e plutonium r e p r o c e s s e d . 

The yea r ly amounts of americium reprocessed in d ischarged r e a c t o r 

fuel in Case 1 a r e shown in F ig . 42, and t h e i r cumulat ive amounts a re 

shown in F ig . 4 3 . The americium product ion in t h i s case is dominated 

by the r e l a t i v e l y few uranium-olutonium-fueled wate r r e a c t o r s , because 

of the r e l a t i v e l y h igh 2 t , 2 P u concen t r a t ions in t h e s e r e a c t o r s and the 

r e l a t i v e l y l a r g e p roduc t ion of 2 u 3 An: , approximate ly 78 Kilograms per 

year pe r g igawat t compared with 1.9 Kilograms p e r yea r per gigawatt for 

t he AIFO f a s t b r e e d e r s and 2.5 Kilograms p e r y e a r pe r gigawatt For t h e 

uranium-fueled wa te r r e a c t o r s . About 30.3 Kilograms pe r year per g iga 

watt of 2 4 3 A m a r e produced in t he m u l t i p l e - p l u t o n i u m - r e c y c i e gas-cooled 

r e a c t o r s and 21.2 Kilograms per year per g igawat t for t he once- through-

[a] p lu ton ium-recyc le gas -coo led r e a c t o r s . Thus , t he amounts of americium 

reprocessed y e a r l y a r e l e a s t for Case 2 where a l l plutonium is recycled 

in t he AIFO f a s t r e a c t o r s , as shown in F ig . 44. When a l l plutonium-

fueled water r e a c t o r s a r e r e t i r e d in Case 1, t he amounts of americium 

reprocessed per yea r a r e even smal le r than fo r Case 2. In the event of 

no breeder i n t r o d u c t i o n , araericium product ion i s l e a s t when the plutonium 

is recyc led only once in the gas-cooled r e a c t o r s , t h a t i s Case 6, as 

shown in F i g s . 44 and 45. By t h e year 2000, t h e cumulative amounts of 

(a} Plutonium i s not mul t ip ly recycled in t h e s e gas-cooled r e a c t o r s . 
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anericium reprocessed are 41.S thousand Kilograms for Case 2, 89 thousand 

Kilograms for Case 6, and 167 thousand Kilograms for Case 3. As has 

been illustrated, the americima radioactivity is the major contributor 

to radioactivity in high-level wastes from fuel reprocessing after storage 

periods of several hundred years. The annual and cumulative amounts of 

americium activity reprocessed are shown in Figs. 46 and 47 for Case 1. 

The trends are similar to those for americium production in Figs. 42 and 

43. The amounts of americium activity reprocessed are 15,000 curies per 

gigawatt per year for the A1F0 fast reactors, 8,500 curies per gigawatt 

per year for the GEF0 fast reactors, 11,200 curies per gigawatt per yeai 

for the Eultiple-plutonium-recycle gas-cooled reactors, and 8,800 curies 

per gigawatt per year for the once-through-plutonium-recycle gas-cooled 
fa) reactors. Thus, even though the amount of americium reprocessed per 

gigawatt per year of operation is larger for the once-through-plutonium-

recycle gas-cooled reactors than the AIFO fast reactors, 22.4 Kilograms 

compared with 6.04 Kilograms, the activity of the americium at the time of 

reprocessing is larger for the AJFO fast reactors. This is because of the 

larger amount of the more active 2I*lAiii in the AIFO fast-reactor fuel 
i 

being reprocessed, 4.05 Kilogram per gigawatt per year compared with 1.31 

Kilogram per gigawatt per year for the once-through-plutonium recycle gas-
(al cooled reactor fuel being reprocessed. The yearly and cumulative 

amounts of americium activity reprocessed for each of the six cases studied 

are shown in Figs. 48 and 49. It can be seen that the amounts of americiuzn 

activity reprocessed yearly are initially larger for Cases 5 and 6 than 

for Case 2 because of the larger installed capacities of plutonium-fueled 

gas-cooled reactors, but at about the year 1993, the americium activity 

fa) The plutonium is not multiply recycled in these gas-cooled reactors. 
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reprocessed yearly becomes larger for Case 2 than far Case fa. In the 

year 2000, the americium activity reprocessed is larger for Case 2 than 

for Cases 1, 5, and 6. The cumulative americium act iv i t ies reprocessed 

by the year 2000 are 165 million curies for Case 3, 103 million curies 

for Case 1, 68.5 million curies for Case 5, 66.2 million curies for Case 2, 

and 61.7 million curies for Case 6. 

Thus americium production is dominated by the uranium-plutonium-

fueled water reactors. The effect of the introduction of breeders is to 

reduce the to ta l amount of americium reprocessed, as shown in Figs. 44 

and 45. However, the tota l amounts of americium activity reprocessed can 

also be reduced by recycling plutonium as fuel for the gas-cooled reactors 

as shown in Figs. 48 and 49. 

The estimated yearly and integrated quanti t ies of curium reprocessed 

are shown in Figs. 50 and 51 for Case 1, and i t s yearly and integrated 

act ivi t ies of curium reprocessed are shown in Figs. 52 and 53. The 

greatest amounts of curium production result from the uranium-plutonium-

fueled water reactors . The effect of developing nuclear power without 

breeders is to increase the curium production, as shown in Figs. 54 and 55. 

Even though curium production is greatest from the uranium-plutonium-fueled 

water reactors, F. :gs. 54 and 55 show that the to ta l yearly and integrated 

amounts of curium reprocessed is larger for Case 5, where al l plutonium 

is recycled in gas-cooled reactors, than for Case 3, where all plutonium 

is recycled in water reactors. This is because more gigawatts of genera

ting capacity are fueled with plutonium in Case 5 than in Case 3 due to 

the large inventories of plutonium required by the uranium-plutonium-

fueled water reactors. 53.4 Kilograms of curium are produced per gigawatt 

per year of operation from the uranium-plutonium-fueled water reactors 
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compared with 48.9 Kilograms from the multiplc-plutonium-recycJe gas-

cooled reactors. The total yearly and integrated amounts of curium re

processed in Case b are much less than in Cases 5, 4, and 5, because 

only 31.6 Kilograms of curium are produced per gigawatt per year of 

operation of the once-through-plutonium-recycle gas-cooled reactors. 

Figures 56 and 57 show the total yearly and integrated amounts of curium 

activity reprocessed. Even though the quantities of curium reprocessed 

are less for Case 5 than for Cases 4 and 5, the total curium activity 

reprocessed is larger for Case 3 than for Cases 4 and 5 because of the 

high concentration of the 163-day 2 U 2 C m in the uranium-plutonium-fueled 

water reactors. According to these calculations, 21.9 billion curies 

of curium will have been reprocessed by the year 2000 for Case 3, 11.? 

billion curies for Case 1, 11.S billion curies for Case 6, and 5.0 billion 

curies for Case 2. 

Curium is the largest source of alpha radioactivity at the time of 

fuel reprocessing. However,, the curium radionuclides 263-day 2 t* 2Cn, 32-

year 2'*3Cm1 and 17.6-year ztil*Cm are short-lived compared with the alpha-

active radionuclides of americium and plutonium of importance here, and 

will not be as significant a concern in long-term waste storage. 

Plutonium, Americium, and Curium in Process Wastes 

The flowsheets, Figs. 3, 7, 10, 14, 16, and 19 indicate estimates 

of the fractional losses of piutonium to non-recoverable solid wastes in 

fuel-cycle operations. The indicated losses do not represent the limits 

of the process technologies. However, they are used here as estimates 

of representative losses in commercial uel-cycle operations. These 

losses are not environmental releases, as acceptable environmental releases 

[a) The plutonium is not multiply recycled in these gas-cooled reactors. 
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must be many orders of magnitude less than the losses to wastes. There

fore, the wastes associated with these process losses must be subjected 

to permanently protected storage or disposal. The quantities of plutonium 

and its alpha and beta activities in the high-level and low-level wastes 

generated in one year of operation for one gigawatt of generating capacity 

for each type of fuel cycle are summarized in Table 36. 

The values in Table 36 were used to estimate the total yearly and 

cumulative quantities of plutonium in the low-level and high-level wastes 

for the six cases considered and are shown in Figs. 58 to 69. 

Figures S8 and 59 show the total yearly and cumulative amounts of 

plutonium in the low-level wastes. The plutonium in the low-level wastes 

is least for Case 6 since all plutonium discharged from the gas-cooled 

reactors in this case is retired to the high-level wastes and the only 

contribution to the plutonium in low-level wastes comes from the uranium-

fueled water reactors. The yearly quantities of plutonium in low-level 

wastes are initially low for Case 2 until the introduction of fast reactors 

when the yearly plutonium in low-level wastes increases rapidly and eventu

ally surpasses all other cases. This is because of the large plutonium 

inventory in the AIFO fast reactor fuel cycle. By the year 2000, the 

total cumulative plutonium in low-level wastes is 47,600 Kilograms for 

Case 2, 47,000 Kilograms for Case 1, 44,600 Kilograms for Case 3, 38,000 

Kilograms for for Case 4, 16,600 Kilograms for Case 5, and 8,830 Kilograms 

for Case 6. Because of the relatively large plutonium inventory in the 

uranium-plutonium-fueled water reactor fuel cycle, the amounts of plu

tonium in low-level wastes for Cases 1 and 3 are also relatively large. 

Figures 60 and 61 show the total yearly and cumulative amounts of 

plutonium alpha activity in the low-level wastes. Because of the high 



Table 36 

Plutonium in Low-Level and High-Level Wastes in One Year of Operation 
Per Gigawatt Generating Capacity 

U-Fueled Water Reactor 

U-Pu-Fueled Water Reactor 

A1F0 Fast Breeder Reactor 

GEFO Fast Breeder Reactor 

Th-U-Fuoled Gas-Cooled Reactor 

Th-U-Pu-Fueled Gas-Cooled Reactor 

Th-U-Pu-Fucled Gas-Cooled Reactor 

Low-I Level Wastes 
Kg 
1.23 

a Curio 
6.15 x 10 2 

B Curie 
1.41 x Id' 

19.6 1.42 x 10 4 3.26 x 101 

27.8 2.99 x 10 3 6.53 X 10' 

17.3 1.82 x 10 3 3.27 x 10' 

0 0 0 
.(") 2.79 2.04 x 1 0 3 3.36 x 10' 
.(b) 0 0 0 

HiRh-Level Wastes 
Kfi q Curie 
1.23 6.15 x 10 

4.96 3.93 x 10 

7.35 7.70 x 10 

16.1 9.90 x 10 

0.59 1.30 X 1 0 3 

59.8 

B Curie 

1.77 x 10 J 

1.00 x 10 

(a) This gas-cooled reactor is fueled with plutonium from its spent fuel, as well as plutonium from 
the w.iter reactors. 

(b) This gas-cooled reactor is fueled with plutonium from water reactors, the plutonium from its 
spent fuel is not recycled, but is retired into tho high-level wostes. 
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concentrations of 2 3 a P u and 2 l*0Pu in the plutonium-fueled water reactors 

and plutonium-fueled gas-cooled reactors, the to ta l annual and cumulative 

plutonium alpha act ivi ty in the low-level wastes for Cases 3 and 4 are 

greater than the other cases. The introduction of breeders will decrease 

the total annual and cumulative quantities of plutonium alpha activity 

in the low-level wastes as can be seen in Figs. 60 and 61 for Cases 1 and 2. 

Figures 62 and 63 show the total yearly and cumulative amounts of 

plutonium beta act ivi ty in the low-level wastes. The trends are similar 

as for those found for plutonium alpha activity in the low-level wastes 

because the concentrations of the beta active 2 4 l P u are higher in the 

plutonium-fueled water reactors and plutonium-fueled gas-cooled reactors 

than in the fast breeder reactors. 

Figures 64 and 65 show the tota l yearly and cumulative quantities 

of plutonium in the high-level wastes. Since a l l plutonium discharged 

from the gas-cooled reactors in Case 6 is not recovered for recycling 

but is retired with the high-level fission product wastes, the total 

annual and cumi'lative amounts of plutonium associated with the high-level 

fission-product wastes are greatest for Case 6. Since the plutonium from 

a l l the reactors in Case 4 is recycled, the amounts of plutonium associ

ated with the high-lvel fission product wastes are least for this case. 

By the year 2000, the total cumulative plutonium in high-level wastes is 

192,000 Kilograms for Case 6, 40,800 Kilograms for Case 2, 39,600 Kilo

grams for Case 1, 38,300 Kilograms for Case 3, 29,900 Kilograms for 

Case 5, and 17,500 Kilograms for Case 4. 

Figures 66 and 67 show the tota l yearly and cumulative amounts of 

plutonium alpha ac t iv i ty in the high-level wastes. Again, Cases 3 and 5 

have larger amounts of plutonium alpha activity in their high-level wastes 
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than Cases 1 and 2 because of the high concentrations of 2 3 a P u and 2 l*0t'u 

in the plutonium-fueled water reactors and plutonium-fueled gas-cooled 

reactors. 

Figures 68 and 69 show the to ta l yearly and cumulative amounts of 

plutonium beta activity in the high-level wastes. The trends are similar 

to those in Figs. 66 and 67 far the plutoniura alpha activity in the high-

level wastes. 

According to the estimates shown in Figs. 58 and 64, the yearly 

amount of plutonium lost to the low-level wastes in reprocessing, fuel 

preparation, and fabrication operations is greater than the amount of 

plutonium associated with the high-level fission-product wastes in a l l 

cases, except Cases 5 and 6. However, assuming that essentially a l l the 

americiura and curium follows the high-level fission-product wastes in 

fuel reprocessing, the tota l alpha act ivi ty in these high-level wastes 

will be far greater than that result ing directly from the plutonium losses 

associated with these wastes (c . f . , Figs. 48, 49, 56, and 57). The amounts 

of plutonium in al l of these wastes are significant, and i t is important 

that careful attention be given to a waste management program which 

insures careful control of a l l of these wastes. 

Uranium and Thorium Requirements 

Natural uranium is required as fuel for the uranium-plutonium-fueled 

water reactors and as input to isotope separation plants to obtain enriched 

uranium for the uranium-fueled water reactors and the uranium-thorium-

fueled gas-cooled reactors. Figures 70 and 71 show the total annual 

and cumulative natural uranium requirement for each of the six cases 

considered in this study. In i t i a l ly natural uranium is required to obtain 

enriched uranium for the uranium-fueled water reactors for al l six cases. 
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With the introduction of uranium-plutanium-fueled water reactors, as 

in Cases 1, 3, and 4, the annual natural uranium requirement for these 

cases is less than for Cases 2, 5, and 6, as shown in Fig. 70. In the 

year 1980, with the introduction of plutonium-fueled gas-cooled reactors 

in Cases 5 and 6, the annual natural uranium requirement for these 

cases become less than for al l other cases. When fast breeder reactors 

are introduced in 1986, i n i t i a l ly their to ta l generating capacity is a 

small fraction of the to ta l nuclear generating capacity. The main 

contribution to the to ta l nuclear generating capacity is s t i l l from the 

water reactors, thus the total annual natural uranium requirement for 

Cases 1 and 2 remain greater than for al l other cases. However, towards 

the end of the century, the total generating capacity of the fast breeders 

becomes a significant fraction of the to ta l nuclear generating capacity 

and the annual natural uranium requirement is smaller for Cases 1 and 2 

than for - I I other cases. Figure 71 shows that by the year 1999, the 

tota l cumulative natural uranium requirement is 1.49 bil l ion Kilograms 

for Cases 2 and 3 , 1.47 bill ion Kilograms for Case 4, 1.41 billion Kilo

grams for Case 1, 1.28 bill ion Kilograms for Case 6, and 1.26 billion 

Kilograms for Case 5. According to these estimates, the introduction of 

breeder reactors without plutonium recycling in water reactors will re

quire an equal cumulative amount of natural uranium, by the year 1999, 

as a nuclear power-growth plan which only recycles i t s plutonium in water 

reactors. The cumulative natural uranium requirement can be reduced 

either by a nuclear power-growth plan which recycles plutonium in water 

reactors and breeder reactors or by a nuclear power-growth plan which 

recycles plutonium in gas-cooled reactors. 

Figures 72 and 73 show the total annual and cumulative amounts of 
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n a t u r a l thor ium requi red as fuel for gas -coo led r e a c t o r s . Cases 1 and 2 

have t h e l e a s t amounts of n a t u r a l thor ium requi rements s ince t he t o t a l 

gene ra t ing c a p a c i t i e s of gas-cooled r e a c t o r s in these two cases a r e l e s s 

than a l l t h e o t h e r cases because of t h e assumption t ha t gas-cooled 

r e a c t o r s w i l l p e n e t r a t e only t he non-breeder p o r t i o n of the n u c l e a r power 

market. Because t he growth of gas-cooled r e a c t o r s ' genera t ing c a p a c i t i e s 

in Cases 5 and 6 i s not l imi ted by t h e AEC assumpt ions , but by t he 

a v a i l a b i l i t y of plutonium, t h e i r g e n e r a t i n g c a p a c i t i e s a re h ighe r than 

a l l t h e o t h e r c a s e s , thus Cases 5 ana 6 have t he h ighes t amounts of n a t u r a l 

thorium requ i r emen t s of a l l cases s t u d i e d . By the year 1999, t he t o t a l 

cumulat ive n a t u r a l thorium requ i r ed i s 32.S m i l l i o n Kilograms for Case 5 , 

31.6 m i l l i o n Kilograms for Case 6 , 10.1 m i l l i o n Kilograms for Case 3 , 

9.87 m i l l i o n Kilograms fo r Case 4 , 8.24 m i l l i o n Kilograms for Case 2 , and 

8.23 m i l l i o n Kilograms for Case 1. 

Summary and Conclusions 

•This s tudy i l l u s t r a t e s t h e c h a r a c t e r i s t i c s of plutonium p roduc t ion 

and u t i l i z a t i o n in t h e United S t a t e s n u c l e a r power indus t ry for t h e r e 

mainder of t h i s c en tu ry . Rep re sen t a t i ve m a t e r i a l q u a n t i t i e s and r a d i o 

a c t i v i t y amounts of a c t i n i d e s in uranium-fue led water r e a c t o r s , plutonium-

recyc l e ' a t e r r e a c t o r s , fas t b reede r r e a c t o r s , thorium-uranium-fueled 

gas-cooled r e a c t o r s , and p lu ton ium- recyc le gas-cooled r e a c t o r s a r e c a l c u l a t e d 

for each of t h e s e r e a c t o r s , for each of t h e a s soc i a t ed fue l - c yc l e p rocess 

o p e r a t i o n s , and fo r t he h i g h - l e v e l and low- leve l wastes theref rom. The 

a c t u a l numerical va lues w i l l vary with fue l burnup in the r e a c t o r s , neu t ron 

spectrum, ho ld -up t imes in t he fuel c y c l e , and the extend of p rocess c o n t r o l 

appl ied t o was tes from r ep roces s ing , conve r s ion , and f a b r i c a t i o n . The 

q u a n t i t i e s a s s o c i a t e d with plutonium r e c y c l e in water r e a c t o r s a r e 
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fa) illustrated for a water reactor in which all the fuel is recycled 

mixed plutonium-uranium oxide and which obtains makeup plutonium from 

non-recycle uranium-fueled water reactors. To a good approximation, and 

ignoring changes in neutron spectrum these results can be used to estimate 

the material and radioactive quantities for recycling self-generated 

plutonium. A portion of such a reactor is fueled with enriched uranium 

and other portions are fueled with natural uranium and recycled plutonium. 

The material quantities associated with each type of fuel can then be 

scaled according to the power generated in each region. To this approxi

mation, the total quantities of plutonimn, americima, and curium for the 

total reactors in the United States power industry will be governed by 

the time-dependent material balance of total plutonium and will be the 

same whether the water reactors utilize plutonium on a self-generated 

basis or as plutonium burners. 

Based upon the results presented herein, it is concluded that: 

1. Significant quantities of plutonium will be utilized as water-

reactor fuel, beginning in the near future and increasing rapidly through 

the 1980fs. Using the AEC estimates for the introduction of breeders 

in 1986 and the very rapid growth thereafter, the breeders will not compere 

significantly for plutonium produced in uranium-fueled water reactors 

until the early 1990's. Thereafter, relatively little plutonium can 

be recycled in water reactors because of the demand for plutonium as 

start-up inventory for the rapidly growing fast-breeder industry. 

2. The material quantities of plutonium to be reprocessed and 

fabricated for recycle fuel, compared on the basis of the same quantity 

of electrical energy generated from plutonium-uranium mixed-oxide fuel, 

Ca) This reactor concept is sometimes referred to as a "plutonium 
burner" or as a "dedicated" plutonium recycle reactor. 
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are comparable for water reactors and breeder reactors. 

3. Recycling plutonium in water reactors builds greater quantities 

of higher-mass plutonium isotopes and significantly greater quantities 

of americium and curium than in the case of fast breeders, if compared 

on the basis of the same quantity of electrical energy produced from the 

mixed-oxide fuel. On this basis, recycled plutonium fuel in water reactors 

produces about four times as much araericium alpha activity and 26 rimes 

as much curium alpha activity in high-level reprocessing wastes at the 

time of reprocessing as does recycled plutonium fuel in the breeder 

reactors. 

4. The fractional fissile content in plutonium reprocessed from 

the breeder core and blanket discharge fuel is slightly greater than that 

in plutonium reprocessed from uranium-fueled water reactors and is sig

nificantly greater than that reprocessed from mixed-oxide fuel from 

water reactors. 

5. The fuel value of plutonium produced in the uranium-fueled 

water reactors can be realized, and a significant reduction in the amount 

of plutoniuni to be processed in the nuclear fuel cycles can be obtained, 

by designing gas-cooled reactors to operate on fuel cycles which do not 

involve the multiple recycle of plutonium. The plutonium recovered from 

discharge fuel from uranium-fueled water reactors could replace the highly 

enriched 2 3 S U make-up fissile material in the uranium-thorium fuel cycle. 

6. Compared on the basis of the same quantity of electrical energy 

produced from the plutonium-uranium-thorium fuel, multiply-recycled 

plutonium fuel in gas-cooled reactors produces about 20% more americium 

alpha activity and 40% more curium alpha activity in high-level reproc-

cessing wastes than the plutonium fuel in gas-cooled reactors where plu-
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tonium is not multiply recycled. 

7. The introduction of the breeder reactor in the context of the 

expanding nuclear power industry can reduce the to ta l amount of alpha-

emitting actinides processed yearly in the tota l of a l l reactor fuel 

cycles, as compared with a water-reactor system of the same total electrical 

power capability but without breeders. Similarly, the introduction of 

the plutonium-fueled gas-cooled reactor without the multiple recycle 

of plutonium in the context of the expanding nuclear power industry can 

reduce the total amount of alpha-emitting actinides processed yearly in 

the total of a l l reactor fuel cycles, as compared with a water-reactor 

system of the same to ta l e lec t r ica l power capabili ty, but without plu

tonium recycle in the gas-cooled reactors. 

8. On the basis of the fractional losses to process wastes used 

in this analysis, the amount of plutonium prejent in the low-level solid 

wastes from reprocessing, conversion, and fabrication will be greater 

than that in the high-level fission-product-actinide wastes at the time 

of reprocessing, for the fuel cycles of the uranium-plutonium-fueled 

water reactor, the fast-breeder reactor, and the thorium-uranium-plutonium-

fueled gas-cooled reactor with multiple plutonium recycle. Permanent 

isolation of the plutonium from the environment is as important for the 

low-level wastes as i t is for the high-level reprocessing wastes. 

9. It is estimated that in the year 2000 the tota l actinides re

processed yearly in the United States power industry will amount to 

approximately 620 metric tons of plutonium containing 149 million curies 

of alpha-active plutonium and 2.8 billion curies of beta-active plutonium. 

Approximately 6 million curies of alpha-active americiura, and 446 million 

curies of alpha-active curium will be reprocessed yearly. 
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10. I t i s a l s o e s t ima t ed t h a t in t he year 2000 t h e yea r ly t o t a l 

n a t u r a l uranium requi rement for t h e United S t a t e s power indus t ry w i l l be 

approximately 111,000 m e t r i c tons and the n a t u r a l thor ium requirement 

w i l l be approximately 636 m e t r i c t o n s . 
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LIST OF APPENDICES 

1. Listing of the ORICEN Code (on microfiche) 

2. Nuclear Data Library for the ORIGEN Code 
(on microfiche) 

I See microfiche located in itiside back cover) 
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