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- 'ABSTRACT
The quantities of plutonium and other fuel actinidesihaQe
been calculated for equilibrium fuel:cycles for 1000 Mw water
reactors fueled with slightly enriched uraﬁium, water reactors
fueled with plutonium and natural uranium, fast-breeder reactors,
gas-cooled reactors fuelea with thorium, aﬁd highly enriched
uraniuﬁ, and gas-cooled reactors’fueled with thorium, plutonium,

and recycled uranium. The radioactivity quantities of plutonium,

. americium, and curium processed yearly in these fuel cycles are

greatést for the water reactors fueled with natural uranium and
recycled plutonium. The tbtal amounf of actinide; processed is
calculated for the predicted futufe growthIOf the United States
nuclear power industfy. For the same total installed nuclear
power capacity{ the introduction of the plutonium breeder has
1itt1e.effect upon the total amount of plutonium processed in
this century. The estimated amount of plutonium in the low-

level process wastes in the plutonium fuel cycles is comparable

to the amount of plutonium in the high-level fission product

wastes. The amount of plutonium processed in the nuclear fuel
cycles can be considerably reduced by using.gas-cooled reactors
to consume p1u£onium produced in uranium-fueled water reactors.
These, and other reactors dedicated for plutonium utilization,
could be ¢o-located with facilities for fuel reprocessing.and
fuel fabrication to eliminate the off~site‘ﬁransport.of separated

plutonium.
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INTRODUCTION

. The isotopic composition of the actinide elements present in spent
power reactof.fqels is of impqrtance‘to‘shipping container design; fuel
reprocessing and refabrication techniqués, and wasté disposal procedures.
The alpha acti&ity of plutonium, and the presénce df 236py and its daughters
in spent fueis, greatly increases the difficuﬁty of recovery of plutonium
and fabrication of recycle fuels. The isotope 2“4!Am is one of the principal
sources of_héat in nuclear reactdr wastes, which must be stored for thouéands
of years. The quantities énd radiological properties of these actinides
producéd and processed will depend very much upon the properties of the
ndclear reactors and upon the type of fuel charged invthese 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 reactois‘
and for future fast-breeder reactorsi The light-water reactors now in |
operation and the many similar water reactors under construction are de-
signed to be fueled with uranium Slightly eﬁriched in fissile 235U. Within
a few years,.tﬁe piutonium recovered from the discharged uranium fuel wiil»
be rqcycled aé Qater-reactor fuel, and this will establish the plutoniumi
fuel industry in this country. Around the middle 1980fs, when the fast-
breeder reactor is introduced, the pluténium recovered from these uranium-
fueled water reactors will be needed to supply the initial inventory of |
fissile plutonium to start up the bree&ers. Most of the plutonium then
recovered from breeder discharge fuel wiil be recycled.for~fabficating 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 233U from the 235U-thorium
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fuel. Although no important material quantities of.plutonium are produced
in this reactor, significant radioactivity quantities of plutonium will
appear in the high-level radioactive wastes from reprocessing fuel dis-
charged from the reactors. These gas-cooled reactors are also adaptable
to. utilizing plutonium recovered from water;reactor fuel.

In each of these fuel cycles, plutonium is an impértant 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 actinides in the wastes generated by these fuel-
cycle process 6perations contain sufficient quantities of long-lived radio-
nuclides that théy dictate the moét significant and ultimate long-term
management requirements for the radioactive wastes associated with the nuclear
power industry. ‘

The purpose of this thesis is té calculate and compare the actinide and
radioactive quantities in typical 1000 Mw light—water'reactors, fast breedér
rgactbrs, and high-temperature gas cooled reactors fuel cycles at equilibrium.
An equilibrium fuel cycle is defined here as a fuel cycié 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 III, IV, and V. The light water
reactors fueled with enriched uranium, as well as fueled with recycled
plutonium and natural uranium are considered in Chapfer I1II. Chapter IV
presents the results of the calculations of two fast breeder reactors, the
Atomics International and the Generél Electric FollowQOn Liquid Metal 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 plutonium fuel cycle, and the uranium-
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thorium witH makeup plutonium fuel cycle.

In each case, calculations werg'made of the compositions_and activities
of the actiniaes present in the spent fuels of these fuel cyclgs, as a
function of time after reactor discharge and reproéessing using the ORIGEN

1o (1

isotope generation and depletion code. The yearly throughput and in-
ventories of the actinides and radioactive quantities in the external fuel
cycle, such as in shipment, reprocessing, ;onversion, fabrication, isotope
separation and in the high-level and low-level wastes, were also calculated
based on the results of ORIGEN with losses and holdup times associated
with each process taken into account. The results of these calculations
are presented in Chapters III through V.

Finally, the total amounts of actinides processed were calcﬁlated for
the predicted future growth of the U.S. nuclear power industry. Fér the
same total installed nuclear power capacity, six scenarios for the rate
of introduction of nuclear reactors were considered and the total amounts

of actinides reprocessed were compared. The results and comparisons are

presented in Chapter VI.
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I. DESCRIPTION OF MATHEMATICAL MODEL AND METHOD

A general expression for the formation and destruction of a nuclide

"by nuclear transmutation and radioactivevdecay may be written as follows: .
dXi N ~ _ N _
at ;=;§i Qij Aj Xj + ¢ kg% fik 9 Xk - (Ai + ¢_ci)Xi (i=1,..... N) (1) .

where Xi is the atom density of nuclide 1, Ai is the radioactive disintegration
cdnstant for nuclide i, oy is the spectrum-averaged neutron absorption cross
section of nuclide i, and lij and fik are the fractiéns of radioactive dis-
integration and neutroﬁ absorption by other nuclides which lead to the
formatiqn of species i. Also in Eq. (1), ¢ is the volume—energy—averaged.
neutron flux, which is also assumed to be constant over short intervals

of time. The neutron flu* 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 bé constant over short
intérvals, the system of Eq. (1) is a homogenoeous set of Simultaneous

first-order differential equations with constant coefficients, which may

be written in matrix notation:

X=AX ()
Equation (2) has the known solution
X = exp(A t) X(0) (3) .

~

where X(0) 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(é t) in Eq. (3) is a matrix exponential function,

a matrix of dimension Nz, which is defined as

A t)? i At)™
exp(ét)v=£+At+ (3‘2)' + o =Z _(irﬁ-r?_ (4)

~
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This function was generated from the transition matrix by the ORIGEN code(l)
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, it is necessary to take into account changes in the
neutron flux with time as the fuel is depleted. At the start of the
computation, the known parameters are the initial 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
-17 .
P=3.20 x 1077 1.(t) ¢(t) | (5

where P is the volume averaged specific power, in Mw thermal per unit of.
fuel; Zf is thé spectrum-averaged macroscopic fission: cross sectiqn, in cmz
per unit of fuel; and ¢ is the instantaneous volume-energy-averaged neutron
flux, in neutrons per cmz-sec. The constant in Eq. (5) is derived by as-

suming a value of 200 MeV per fission or 3.204 x 107t

7 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:
. ) . 2 a2 3
Cb(t) .= 3.125 x 1016 P[Z(O) 1 _ % %%2 + %__ (2 E(O) Z(Oj:g()) Z(O))_‘_..]
or '
O = eyt - ¢ 2@ , £ 210 - 1) ) - .
o(t) = ¢(0)[1 - RORNE ( T300)2 =)+ .. .

The average neutron flux during the interval is obtained by integrating
over the interval and dividing by t:

: 2
r St (o) .t
§=00) 1 -3 7% & (

. 2 =
2 (0)" - Z(0) Z(0)y
: 3 )+ ....] . (7)
z(0)
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Here, the notation £(0) 1is used for tﬁe macroscopic fission cross section
at the start of.the time interval, and 5(0) and E(O).are the first 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
interyal, based on conditions at the start of the interval.

Thermal Reactor Spectra and Actinide Cross Sections

In order fo compute the effective thermal neutron absorption cross
sections for thermal reactors,.the ORIGEN code used'é 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-Boltzmann distri-
bution of neutron energies near thermal energy, a 1/E energy distribution
in the resonance region, and a gfoup with energy dependénce of the fission
spectrum for ﬁigh energy neutrons. For thermal water reactors fueled with

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

were:(z) o
o7 (B) = ¢ Ti%jz ¢ E/KT 0 <E=<0.5eV
05 () = 23338 0.5 eV <E < 1 MoV
05 () = 2 ¢ F7(E) 1 MeV < E

where F”°(E) is the differential energy spectrum of fiésion neutrons

(F°(E) = 0.484 e_E sinh VQE)(S), K is Boltzmann's conétant and T is th¢
neutron témperature. The quantity ¢ is defined as the volume-averaged mean
thermal neutron flux; it is equal to tﬁe 2200 meter per second neutron flux

multiplied by the ratio /%%6-.(4) The resonance region was assumed to be
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between 0.5 eV and 1 Mev. The above flﬁx specfrum assumes a ratio of the
resonance flux per unit lefhargy to the integrated thefmal neutron flux _
of 0.333 and a ratio of the integrated flux above 1 MeV to the integrated
thermal neutron flux of 2. This assumed spectrum was then used to compute

the effective thermal neutron absorption cross sections for the enriched-

uranium water reactor:(z’s)
o = o | go_ + b 333 1 + 2 o, _ (8)
V 4T o ’ f.s.

where o is the cross section of the nuclide for neutrons.witﬁ sﬁeed of
2200 meters per second, g is the Wescott's non 1/v correction factor, 1
is the resonance integral of the nuclide corrected for temperature and
résonance self shielding, 9 5. is the fission spectrum averéged Cross
section, and T, is equal to 293.6 . The values for 8945 I; and 9% s
were compiled from available sources by Oak Ridge National Laboratory and
were written on magnetic tape availabie for ﬁse with the ORIGEN code. fhe‘
values of the effective thermal neutron cross sections thus calculated -
were used in Eq. (7) to compute the mean thermal neutron flux necessar; to
maintain the'required specific power for a given fuel cqmposition, for
thermal reactors fueled witﬁ enriéhed uranium.

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

(1)

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

o = THERM*go + RES*I + FAST*o
o f.s.

wheré THERM = ratio of the neutron reaction rate for'él/v absorber with

a popdlation 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 unif‘lethafgy_to the integrated

thermal neutron flux.
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FAST = ratio of the integrated flux above 1 MeV to the integrated
thermal neutron flux.

The values of these spectral indices for the thermal reactor fuel
cycles considered in this study weré obtained from.Oék Ridge National
Laboratory(6) and are listed in Table 1. When fuel cyéles’gre 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 speétrum 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 0.333 2.00
Water reactor fueled with recycled
plutonium and natural uranium. 0.50 0.55 4.00
High temperafure gas cooled reactor
fueled with uranium and thorium 0.466 0.12 0.58
High temperature gas cooled reactor
fueled with recycled plutonium and v

- thorium. , ) 0.369 - 0.198 1.160

The valueslof g9, and I for the actinides in the water-redctor data
library were updated using Mughabghab 33.31(7) and Benjémin(s). The iso-
topes whose cross section values were found to be different from those
in the original data library are shown in Tablé‘2. In addition, for wéter
reéctors fueled with recycled plutonium and natural uranium; the cross
section values of uranium and plutonium were corrected fdr self—sﬁielding
(6)

effects as recommended by Oak Ridge National Laboratory and are listed

in Table 3.
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Table 2
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Corrected Cross Section Values of Actinides for Water Reactors
Fueled with Enriched Uranium(3) :

(Barns) :

Isotope . goo(n,y) I(n,y)» goo(n,f) I(n,f)
236y 5.3 8 358 (&) 0 0
237y m D 290 (7): o. 0
237Np - 170 650,(8) 0.019 0
238Np 0 0 2200 (8 1500 (8
238py 559 (8 150 17.5 25
242py w0 B 1m0 0.035 s (D
2u1pg - gzz () 1540 & 3,148 0
oMy 1400 (7) 7000 () 7600 & 1570
242pn 0 0 2100 & 300 &
243am 77 (8 1810 (& 0.45 1.50
242¢n 30 0 5 150 (&)
24kcy o ® 606 ® 1.10 ® 18 (8
2450y 342 (8 102 (8 2020 (8 772 (&)
2u6p | 13 B g 0.7 ® 0 ®
209t 475 (8 765 (8) 1690 (& 210 B

(a) Unless referenced, the values are those in the water-reactor

data tape library.



-10- ~ LBL-3682

Table 3

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

(Barns)
Isotope go (n,y) . I(n,y) goo(n,f) I(n,f)
235y. 101 144 577 274
238y ‘ 2.73 22.0 0.0 0.0
238py 560 150 16.5 , 25.0
29p, 662 130 1450 300

240py - 366 1200 0.0 . 0.0

For the hiéﬁ temperature gas cooled reactor (HTGR) fueled with
uranium and fhorium, the 233U cross section values in the HTGR data
library were corrected upon recommendation by Oak Ridge.(6) The thermal
fission cross section, goo(n,f), was decreased to 505 barns from 525
barns, and the'resonance fissidn integral, I(n,f), was decreased.to 86.2
barns ffom 862 barns. Again, for the HTGR fueled with recycled plutonium
and thorium, the cross section values of plutonium in the HTGR data tape
library were corrected for self-shielding effects using the data of Gulf -

General Atomic(g) and are listed in Table 4.

"Table 4

Cross Section Values of Plutonium for HTGRstueled with
Recycled Plutonium and Thorium

: (Barns)
Isotope goo(n,y) I(n,Yy) | gco(n,f) I(n,f)
23py ’ 1118 134 1756 333
240py .. 361 2000 0.0 0.0

241py . 568 139 1486 ' 537
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Fast Reactor Spectrum and Actinide Cross Sections

The vériébles RES, THERM, and FAST wére not employed for the fast-

reactor library. Reactor—spectrum-avetaged capture, fission, (n,2n)

and (n,3n) crdss sections were generated by averaging fhe 18—energy—

group AI/ENDF cross sections over a fast reactor core'spectrum shown

in Figure 1.(;’2) The average cross sections for nuclides in the radial

and axial blankets,were assumed to be the same as in the reactor core.
‘Hdwever,.the'cathre and fission cross sections for the uranium and
plutonium isotopes were corrected based on data from Generél Electrié.(lo)
The data.from General Electric were 28 region averéged cross sections for
a liquid metal fast breeder reactor. These 23 region cross section data
were.averaged to obtain capture and fission cross sections of the uianium

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

. - "the equatioh: n

where V.1 is'the volume of region i, Ni is the atom dengity bf region i,
oi is thé.spectrum—averaged cross section of nuclei j in region i, and
¢iyis the specfrum-averaged flux in region i. The averaged cross section
thus derived are shown in Table 5.

The power 6utput in the core and blankets wéré allowed to vary during
irradiation(l)‘such that at the beginning of cycle (BOC) the core 1is
producing 92.8% of the tqtal reactor output, at the‘middle of cycle (MOC)
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 showh in Table 6.
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Isotope

235y
236U

238y

-Table 5

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

- Core

0.694
0.496
0.302
0.496
0.392
0.441

0.595

.05

.117

.0432

.81

. 355

.63

.183

" (Barns)
Axial Blanket
ac | 5f
1.27 .92
0.859 .0713
0.404 .0230
0.967 .26
0.849 .273
0.772 50
0.993 .183

g

Radial Blanket

Cc

.26

. 880

.389

.999

.985

. 894

.35 .

2

0.

Og
.90
0631
.0209
.28
250
.74

. 145

Z89¢-141
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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 42 63 8.4
Radial Blanket 3.0 | 3.7 4.3

Use of the ORIGEN Code

The ORIGEN code, written for the IBM 360 combuter, was converted
for use on the CDC 7600 computer at the Lawrence Berkeley Laboratory. .
A listing of ORIGEN and its nuclear data library aré shown in fhe appendix
in microfiche form. The computations were then initiated by specifying
the initial fresh fuel charge composition, specific poﬁer and irradiation
time as input data to ORIGEN, and the program was éxecufed. The output
of the program was the compositions and activities of the isotopes present
in the spent fuel aéla funcfion of time after reactor discharge for cooling
tiﬁes up to ten years. Aftef a cooling time of between 30 to 150 days,
the spent fuél'was reprocessed and reéycled along with makeup fuel when
necessary, such that the total amount of fissile méterial in the fresh
' fuel charge composition remained constant. The fresh fuel charge compo-
sition for the second cycle was then used as input data to ORIGEN 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 élso 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 fﬁel cycles considered in this study

are presented in the following chapters.
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II. NUCLEAR REACTIONS IN.URANIUM—FUELED NUCLEAR REACTORS

The ngclear reactions which lead to the formation of radionuclides
of neptunium, plutonium, americium énd curium in nuclear reactor fuelrare
shown in Figure 2. The principal plutonium isotope formed is 23%pu, wifh
a half-life of 24,400 years, produced By the capture of neutrons in 238y,
leading through short-lived 233U and 23°Np to fissile 239y, Non-fission
capture of neutrons in 239y results in 240py, and its neutron capture
results in fissile 2“!Pu. The isotobés 239py and 241pu are fissionable
with thermal and fast neutrons and contribute significantly to thé energy
sources in thermal and fast reactors. Because ofvits half-life of 6,580
years, 2%0Pu is a very strong and persistent alpha source in reactor
plutonium, and 13.2 years 24lpy is an extremely ihtense beta source. The
decay of 2%1Pu is predominantly beta to form alphavemitting 2“Am_. A

small amount (0.0023%) of 2“1Pu undergoes alpha decay:(ll)

ZHlpu B-(99+%) 5 2’+1Am a _ . 237Np

13.2 yr. 458 yr.

«(0.0023%) 237y B
13.2 yr. - 6.75 d

<

The gammas from 2“1Pu decay are relatively weak (20.8 KeV), but its
decay daughters 2“1Am and 237U emit higher‘energy gémmas and are important
sources of external radiation from plutonium fuel material.

Non-fission cépture of neutrons in 2%1Pu results in 242py, and be-
cause of its long half-1life, the radioactivity of 2%2Pu is not important
compared to-tﬁg other plutonium isbtopes. Its neutron-capture daughter
243py is short-lived and decays away within a few days after plutonium

is removed from the neutron environment of the reactor.
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The gréatest amount of alpha radioactivify in reactor-produced
plutonium results from 86-year 238Pu, which isvproduced by the reaction
chain initiated by non-fission neutron capture in 235U and by fast-neutron
(n, 2n) reactions with 238y, as shown in Figure 2. ‘Some 238Pu is also
produced by fast-neutron (n, 2n) reactions with 2v39Pu.

Neutron*aﬁsorption in 237Np also generates thev2;85 year 23%Pu. The
deca}’daughters of 236py also contribute to the radioactivity in separated

plutonium containing 236pu.

236py, 2.8(; yr; 232y ﬁa_y? 22871 1.9? yr, 22u‘Ra‘3-6Z » 220pn
22%n ‘s?ois_’ 216P0 155> 2 7P joer
212p; 86_.6'_67? 212p, 3.00:.( =rr 20%Pb

200 —

The short-lived beta emitters, 212Bi and 298Ty, are accompanied by
penetrating high-energy gammas.

Radioactive decay of 2%1Pu and 243Pu result in the formation of
241am and 253Am, which are also important and persistent sources of alpha
radioactivity. Neutron absorption in these americium isotopes leads to
163-day 2%2Cm and 17.6-year 24%Cm. These, together with the 32-yeaf .
243Cm formed by neutron capture in 2%2Cm, are the most intense sources
of alpha radioactivity in discharged uranium fuel. 'Also, 2%2Cm, 2%3Cm,
and 244Cm alpha decay to form 238Pu, 23%9Pu, and 240Pu, respectively. A
long-1lived -decay source of 2%lpu is 9300-year 2%°Cm formed by neutron

2'+1+Cm.

capture in 243Am alpha decays to 239Np which quickly decays to

239py. These decay reactions are the most significant sources of
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plutonium in the high-level radioactive wastes resulting from reproces-
sing uranium fuel. Therefore, americium and curium radioactivities are

important considerations in the.plutonium fuel'cyles.
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ITI. 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, plutonium, americium, curium - invoived in the typical fuel cycle
for the uranium-fueled water reactor(ll)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% load
factor. The quantitiés 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 opgration over most of the plant life. 1In the
water reactors, equilibrium fueling occurs by replacing one-third of the
reactor.fueivevery year, so that each fuel element remains within the
reactor for three years prior to discharge, corresponding to an average
thermal eprsure 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 isotopic percent 235U 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 235U and 238y fast fission,
- or indirectly through conversion of fissile plutonium. The discharge fuel
is storedvat the reactor site for 150 days to allow for decay of fission
products, especially 8.05-day !3!I which must not be allowed to escape
from fuel reprocessing in any but minute quantities and 237U. 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-aséembly structure. The recovered uranium, containing
0.83% 235U, is then returned as an input to the isotope-separafion plant
for re-enrichmént. 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(lz)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
frdm fuel reprocessing are indicated on the flow sheet and are tabulated
in Table 7. The radioactive quantities of fissioh products and fuel
cladding are also shown in Table 7. The inventories of uranium are average
inventories, all other inventory quaﬁtities'were calculated on the basis
of the composition 6f discharge fuel; A total of 246 Kg/yr of plutonium
is contéined in the discharge fuel to be reprocessed, and the recovered
plutoniumlcdntains 170 Kg/yr of fissile plutoniuh.

For an estimated value of fissile plutonium of_$7.50 per gram as
water-reactor recycle fuel, the value of the recoveredAplutonium is about
$1.4 million per year. This is over twice the value of the recovered
uranium. . It is to realize the value of the containednplqtonium that is the
main justification for>processing‘fue1 from this reactor.

The plutonium thus recovered in each year contains 1.22 x 105 curies s
of albha emitting radionuclides and 2.79 x 106 cuiies of beta emitting
241py, The isotopic composition of the recovered'plutonium is shown in
the first column of Table 8, and the radioactivity resulting from each of

these plutonium isotopes is shown in the first column of Table 9.
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Table 7 (continued)
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Table 8

Isotopic Composition of Plutonium in Reprocessed Discharge Fuel,

For 1000 Mw Power Plants

Uranium-Fueled . Plutonium-Fueled Fast-Breeder(a)_
Water Reactor Water Reactor Reactor
Wt.% Wt.% W%
236py 1.0 x 1074 . 3.7 x 107° 1.5 x 1070
238py ;f} 2.4 4.3 6.9 x 1072
239py  ~ 58.4 37.2 g
240py - 24.0 27.8 . 25.1
241py 11.3 | 18.6 o 2.4
242py 3.9 12.1 ' 0.76
100 100 100
Table 9

Curies of Plutonium Radionuclides Reprocessed Yearly,

For 1000 Mw Power Plants

Uranium-Fueled Plutonium-Fueled Fast—Breeder(a)
Water Reactor " Water Reactor Reactor

Curies/Yr Curies/Yr ' " Curies/Yr
1.34 x 10° 1.76 x 10° -~ 1.59 x 10!
1.01 x 10° 6.50 x 10° 2.25 x 10°
8.82 x 10° 2.03 x 10 ~ 8.51 x 10%
1.30 x 10% 5.44 x 10°  1.07 x 10°
2.81 x 10° 1.69 x 107  4.67 x 10°
3.76 x 107 4.20 x 10°  5.74 x 107
1.23 x 10° 7.25 x 10° 2.15 x 10°
6 7 6

2.81 x 10 1.69 x 10 ‘ 4.67 x 10

(a) Atomics 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 is, 150 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 yeafrs at the fuel repfocessiﬁg
site. They are then to be shipped, in a consolidated form, to a federal
repository for perpetual storage.

Detailed p&ots of the growth and decay of plutonium in the high-
level waste are shown in Figure 4. It was assumed, for fhe purpose of
this calculation, that 0.5% of the uranium and plutonium in the reprocessed
fuel and all of the remaining actinides follow the high-level wastes.

For a period of about 10 years after reprocessing the concentration of
238py increases with time in the high-level waste because of tﬁe relatively
large amounts of its precursors 2%2Am and 2%2Cm and it remains in ap—v‘
preciable concentration for over 100 years. For a'period of about 10,600
years, the concentration of 23%Pu increases in the high-level waste

because of the relatively large concentrations of its radioactive-decay
precursors 243Am and 2%3Cm. Similarly, the concentration of 240Pu increases
for éeveral hundred years because of the relatively large amount of its
precursor 244Cp, " The long-lived decay source of 2%!Pu is 9300-year 245 Cﬁ.

The radioactive inventories of neptunium, americiﬁm, and curium
radionuclides in high-level wastes, as a function df waste storage time,
are shown in Figure's, In Figure 6 are shown the radioactive inventories
in high-level wastes of the elements neptunium, plutonium, americium, .

, .
and curium, and the total of all the actinides present in the high;level

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

years the main contribution to total actinide radioactivity is due mainly
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to neptuniuﬁ,‘plutonium and americium.

The recovered plutonium product builds up additional radioactivity

with time due to the radioactive decay of 13.2-yeér 241py to form
241pn and 237U and due to the radioactive decay of 2.85-year 236pyu to
form 232y, 228Th and the 228Th decay daughters.

The radioactive inventories of plutonium in the fuel cycle operations
were calculated, with process hold-up times obtained from a study by
Pigford‘ll), along with the associated inventories in the fuel cycle
operations and are shown in Table 10. The total fuel cycle mass inventory
7

is 879 Kg with alpha and beta activities of 4.33 x 10° and 4.39 x 10

curies respectively.

Light-Water Reactor Fueled with Natural Uranium and Régycled Plutonium
There are several alternate means of utilizing plutonium as recycle
fuel in water feactors. As one alternative, the plutonium may be blended
with natural or slightly enriched uranium as self-generated recycle
fuel in the reactor in which it was originally produced, thereby reducing
the required amount of uranium isotope Separa;ion for that reactor.
Portions of the reactor core may be assigned to mixed PuOZ-UO2 fuel, with
other portiohs fuéled with isotopically enriched U02. Because of the
high neutron absorption cross section of plutonium éome 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 fhel discharged from such reactors is to be blended with
natural uranium and make-up plutonium. This concept has the advantage

that all fuel within the reactor consists of the mixture of natural



~Table 10

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

Hold-up
time
Reactor | 3 years
Post-irradiation cooling. 150 days

Shipment to fuel reprocessing 38.4 days
Fuel reprocessing 30 days
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 '

(a) Fissile'plutonium: 239py + 241py

Plutonium Inventory

(a)

Total

733
100
26
20

. 146
879

244

2.46

Alpha: 236py + 238py + 239py + 240py + 242py

Beta: 24%lpu + 243py

Pu
Kg

Fissile

510

70

18

14

102

612

169

1.

71

.01 x 10‘

.33 x 10

.23 x 10

. Alpha

Pu

curies

61 x 10°

.

.93 x 10

4

.29 x 10

4

4

.23 x 10

5

5

.22 x 10

Beta

Pu

.22
.95
.31
.75
.39

.79

.81

X

X

curies

7

.81 x 10

108

10°

105

6

10

107

6

10°

10
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uranium and plutonium. It is this concept which is the basis for the
plutonium recycle in the present analysis. The;e.results can be used

as a good approximation to the flowsheet for fuel elements fabricated
from natural ufanium and recycle plutonium and usea in partial core
loadings in the first alternative described above, providing the through-
puts and inventéries are scaled according to the poﬁer generated by

these recycle fﬁel elements.

The fuel cycle flowsheet for the plutonium-uranium fueled water
reactor(iS)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 fissile content of the fresh fuel; 505 Kg/yr of
makeup plutonium is required from the recovered fuel of the uranium-
fueled water reactors. Since each of the 1000 Mw reference uranium-fueled
water reactoré, as shown in Figure 3, produces 244 Kg/yr of recovered
plutoniuﬁ, a total generating capability of 2070 Mw of uranium-fueléd
water reactors is‘required to suppo;t 1000 Mw of plutonium recycle.

This ratio will vary with specific designs. Tablell lists the mass and
radioactivity for the charge and discharge and the fuel composition 150
‘daysvafter discharge, as well as the reactor inventory. The inventories
of uranium aﬁd plutonium are average inventories,'ail other inventory
quantities were calculated on the basis of the composition of discharge
fuel. As shown iﬁ Figure 7, a total of 1450 Kg/yr 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% fissile plutonium. The 2“lAm in the fresh fuel results from the

radioactive decay of 13.2 yr 2%1Pu in the recycled fuel after its sepa-

ration in fuel reprocessing.
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Fig. 7
Fuel Actinide Flowsheet for 1000-Mw U-Pu Fueled Water Reactor
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Table il

Material and Radioactive Quantities in Reactor and Fuel Cycle

for a 1000 Mw Plutonium-Fueled Water Reactor
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Table 11 (continued)
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After 150-day storage for radioiodine decay, the fuel is shipped to
reprocessing. The recovered plutonium is recycled to fuel cenVersion and
fabrication. The recovered ufanium; containing 0.33% 235U, is not worth
recycling. The'required net input of natural uranium from external sources
is 28,060 Kg/yr. The process losses and scrap recycle fractions are
-those used in a recent AEC(lz)study on reactor fuel cycles.

The isotopic composition of the plutonium recovered in fuel Treproc-
cessing and the radioactivity quantities of the plutonium reprocessed
yearly are shown in the second columns of Tables 8 and 9. The concentration
of high-mass plutonium isotopes is relatively high because all of the
plutonium is recycled, except for the small amount involved in,process
losses. As a resulf, relatiVely large quantities of americium and curium
are produced, as shown in the second columns of Tables 12 and 13, resulting
in much greater quantities of alpha activity in the high-level wastes
and in much gceater amounts of plutenium ultimately present in these
wastes from ameficiumvand curium decay. The radioactive. content of plu-
tonium in discharge fuel is over six times greater than that in the uranium-
fueled wafer reector, and the content.of americium and curium is over
. ten times greater. The total inventory of plutonium in the reactor and
external fuel cycle is calculated and .listed in Table 14. The total mass
inventory is about five timesléreater for the uranium-plutonium fueled
reactor than for the uranium-fueled reactor, and the total alpha radio-
activity is about seven times greater for the uranium-plutonium fueled
reactor than‘for the uranium-fueled reactor.

From Figure 7, it can be seen that each year about 1490 Kg of

plutonium, containing 905 Kg of fissile plutonium, 1.05 x 106 curies of

plutonium alpha activity and 2.4 x 107 curies of plutonium beta activitys
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Table 12

Americium Radionuclides Reprocessed Yearly
for 1000 Mw .Power Plants

LBL-3682

Bréeder Reactor.

Uranium- Plutonium-
Fueled Fueled “rast(a)
Water . Water _ Breeder
Reactor Reactor Reactor
Kilograms/Year
241p C1.32 15.7 4.05
242Mpp - ~0.011 0.218 0.0712
243pp 2.48  61.8 1.92
Total 3.81 77,7 6.04
Curies/Year
241pm 4.53 x 10° 5.39 x 107 1.39 x 104
2u2mpy 1.16 x 10° 2.12 x 10° . 6.92 x 102
242 1.16 x 10° 2.12 x 10°  6.92 x 102
243 4.77 x 10° 1.19 x 10? 3.69 x 102
Total a 5.01 x 10° 6.58 x 104 1.43 x 10%
Total 8 1.16 x 10° 2,12 x10°  6.92 x 10
(a) Atomics International Follow-On Liquid Metal Fast
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Table 13

Curium Radionuclides Reprocessed Yearly
for 1000 Mw Power Plants

Uranium- Plutonium-~ (a)
Fueled Fueled Fast
Water Water Breeder
Reactor Reactor Reactor
Kilograms/Year
24%2cpy 1 0.133 1.92 0.113
2u3gy 0.002 0.022 0.006
24hep 0.911 46.2 0.127
2%5¢cm 0.055 5.22 | 0.004
Total o 1.101 - 53.36 ) ' 0.250
Curies/Year
2420y 4.40 x 10° 6.36 x 10° 3.76 x 10°
2430 9:03 x 10" 1.03 x 10° 2.87 x 10°
2440y 7.38 x 10* 3.74 x 10° 1.03 x 10*
2450 9.79 9.21 x 10° 6.20 x 1071
5.15 x 10° 1.01 x 10’ 3.87 x 10°

Total

(a) Atomics International Foilow-On Liquid Metal

Breeder Reactor.

Fast



Table 14

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

Hold-up Total Pu  Fissile Pu  Alpha Pu. Beta Pu
time : Kg Kg . - _curies o curies
Reactor | 3 yr. 3380 1997 2.47 x 10 2.00 x 108
Post-irradiation cooling 150 days 356 205 .87 x 105 4.56 x 107
Shipment to fuel reprocessing 38.4 days 93.6 52. .62 x 104 1.78 x 106
Fuel reprocessing | 30 days | 73.1 40. .95 x 104 1.39 x 106
Shipment. to fuel conversion 8.4 days 22.6 12, .79 x 104 4.16 x 105
Fuel fabrication 30 days 119 72. .38 x 104‘ 1!91 x 10
Shipment fo reactor - 12 days 44.9 27. .15 x 10% 7.20 x 10°
Pre-irradiation invehtory ‘36 days 134.7 82, .45 x 104 2.i6 X 106
Scrap recycle shipment 12 days 3.4 2. .36 x 103 5.39 x 104
Total external to réactor | .954 555 .20 x 105 5.56 x 107
Total in feactor and 6 | 8
external fuel cycle 4334 2552 .19 x 10 2.56 x 10
Plutonium makeup from one ‘ 5 6
year of operation 505 352 .52 x 10 5.77 x 10

.

_6€_
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-40- : LBL-3682

must be carried through several operations of chemical conversion, fabrica-
tion;.and shipping for such a 1000 Mw reactor. The process losses to the
envifonment must be controlled‘to extremely low levels in order to maintain
the public risks at low aﬁd acceptable levels.

The plutonium activity in the high;level wastes reéulting from one
year of operation is shown as a function of storage time in Fig. 8. The
radioactivity of Aﬁ, Cm, and Pu in high-level wastes from uianium—fueled
water reactors and uranium-plutonium fueled wéter reactors are compared
in Fig. 9. The plutonium activity is well over ten-fold higher in the
wastes from the plutonium-recycle water reactor, andvthe curium activity
is greater by an even larger factor.

The flowsheet of Fig. 7 indicates estimates of the losses of plutonium
to other solid wastes in the fuel-cycle operations. These wastes generally
cbntain'plutonium and other actinides at very low concentrations, so they
are referred to here as low-level wastes. These plutonium losses are
not environmentai releases, as accebtable environmental releases must be
many orders 6f magnitude less than the.losses to these wastes. Therefore,
the wastes aésoéiated 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 pluténium 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, althﬁugh
fhe 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 managément program which

assures adequate control of all 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.
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Fig. 8

LBL-3682

Plutonium Activity in High-Level Wastes from a
Uranium-Plutonium-Fueled W‘ater Reactor
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Fig. 9

Actinides in High-Level Wastes for
g U-Fueled and U-Pu Fueled Water Reactors
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IV. FUEL CYCLES FOR THE 1000 Mw LIQUID METAL FAST BREEDER REACTOR

Atomics International Follow-On Liquid Metal Fast Breeder Reactor
(AIFO LMFBR) ‘

Two types of reference design fast breeder reactors were considered.

14
( )which is assumed

The first one described here is the AiFO design
to be typical of early LMFBRs that may begin commercial operation be-
ginning in 1986. The fuel-cycle flowsheet for this 1000 Mw LMFBR fueled
with depleted uranium (0.25% 235y) obtained from the tails from uranium_
isotope separation operations; is shown in Figure 10. Fuel charged to

the reactor core consists of mixed oxides of uranium and recycle’plufonium
recovered from discharge fuel, with a Pu/U ratio of 0.206. The reactor
core contains 19.1 metric tons of uranium and plutonium. The core fuel
operates to an average thermal exposure of 67,600 Mw days per Mg prior

to discharge, corresponding to an average core fuél lifétime 6f 1.99 years
~at 80% capacity factor.

Surrounding the reactor core is a blanket of depleted uranium, which
absorbs neutrons leaking from the reactor core to produce additional |
plutonium. The axial blanket consists of axial extensions of the
cylindrical core-fuel rods and is discharged along with the core fuel.

The radial blankef consists of.full-length rods of depleted uranium which
operate for 5.81 years, at 80% capacity factor, prior ;o discharge. Heat
is generated in the axial and radial blankets by fissions in uranium and
in generated plutonium. The average thermal powers generated are 2214.6,
106.8, and 73.8, megawatts, for the core; axial, and radial blankets,

respectively. Thé average thermal specific powers, expressed in megawatt
per metric ton of U-Pu fuel charged to each region, are 116 for the core,

8.1 for the axial blanket, and 4.7 for the radial blanket, based upon

full power..
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The percentage of input material which appears as procéssing
losses and aé‘écrap.recycle in each fuel cycle operations is taken from
‘Pigford's réport to the Ford Foundation.(ll) Tﬂé flowsheet quantities are
based upon an overall thermal efficiency of 41% expected(14) for commercial
fast-breeder reactors.

The plutonium in the discharge fuel is the total of that in fuel
discharged from the core and frdm the blanket and are assumed to be shipped o
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
thrée 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 yeaf,
making a total discharge of 1934 Kg/yr. The plutonium in the blanket is
relatively rich iﬁ the lower-mass plutonium isotopes, particularly 23 py,
whereas.the plutonium in the core discharge contains higher concentrations
of the higher-mass plutonium isotopes, as well as americium and curium.
This 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 préduct, result in less
overall buildup of the higher-mass plutonium isotopes in the equilibrium
fuel cycle of the fast breeder, és compared with the equilibrium fuel
cycle of the water reactor fueled with recycle piutonium. This is
indicated in Table 8.

As shown in Table 9, the lower concentration of 23>8Pu and 2“lpu in

breeder plutonium results in less alpha and beta activity in plutonium

processed yearly as compared with the uranium-plutonium fueled water reactor.
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___NP233 0O Oe 2. 48E-03_  6.48F+(S. 6622E-12 1 +€62FE~073 4.94F-03___  1,29F¢06
NP2 39 Oe 0% 2.€2E40C 6.CEEHCE 1. E4E-C6 3.82E402 S5.21E¢00 1.21E409
TOTAL 0. Oe S5.64E+00 6.10E+08 3.C7E+00 3.B4E+02 1.12€+01 1 22E+¢09 X
. a2e13E+CO : a2.17FE+00 Q8+ 25€E 420
- o e o . g6-CSERCE o g3e82E+C2 _ : R gle?21E¢09 e
PU236 2.52E-0% 134401 2.786-08 1.48E+C1 2.EEE-C5 1.43E401 5.29F=-05 2.81E401
pPU238 1.13E+0¢C 1.90E+04 1.24E400 2.CY9E+04 1.27E4+00 2.14E+08 2. 3SE+00 3.G7E+N4
__PU239 1 L17E+02 _ 7.18E£+04 1.COE+03_ 6.66FE+04 __ 109E+03 6 .6BE4+04 __ 2.25E403 1 .38E+405 _ _
PU240 4.10E+402 9OIF 404 . 4, 71F+02 1.04F¢CS 4,71E+C2 1.CAE+ 05 8.77E+02 1.93E¢0S '“
S IVEY Y 3. 84E+01 3, 90E+ € 4.595+31 QA.67E+06 4.56E+01 4,63FE+06 B.4CE+01 B.E4E+CE
PU242 1.25€401 4,.39E+C1 1.47E+C 1 SeT4E+C1 1.47E+01 S.T74F¢01 2.72E401 1 «06E+02
PU243 __ O0e O 9.30F=04___ 2.,41F+06 4,77€-17_ 1424FE~-C7 __ _1.8BSF-03 ___ 4.H0E+06
TOTAL 1.63E+03 4, 38E+06 1.ez&+03 74276406 1.62E403 4 .82E4006 3.24E403 1.13€437
‘al +B1E+0S Q1S 1E4+CE al . 92C+05 a3.71E405
83+ SOE+C6 B7.0BE+06E ga +63F+C6 B1.COE+C7
AM241 4.64E-01 1.59F+03 FL66E400 7T 1 310 +04 7T T AJ02E4007  1.38E+048 4 11E400  TT1.4€6+04
AMP242M 0. Oe 7.11E-02 "6.G2E+C2 7e11F-02 6.91E+02 1.42€-01 J.38E+03 &
AM242 Oe Oe 1.04E-03 8.39E+CS HeE4E-C7 6.G1F+02 2.C7E-03 1.67E+06 —
AM24 13 O0s _ O 1.92E+400 3.69F+02 1¢92E400__ 3.69E+02 ___ 3,82F400  T43SE¢C2 t
AMP44 Oe O GeB2E=CE 2.S1E4CE T 9.256-20 2.74F-09  1496F=05  5.80E+0S b
TOTAL 4.,64E-01 1.59E+03 S.65E+00 1.14E+CE 6.01E+00 1.55€+04 6.CSE+00 1.14E+06 A
al.59E+02 al « 29€+04 : ale42E4+04 a 1.45E£+24 R
g0 Bl.12€+C€ BO.SLE+O2 B2.,25€¢06




Table 15 (continued)

CORE -
CHARCE DI SCHARGE 60 - DAYS INVENTORY
KGM/YR CURIES/YR KGM/YR CURIES/YR KGM/YR CURIES/YR KGM CURIES
__CM24> 0. 0. 1, 46E-01 4.02F+C5 _ 1.13E-01 3.76E405% 2e¢9CE-C1 __ 9.,61E405
CM243 Oe 0% 6e27E=0F  2.EBE+CZ 6 2SE-C37  2.87E+4027  1425E~027 5.75E402
CM244 0. 0. 1.27¢~01 1.02€+04 1+276-01 1.03F+04 2.56€-01 2.CCE+04
CM245 Ce 0. 3.56E-C3 6+ ZSE-C1 3. 56E-03 6.29€E-01 7+10E-03 1. 25E400
CM246 0. 0. 9.49E~-05 2.93F-02 9.4GE=-05 2.93E-02 1. AGF-04 Se83E-02
TTTTeM247 O 0. 1040E=CE6  1e24F-C7 7  1440E€-06 7" 1 .24E-07 " "2.79E-0C6 T 2.4€E-07
curag 0. 0. 2.25€-C8 9.24E-C8 2. 25E-08 9. 24E-08" 4,49€E-08 1.84E-07
TOVAL Oe O 2.83E-01 4 .93F+05 2.50E-01 3.86F+0S S5.64E-01 G4 B2E+ QS "
R A SIE+CS a3 .86E+05 A9.A2E405 g
37.575-09 B?.676-09 BleS3E~-CA T
BK249 0. 0. 2.17E-10 3.€2F-Ca 1. $CF-10 3 176-00 4432E-10 7.21E-04
_AaK250 O 0. Se73E~15 2.23E-C5 3.84E~23  1.,49E-13__ 1.14E-14 4.44C-05
TCTAL Je 0. 2 1 7E-107 T 3.€4E~C4 T 1.90E-10 3,17E-0A7 T 4.32E-10 T 7.66€-04
aO e ale ale -
B3.B84E-Ca R3+17E-0a B7..66E-04
CF 249 0. 0. 4, 22611 1072207 6.90E<-11  2.42e-07 Bl a0E- 11 v.43F407 -
CF250 0. 0. 3,.71E-12 4. CEE-C? 2.6GE~12 4.03E-07 7440E~-12 8.10E-07
CF251 0. 0. 4,30€~10 6 .,80€E-11 4.30€E-14 6.80E-11 e S7E~ 14 1.36ﬁ—|o
_____CF252 _ O O 4,33C-16__  .2.322€~10____ 3+15E-16 _2.22E-10 __B.63E-16 4.63E-10
CF253 O 0. 1.12E-18 T3e24E-11 1. C8E-19 s.laE—xz‘ TTT2e23E=18T T 6866 -1 T T T T
TOTAL 0. Oe 4.59E~11 SeT79E~07 7.28E-11 6.85E-07 9.15E-11 1«15E-0C6 : :
: 65e 7€E-C? 06+B2E~-07 al+15E-06
- B3+.26E-09 Bl.24F-09 . B6eASE-09
TOTAL 9.54E403 0. B8.85E+03 1«23E+0S 8, BSE+ 03 €. 23E4+06 1.83E+04 1+23E+09
TR ISSION T T 0. 7 0. 6.80E+02 T3CAEER 0SB BOE+0T T 2 1SE408 T 1 ISEFO0I T T 6 8LEFDG B
PROD. -
CLAD, 3.36E402 Oe 3.36E+403 6 466E+06 3.36E+03 2.S8E+06 6.70E4+03 6. €AE+ 06

Zz89¢-1d




Table 15 {continued)

- o
AXIAL BLANKET e
CHARGE . : : DI SCHARGE _ : 60 DAYS INVENTORY Fe
. KGM/YR CURIES/YR K GM/Y.R CURIES/ YR KGM/YR CURTES/YR KGM CURIES
U234 6, 04E~02__  3,74E-(1 S5e62E=02___ 3.48E-01____ Se63E~02 3.,48E-01 _ 1.16E-01 7¢1G9E-Q1 .
u23s 5.37E400°  1.15E=02 3. 78E¥0C  B.CSE-C3I 3. 78E+00 8¢ 09E-03 9.11E400 i.95€6~-02 Toenct
Uzaie 3. 09E+0¢C 1+96E-01 3.33E¢00 2.11F~01 3.33E+400 2.11E-01 6. 4CE+ 20 4,0€F~01
U217 O Oe 1. 26E~02 1.93F+C6 2.65E-05 2.17E403 2.51€-02 2.05E406 o
w238 _6.58E+03 2.19€+00 6.34E403 2411400 6434C+C3 2.11€400.___ 1+29E+04 _*_¢ 29E+90 e
uz233 O. 6.26E-03 2.10E+0B Oe ~ O 1e25E=-02" 4. 18F¢ 48"
TCTAL 6439E+03 2.77E+oo €e 35403 2.11F+CB 6.35€E+03 2.17E403 1e29F+04 2¢10E+08 Cad
a2« 77E+00 a2 .E8E+CO 2.€8FE400 aS+88E+ 00
3 B0 B2.11F#+Q8 o 2.17F+03 e _BY%.20F+08 e
NP236 0. Oe 1e33F~ 8.01E+00 2.€3E-28 1.59F~-19 2.65E-08 1.60F+01 @
NF237 Oe O 1. 00E40¢C 7.CEE-C1 1« 01E+00 7.15C-01 2+00E+00 1.41C#20 1
__NP238 0. Oe 2.41E-04  H.ZYEH+CA__ €.03E-13____ 1.S8E-0A4____ 4.7SF-04____ 1.725€E+05 e
‘NP 23 s 18 0. 9, ((OE=C1 ?+CSE+CS8 T1eB7E~08"  4.35F+0) 1+ 79E+0D 4,17C¢CH
TCTAL O Oe 1+90E+00 2.1CE+CB le C1E+00 5.C7E+CO 3. 7GE+00 4,18E+¢08 oo
a7 «06E-01 7T+ 15F-01 . aledalE¢+ON
o - B2.CSE+(E e . _B&.3674+00 e BA+17F¢QB .
: el
PU236 O Oe 1e S2E~C6 1.C2E+00 1.86FE-06 9.87€E-01 3.84E-06 2.04F 400
PL238 0. Oe 3.27€E~-02 SeSZF4(CZ 1, 26E-C2 5. 56E+C2 6.52€-02 1.10E+03
PU23S - 0. Oe 1eG2E+02 1 1BE+08 __ 1.93E402 __ _ 1.19E¢04 ___ 3.84F+02 2+ 35404 =
PU240 O Oe E.CGE+CC fe 7TEE# C2T  A.CY9E+00 1.78E+03 1+61E+401 3.566403
Py241 0. O, 1« 79E=-01 1.8ZE+C4 1.78E-C1 1.81E¢0C4 3. 5€E-01 3.63E404
PU242 Qe O 3. 02E-C3 l.lBE c2 3.026-03 1e13E-02 6.02E-03 2¢35E~02
PL24a3 - Oe O Ge3)E~-CH 2e41E+C2 7¢67€E-25___  1.99F-15 1.85€-07 4 ,R0E+0?
TOTAL Oe Q. 2.01E402 3.26E+C4 2.,02E4037  3,23E+0a A.00F¥02 6eSCE*08
ae aled1E+C4 aled2F+04 G2+82E+04
g0 o ‘ g1.e5E¢Ca "B le.81E+CA B 3.68E+04 -

. e i IS i o et e .. - -]
AN2AL Qe [\ )8 4.58E=03 T1.S7EXCL S.67E-(3 2.05F+01 G.13€E-03 3.13€¢01 5l
ANZ42M De O 1.23E-0S5 1.19€~01 1.22E-05 1+ 19E~01 2.44€-0% 2+376-01 &
AM242 Oe O T3 79E-C7? 3.C7F+C2 1.47E-10 119€E-01 7 «55E-07 6.11F+02 b

—_— ANP43 Qe o} De19E=09 __ 9,S9E~-(C3_ 5.20&005_»"_1.006-03, 30 0Q4F=04____ 1499F~02 foe
AM244 Je O T VBE-IL 2.31!000 Teb4E=23 2.206=14 l-ﬁﬁ!-lﬂ 4. 6CE00 ™~
YCYAL Oe O 4.64£~-03 e 25E+C2 €e03E-C3 2.07E+01 Q.2%E=-03 6.43F¢02

a0 1.57E+01 a2.05E+01 a3« 13C+01
S BOs 33 C9E+C2 gl19E-01 _BO16E#+02




ay, Ine f
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Table 15 (continued) -

AXIAL BLANKET

CHARGE CISCHARGE 60 DAYS INVENTORY
KGM/YR CURTES/ YR KGM /YR CURIES/ YR KGM/YR ‘CUYRIES/YR KGM CURIES
_CN242 O O 3eJLE-0S__ - 110F4C2 =~ 2.59E-CS = B8.S57E+C1_____ 6.59F-05 2.18E+922
cM243 Ve Os 1.93E<07 8.8G6E=-C3 7 1.93E-07 8.86E~-013 3.85€E~-07 1le77€-02
CcN244 Oe Oe 4, 10E-C7? 3e3CE~(C2 4o CPE-C7? 3.30E~-02 B8s.17E-07 6.62F-02
cw¥245 De O 1.84F-09 325E-07 1.84E-09 3.25£-~-C7 3., 67E-09 6+4GF.~07
CM246 Oe Ce 7eS4E~-12 2+.458E~(9 TevaF-12 2.45F=-02 158E-11 4.88F--09
T Cwv247 Oe O 2¢25E~-147 7 1.,6GF~- 15 T2e25E-14"T T 1.99F-15" "4.48E-14"7 T3.,96E~-15 -
CM248 Do O 6+ 9IE~-17 2.87E~16 6.G9E~-17 2.B7€-16 1¢39E-16 € 71E-16
TOTAL Qe O 3.37E~CS 1e1CF+C2 2e €ESE~QS5 8.S57F+01 6.72E-05 2.19F¢22 1
al «10E+02 e aBeSTE+01 . a 2.19C¢02 o)
BZ.‘EF“? BZOJQF ‘7 8‘-74E"17 ‘.'7
BK249 Oe Oe 1 .45€E-~-19 2.42E-13 1427E-19 2.13F-13 2.89€E~-19 4,83F~-113
RBK250 Qe O le 12FE-24 4o37E=1S Q¢ S3E-36 1., 76E=26  2.24E-24 BJ.70E~-1S5 )
TOTAL Oe 0. 164363197 2.,476-13 1.276-19 2.1 ~13 2 89E=-197 " 4,92E~-13 T
ale aOle . Oe
B2e47E~12 321136-13 84.926—13
CF249 Oe O 24 13E-20 8, 7CE-17 3e¢S3E-20 1 «60E~-16 4.25€E-20 1.73E~-16
CF 250 O. Qe Se10€~-22 5.58E-17 5. 06E-22 S.E4E~-17 1. 02E-21 1ellE-16
CF251 Qe Ce Ge £2FE~2¢ 1.82€-21 9.62E-25 1.82E~-21 192E~24 3.,03E-~-21
______CF252 Oe O Oe Oe Oe Oe . 7 O 0.
. CF253 0. Oe O 0. Oe Oe O Oe
TOTAL Oe O 2e 18E~-210 1«43E~ 16 3.58E~-20 2.16E-16 4,356-20 = 2.85E-16
) aled2E~16 al2e15€-1€ a6 2+8B4E-16
. ) B4¢4€CE-18G B4e43F~19 B 8.89E-19
TOTAL 60 59E+03 277E+00 6.55E+03 4 ,20E+08 GeSSE+03 3.46E+04 le3IECOS 4+ 19FE+28
F1SSINN Oe Oe J. 26E+01 2.34€+08 3. 26E+01 129E+Q07 B s49EFDT 4. 6TE+0OR
PROD. . . .
. CLAND, 2032E+02 Oo 2¢22F+03 1« 4CE+(CH 2032€E+03 S«SIE+0S 4,62€E403 139E406

289¢141
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Table 15 (continued)

o
RADIAL BLANKET bl
Ly
CHARGE D1 SCHARGE 60 DAYS INVENT QRY s
KGM/YR CURIES/YR KGM/Y R CURIES/ YR KGMZYR CURIES/ YR KGM CURIES
y23a P2e48E-02- _ 1+4564€-=C1 2. 28F-02 1.41E-C1 _2.728E~-02 1.41E-01 138E-01 __ _8.55F-01 I
u23s 2.21E400 8 ,73EZ03T 1 32E400° 2.HZFE~-CI 1. Z2E+00  2.82F-C3 1e 02F+01 2.19E-02
Vz36 1. 276+ 0¢C 8¢ 06E-02 1+ 39E400 e.azc 02 139400 A.8B2E-02 772400 4.,90E~-01
va3r Oe 0. - 2.156-01 « 7EE+ (S 4,53E~-C6 3.70F+02 1.25E-02 1.02E+906 (£X4
_UZ3R 2.70E+03  9.01E-01t 2.57E+03 a S6F-01 2.57E+03  8.56E-01 1.57E404 _ S,10E4+00
TTTTu239 T 0. 7T Ce 1. 01E<03" " 3.39E+C7  Ce 0. T 5.88F-03 1376408 —
TOTAL 2.71E+03 1.14E+400 2.57E+03 3.41E+07 Z.STE+C3 3.71E+C2 1.53E+04 9.89E+407 <
al.14E+00 aleNYE+00 1 .09€E+00 6.47E400 !
o BO. . o Bl.41E+(C7 B 3.T0E+02 - e 1 1.93E+408 .
. ]
NP216 Ce. Oe 2,34E~-CS 2.07E+00 6.62E-29 3.99€-29 1 «94E-08 1.17E+01
NE237 Oe O 6.,07C-01 4.2PF-C1 €6.10F~01 4,30E-C1 3.,53E+00 2.49FE+00 oo
_NP238 0. Qe 6+06FE=05 ___ 1+S8E+046____ 152€-13 3.97E-CS . 3.%2E-04___ 9.19E+04
- NF?39 0. Oe 1.46E=01"" ~'3,3SE+(¢7 3.245 09 7 7.53F-01  8.46E-01 1.97E+)8 N
TOTAL Oe Oe 7.53€E-01 3.39FE407 6.,10E-01 1.186+00 4, 37E+00 1.S7€+C8 Y
: 4.28F~-Ct 4.30E-01 a 2.49E+00 :
_ R 33,3GF¢C7 . 7.S3E-01___ . . B 1e97E+I8 Py
PU236 O O 1.22E-C6 €e49E~C1L l. 1?7E-C6 6.25€~C1 7.C8BE-06 3,77€E+400
PL233 Oe 0. 2.91€-02 4,92F+02 2.92€E-02 4.93E+02 1.€6SE-01 2.86E+03
_ PU239 Qe _____ _ Oe 1.06E+C2 B AEE+C2 1. CEF4C2 6489E+03 ___ 6.18E+02 ____3.76ENa
PL240 Oe O 6.84F400 1451F+C2 €.£4E+Q0 1.£1E+02 3.57E+01 Be7€E+03
PuU241 0s Ce 2. 39E-01 2.43E+Ca 2.27F-01 - 2.A1E¢04 1.3qe+co 1.41E4085
PU242 Oe 0. Tell1E=-02 2.,77E-C2 7411E-C3 2.77F=C2? 4,13€-02 Le61E-D1
PU”&3 O O. 1424E-07 3e20F 402 _ 148SE-23___ 4.79E-14 _____7.1BE-07. 1.B€E+CY
T YCTAL O O 1e 13IE403 3.31E+C4 14 13E402 7 3.26E404  6.55E+02 1492C+9S
O a 8.49E+C23 a8.50F+03 a 4.S3E+08
0. B2.46F+04 B2.41E4+04 31.435405
TTTTAMPAL T T 0. 0. 2. T9E=027 77 S2E+01 7T 238E-027 T BL15E401 T 1 276017 4. 36E+02 [
AN242M Oe O 8.476-05 B.23E-C1 84 46E~CS B.23E-01 4 .91E-0a 4,78E+00 ot
ANPAQ2 Oe 0. 7.55E-07 6e11E+C2 1+02E-C9 8e23F~-01 4, JEE-06 3.5SE+03 i
_AM243 e O 2, S2E-C4 ~4.E7E-02_mw“2.538 Cq4  4.ARF=02__ 1s47E=03 _  2,83F-01. ¢
AN244 0. Oe 1.88E-14 4,67E+00 S4E- 24 4,58E~-14  9¢1SE=10  2.71E401 [
TOTAL O O, 2.23E-02 6 .92F+02 2.415 02 Be22F4+01 1.29E-01 A, 02F+03 %
aOe a7.S2E+C1 aB8s.16E+01 4,37€E+02
e e - B O, g 6s16E+02 8B.23E-00N 3.57F+03
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Table 15 (continued)

CHARGE NDISCHARGE 60 DAYS INVENTQRY
KGM/YR CURIES/YR KGM/YR CURTES/ YR KGM/ YR CURIES/YR KGM CURIES
cM242 Oe 0. « 1. 14E-04 3.76E+(C2 B8.,85€6-05 2e93E402 6.59E-04 2.18E402
C™2a43 Oe O 1.03F-C6 4.72E~C2 1. 02E-0Q6 4,71E-C2 Se57E-06 2.74F-01
CM244 Oe 0. 2.93E-05 2.37E-01 2.91€~-06 2.36E-01 1.70€~05 1. 28E¢00
CM245 Qe Oe 1.G7E~C8 3.47E-CE 1.$7E-C8 3.47FE~06 1.16E-07 2.02E-05S
CN246 0. 0. 1.28E-10 3.95E-CE 1.286~10 3,95F-08 T7+82E-10 2.29E~07
TCM247 T A T 0. CeA2E=13 T TR TOE-14T  B542E~13T T 4.79E-147 3.1SE-1277 7 2.78E-13
cr248 Do 0. 2+S4E-15 1.04E- 14 2+.€4E-15 1+.C4E-14 1.47€~-16 6.,03F-14 1
TCTAL 0. 0. 1.17€-04 3.76E+02 9+ 24E-05 2.33E 402 6.,82E-04 2.18E+013 34
B ale 766+ C2 a2.93E+02 a2.18E+03 N
BBe€ZE-16 RB.62E-16 B 5.01E-15
RK249 O Oe €,84E-18 9e76E~12 €. 12E-18 8.55F-12 3.39E-17 S+66E-11
BK250 O O 1,88€-23 7+30FE-14 1e59E-31 6eZ1E~22  1e09E-22  4.,24E-112
T UTCTAL "D O« EJB4ES1AT Q. 82E- 127 6. 12E-1877 7 8.55€E~-12 3.39E-17 7 S.7T1E-11
' aOe 00. aOe
B9.83E-12 BB «S5F-12 BS.7T1E-11
CF 249 Oe 0. 3. 16€E~18 1.29F-14 3.88€E-18 1.586-14 1.83E-17 7.086-14
CF259 Oe O 4,90E-20 Se2€E-15 4.86E-20 5+32E-15 2.84E-19 3.11E~14
CF251 0. Oe 1.95E-22 3.08E-19 1.6SE~-22 3.c86-19 1. 13E-21 1,79E-18
_____CF2s2 Oe__ O 4, 76E-25 2.55E-19. Q. THE-2S_ 2.55€-19 2,76E-24 1.08E-18
CF253 0. Co 2.086-28 Se§3F-21  2.08E-28 5. $3E-21 1 19E=27 77 3,44E-~20
TOTAL O O. 3.21E~-18 1.82E-14 3.93E~-18 2+.12E-14 1e8EE-17 = 1.,06E-13
' a le82E-14 a2+11E-14 a 1.06E-13
e R 4.29E-17 B84.,26E-12 8 2.49€E-16
vCTAL 2.T1E+03 1.14E+00 2.68E+03 6.81E¢C7 2,68E+03 3.33E+04 1.57€E+04 1.98F+08
T FIsSsIaN T T T To. T 0. 238F401 4. 98EFCT T 2.38EFC1LT "3J43IE+ 06 T.38E+02 2..8951128
PROD.
CLAD, GeS54E+02 Oe G+S4E+02 2+65E405 9+54E+02 1.22E408 S5+S4E+03

7¢ 70E+05

2894-141




thoore Business forns, Inc ¢

Table 15 (continued)

L3
L
REACTOR TOTAL
CHARGE D'FSCHARGE 60 DAYS INVENTORY "
KGM/Y R CURIES/YR K GM /YR CURIES/ YR KGM/YR CURIES /YR KG M CURIES Ly
U234 l.7lE-Ol___~l-06F+OO' 1.61E-01 9.98E-01____ 1+63E-01 1e01E+00 __ A.22F=0t___ 2.61E400
23S 1.C9E+21 «33E-02Z €.T7TTIEFO0 1e85F<C2 6. 77E400 7 1.45E-02  2.43E+01 Se21E-02 =,
U236 8. 7SE+0C «SSE-01 8.S6E+00 5.68C~-01 8.97E+00 S.E9E-01 24276401 1.44F4+00 s
U237 0. o. e GEE~02 4,B856+CH 1.27E-04 1.04E+04 1.27E-01 1.04E407
U238 1. 72E+04 5¢72E+00 loblFQOQ .5 376400 1. €1E+04 S.3TFE+00 4 32F004 _1444E+01 :
U239 0 0. 2.85ET02  B.S52E+08 Oe 0% 4EE-0S 1.83E+(9
TOTAL 1.72E+04 7+36E400 1.€1E+04 8.57E+(CA 1. €1E+04 1.04E+04 A.Jseooa 9+20E+08 \
a7 «36E+00 : 6695400 a 6.S7E+00 a 1.8S£+01 wn O
~ R O i B B8.57E+(8 e B 1.04F+04 [ B 1.84FE+C9 (IN
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Table 15 (continued)

REACTOR TOTAL
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Also, as shown in Tables 12 and 1$;théfrcquent rcplaqemcnt and the lower
concentrations of 2%!Pu dnd 2%2Pu result in less build-up of americium
and curium in the fast-breeder fuel, as compared Qith’thc.urunium—
plutonium fucled water reactor. - The 236!’u content in- breeder produced
plutonium is calculated to be considefably less than that in plutonium in
light-water reactors because of the lower conccntfafion of 235y in the

depleted uranium used in fast breeders.

Table 16

Isotopic Composition of Plutonium in Dlscharged
AIFO LMFBR Fuel

: Axial Radial
Core . Blanket : Blanket
_wt. % wt. % wt. %
236py 1.7 x 10°° 9.6 x10° 1.1 x 10°°
238y 7.6 x 107 1.6 x 1072 2.6 x 1072
239py 67.2 ’ 95.9 ' ' 93.7
240py 29.0 ' 4.0 ' 6.0
28lpy. . 2.8 8.9 x 1072 2.1 x 1071
242py 9.1 x 107} Lsx10d 6.3 x 107>
100 | 100 100

It is planned(ls)that fast-breceder 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-watér nuclear plants
because of thé economic incentive to minimize plutonium inventories in
the fast-breeder fucl'cycle. As shown in Table 17, the yearly amounts of
plutonium in the fast-breecder fuel cyclé are about eight-fold greater
than in uranlum fueled light-water reactors, and the 1nventory of

pluton1um in any fuel cycle 0pcrat10n with a glvcn 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'cycie 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 10. However, the shortened storage period of 30 days introduces

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

curies per year, of radioactive iodine fission products remaining after

-

30 days.

Table 17

Material Quantities of Plutonium Handled Yearly in the
Fuel Cycles of 1000 Mw Power Plants

Uranium-Fueled

Plutonium-Fueled Fast-Breeder

(b)

Water Reactor Water Reactor Reactor
Kg/yr Kg/yr Kg/yr

Plutonium into
fuel reprocessing 246 992 2058
Plutonium into :
fuel fabrication 0 1.450 1727
Net production rate of
thermally fissile : (a)
plutonium ' 170 -352 196

(a) Required make-up from uranium-fueled water reactor.
(b) Atomics International Follow-On Liquid Metal Fast Breeder Reactor.

Shorter cooling also results in about a four-fold greater amount
of radioactivity‘in thé shipped fast-breeder fuel. This increases the
shielding requirement for shipping containers and the rate of heat
generation in the fuél due to radioactive decay. Shipping short-cooled
Breeder core fuél will impose more stringent requirements for shippiﬁg—
container design than for water-reactor fuel. '

Based upon a 0.5% loss of uranium and plutonium from reprocessing to

the high-level wastes, Figure 1l shows the plutonium radioactivity in the
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high-level wastes from one year of operation of the fast-breeder as a

~ function of storage time. Because there is less buildup of americium and
curium in thé fast-breeder fuel, as compared with the uranium-plutonium
fueled water reactor, there is less increase in plutonium activity with
storage time in the high-level wastes of the fast-breeder. The total
alpha Pu activity in the hiéh-level wastes of the fast-breeder is approxi-
mately 3 times less than that in the uranium-plutonium fueled water reactor.
Figures 12 and 13 show the neptunium, americium, curium, and total actinide
radioactivity in the high-level wastes from one year of operation of the
fast breeder reactor as a function of storage time. Although the per-
centage of higher-mass plutonium isotopes in the discharge.fuel is nét as
high for the bfeeder_reactof as for the uranium-fueled water reactor,
the amount of americium produced is significantly greater for the
breeder because the higher-mass plutonium isotopes are present during
the entire core-irradiation time. Hence the americium radioactivity in
the high-level wastes is greater for the breeder than for the uranium- ,
fueied water reactor.

- The calculated inventories of plutonium in the fast-breeder fuelf
cycle are listed in Table 18, based upon the flowsheet quantities sﬂown
in Table 15 and.FigurelO and the process hold-ﬁp:times specified in the
1971 AEC fuel;cycle analysis, escalated by 20% fof contingencies.(11’16)
The total inventory of plutonium alpha activity in the fast-breeder reactor
and fuel cycle is about one-third of the inventory of the uranium-
plutonium water reactor and fuel cyple, whereas the total inventory of

fissile plutonium is about 36% more for the fast-breeder reactor.
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Reactor
Core and axial blanket
Radial blanket
Post-irradiation cooling
Shipment to fuel reprocessing
Fuel reprocessing
Shipment to fuel preparation
Fuel preparation
Fuel fébrication
Shipment to reactbf
Pre-irradiatién inventory
Scrap recycle shipment

Total external to reactor

Table 18

Inventories of Plutonium in Fuel Cycle of 1000 Mw

- H

old-up

time

1
5
-30
28
36
8

12

12

14

36

12

.99‘yr.
.81 yr.
days
.8 days
days
.4~days_
days
days
days
days.

days

Total in reactor and external fuel cycle

In plutonium product from one year of operation

AIFO IMFBR
: ~__Plutonium Inventory - . ,
Total Pu = = - Fissile Pu = - Alpha Pu...  Beta Pu
Kg __Kg curies curies
: _ 5 7
4300 3336 4.49 x 10 1.11 x 10
4 5
159 117 1.76 x 10 5.85 x 10
153 113 ~ 1.70 x 10 3.70 x.10°
191 142 2.12 x 10 4.60 x 10°
41 30 4.53 x 10° 9.84 x 10%
58 | 43 6.47 x 10° 1.41 x 10°
57 42 6:31 x 10°  1.37 x 10°
63 47 6.94 x 10°  1.49 x 10°
160 119 1.78 x 10° 3.84 x 10°
4 3 4.44 x 107 9.66 x 10°
886 656 9.83 x 10 2.33 x 10°
5186 3992 5.47 x 10° 1.34 x 107
4 6.40 x 10°

265 196 2.94 x 10
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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 té be typical of the advance LMFBRs.(14)
The fuel-cycle flowsheet for this 1000 Mw General Electric breeder reactor
is shown in Figure 14. The core fuel of this advance design breeder
reactor operates to an average thermal exposure of 104,500 Mw day; pér
Mg prior to discharge, corresponding to an average core fuel.lifetime of
2.3 years‘at-80% capacity factor, compared with an avefage thermal exposure
of 67,600 Mw dgys per Mg for 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 metrié 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
radialvblankéts, 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 19. Because of the high core specific power of the GEFO breeder,
considetably less fuel is chafged anpually to the GEFO core than to the
AIFO core, 5650 Kg/yr of uranium plus plutonium charged to the GEFQ core
compared with 9540 Kg/yr for the AIFO core.

The isotopic composition of the discharge fuei of the LMFBRs is
shown in Table 20. The discharge fuel of the GEFQ reactor contain a
higher concentration of the fissile isotope 23%Pu, than the AIFO dis-
charge fuel. 'Thig 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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Table 19

MATERIAL AND RADIOACTIVE QUANTITIES IN REACTOR ARD FUEL CYCLES

for the GEFO LMFBR
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Table 19 (continued)
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TOTAL O O 1.53E-09 2.776~C3 1e34E-09. Z.23E-03 3.5CE-09 6 35E-03
0. ao. a0 . S
B2+ 776E~03 82+23E~-03 B6 .356-03
e e PR X (R e s+ e —————— ik
CF249 O 0. 3. 25€~10 1.32E-06 Se14E-10 2.10F=-06 7 «4tE-10 1.04E-CE
CF250 O. 0. 4al16F-11 4,55E~0€ 4412E=-11 4,52E~06 9.56E-11 1.05€-05
CF2¢t 0% O. 7.41E~13 1.17F-C9 Ten1E-13 L+ 176E~09 1.7NE-12 2.€9F-09 S
CERE2 Oa O 1.16E=14 6020E-09 _ Lo klE=14.___ SeS4E—-09__ _ 2.60E-l4___ _1.42E-08
CF2&d 0. O, 4.25E=-17. 1.238-09 4.11E-18 1.19E-10 Se7€~17 2.836-Cy
Tarat 0. Oe 3.67E~10 Se BIE~06 5¢56E-10 €.62E-006 Be43E~10 _ 1.3%-0S . L
a5. ESE- 06 ahe 59 ~06 al +34E~05
g3 aTYUE~04 8l.65£-08 BRl.76E~-CH
1CTAL 5.65E403 1.83F4C6 S.02E+03 9.63E408 5.02E+03 2.S3IE+06 1.23E+04 1.11E4065
F[Sblah Q. Qe Ge22E4+02 2¢74E+09 6e22E+02 1 e 76E4+0H 1e403E+0] 6.30E+CQS
PROD. : ) .
———— KL ADe 1 .S9E$03 Q. 0 1.99E+03 S, SlE+Q€ _ 1.99E+03 2.1 7E406 4 .57E¥03 = 6,33E¢0¢€

2894191




Inc. §

Moore Business Forms,

Table 19 (continued)

AXTAL BLANKET
CFHARGE : DISCHARGE 60 DAYS INVENTORY
KGM/YR CURTES/ZYR KGM/YR CURIES/YR KGM/YR CURIES/YR KGM CURILES

Ug3ia 3o CEN=C2 ___ 1e8S=01 2806 -02 17301 _  2e8BlE-02 ___ 1.74E-01____ € .73E-02_  4.,]1tE=0]

VERT 4 705400 1.02F<C2 20 H4E+0O 6.CHBE-03 2.84E¢C0 6.08BF=-03 8.T4F400 1.A7E~-02

u236 2.SBE+00 1.896-01 3.22E+400 2.04E-01 3.22E400 2.04t-01 7.11E4C0 4,.51E-01

uz3iz Oe De 1.53E-02 1e25€+06 3.24E-05 2.64F403 2,52€-02 2.R7E+05K

U238 6.435+03 2.14E+400 G 10E+03 24 C3. 400 6. 10E+C3 2034+ 00 1e44FE+00 4 ,796400

Uz s Ce Qe 7.61FE-03 2e5HE+CH Oe X O 1 e75%€E~C¢ S840 ¢C8 .

TOT AL 6ataFE+03 2+S2E4CO 6.10E403 2.SCE+ QP ©.10E+03 2eE4EF+03. - 1.44E+04 2.94C+08 !
a2 .53F+00 +41F+00 G2,41E400 aSs 6BE+CC N
8C. 2+56E+08 B2.64E403 g5+ B89ELCE o

NP2 23€ Ce Ceo 2.376-08 1.43E401 4 ,69E-28 2.83C-19 €4SE~CE 3.29E+01

NP237 0. O« 1.41E+00 9.S5E-01 1.62E+00 1.01E+00 3.24E+00 2+29€E 400

NP2y Qe Ox 445 29E=04 1 e12E40S 1 a0BE=12. 2810048 __  S«E7F=04___  2.5HE+C(CS

NF239 Ue U 1« 1CE+00 2.55t4+08 2.3CE-08 S ¢3EE 400 2+52E400 S.t5E+CE

YOTAL O 0. 2e51L+00 2,556+ 08 1.42€+400 ELILE+00 €.76E+00 S.36E+08

: ' A9 . SHE—-01 Al.CIF+0C A2, 29E +00
B2+ 596408 RSe3CE+0Q Bs.86E+08

Fu2ilo Coe Co. 3¢ 89E~-C6 2.C7E+400 Je79E-06 L «9QUE +0Q0 B s93F-06 4«7SERCC

Fu238 0. O 6. 79E-02 1.15E+03 6.R2C-02 1.15F+03 1.56E-01 2.63E¢03

FL239 Ca O ReO0E®Q2  1,60F+04_ 2,06ZE4+02 1. 6CE40Q4___ S,SBE+02____ _3,CTE+(C4

FuU243 Ce 0. le G4E+O1 3.6206403 1.645401 3.62F403 3.?27E+401 - Be31E+03

PU241 0. O . 5.24F-01 5.336+04 5.20E-01 €, 29F 4+ 04 1.2CE+0C 1.220405

pPU24a2 Oe C, 1.3260-02 Sel7L-C2 1632€-02 €.17F-Q2 3.,04E~02 1.19€-01

FU24.2 O Q. Sel17E-0Q7 1634403 26478=23 = €,4CE~=14__ 1,19E=06 __  3.00E¢Q)

TCTAL O. . Qe 2.77E4+02 7.54E404 247SE+02 7+37E404 €e37E+02 le7364CSE = .
a0 . e 070404 a2 .08F +04 A4 . 76 04 o
g0« S.46L+04 E.29E 406 gl+25€¢405 = -

e e I e . - e o = -

AMZa 0. 0. 1.60E-07 Se4GE+01 2.01E-02 €.89F +01 3.68€E-02 126402 o

AN2A2M O 0. 6+36E-05 6.18F-01 6.35C-05 8.18F=-01 1+46E-04 1.42F+C0 x

AMZA4Z Oe Q. 1+ GHE=C0O l1.300403 7+463E~10 Ee18E-01 3 .86E-06 3.,12€402

ANZa d O D.a 3042E=06__ 6,530 =-02_ 32430 =C4 ___ 6.59F-02____ _T.EFEF=04_ _  1,51E-0}

AM244 Ooe O 6Ge 49F~-10 1G63C+01% 6Ge21E~-24 1«84E-13 1 s40G€E-0QQ 4442401

ToTAL O 0. 1e64E-02 1.44F+03 24.0SE~-02 7.026401 . 3. 7HE=~02 3.30F¢03
al. 05 . 5CE+01 a6 e SCE+0O 1 al «26E¢02
BQ ., Ble28E*03 f618E=01 B3e17E€403




Moore Business Forms, Inc. f

.

Table 19 (continued)

AXIAL BLANKET

o
PR ‘ v &
CHARGE DISCHARGE 60 DAYS INVENTORY
KGM/YR CURIES/YR KGM/YR CURIES/YR KGM /YR CURTIFS/YR KGM CURIES g
Crv242 Oa 0 le0lE=Q4 S5934F+02_ 1, 2€E-C4._ a.17t+o2___~3.7cc-oq____1.232+c1_________:
c™M242 O Oe 1e42E-C6 51E-02 1.41E~0€ €el6YF=~02 3.25£-06 150F-01
Cn244 Oe 0. 4.,03E-06 -01 4. 01E~CH 2,24E-01% Ge2€6E~C6 750€E-01 L)
CM245 0. 0. 2.6HF-C8 «73E=06 2.68E~-08 4¢73F-06 €e1SE-0F 1.09E-05"
CM2a6 Q. O 1.72F=10 S3206-08 Le72E~10___  Se32E=0B__  3¢S6E=10 .  1+22E=C? X
cv2a7 Oe Oe 7e25E-13 6.40F~-14 7428E~13 ‘€. aCC-14 1e67E-12 1.47E-123 ,
CM2448 Ce O 34376~15 1.38t-14 3.37€-15 1+38E-14a 7+72E-15 3.17e-14 o
TCraL O. Oe 1.67E~04 Se34E+02 1+31E~-C4 44176402 3.83E-04 123E+403 N g
Ce34F+02 ads 176402 Qle23FE+03 ! ™=
Ble15t~15 Ble15E~-15 B2.€3F-15
BK249 O, Oe 1.02E-17 1.70£~11 R.92E~18 1.49E-11 2 ¢34E-17 3.90€E-11" L
BK25Q Qs Qa Qa96E=23 _____ 3.838(-13 G 45€-31 :2eSIE-21 . 2.29E-22 . BeY0E=-13
JCTAL- O O 1.02E-17 le74E-11 3492€-18 1e49F-11 Cel24E~17 3.%9F-11 e
an,. L ag o G0 e :
Br.748-11 Ble4oF-11 B3+99E~11 o
CF249 Ce 0. 1.77€~18 7.22E~1% 3.03€E-18 1.264E-14 4 ,06E-18 1eFGE=18
CF2%0 Ce 0. 5¢55E=-20 6.07E-15 Se51E-20 €+ 02E~15 1«27€E-19 1.3GE-14 FEp]
CF2s1 Ce O 2 20E-22 3.49FE=19 2+20€-22 349E~19 S e06E-22 H.01E-16
CE2E2 Qa 0 8 ,75E-295 2059E=-19. Q. 256=28 = 2.55E-19 _____1.0SF—24 __ S.86E-19
CF2c2 O O O Oe O . O . O o
TCTAL O O 1.82E-18 1¢33E-14 3.C56-18 1eB4E-14 4,19€~-18 3.05F-14
ale32F-14 al«B4E-14 a3e 04E-14
- B4a.ESE~15 54 o B2ETLS B,l..l 1£-19
TOTAL 6.44F+03 2.5S3E+C0 " 6438E+03 5.11E408 G+308E+03 1.68E+04 1.47E+CA S.&TE+CE
—
FISSIUN Oe O Se 87E+01 3463C408 S.87E+01 2.08F+07 1e3SE+02 B.46E¢CE =
PROD. &
CLAD 2227E%0Q03 Qs 22276403 127512406 2:27E+03 7.J§EﬁQ§.___§JZLELQJ_,__ZLQLE*OQ______EL__

Z8




Moore Buriness Forms, Inc. f

Table 19 (continued)

RADIAL ELANKET

DISCHARGE

60 D

CHARGE . - AYS INVENTORY .
KGM/YR CURIES/YR KGM/Y R CURIES/YR KGM/YR CURIES/YR KGM CURIES
— Y234 2.12E-=02  1.32F=(1 1+97€=-02 1e22E=01______1+58F=02__ 123E=01_____T,48BE=02____ 4,63E-01
ue3s 3.33F+00 7e15E-023 1.89F+00 4,05E-02 1.8SE+C0 4+ CSE-03 S.S2E4CO 2.04E-02
Uz3e 2.C8E+400 1.32E-01 2.25E+00 1.42E-C1 2.2SE+00 144201 7.87E+00 4.G9E-01
U237 Q. Oe S5, FEE-03 4.E7E+OS 16 26E-0S 1eC3E403 2¢17E~02 1+7RE#+06
L2349 4,49 +03 1.5CE2CO 4 e24E%C3 1+41E400 4424E403____ 1.41E+0Q0 1.+59E+ 04 Se30FE+00
uz2s39 Co Ce 2.83C-03 Yed4BE+CT Oe De 1.03E-02 3.46E4CE
YCTAL 4.49E+03 177E4G0 4,24E403 Y E3E4+07 4,24E403 1« 03E+03 1+5GE+04a 1.74E408
Qal« 77E+CO a1.69E+00 al +68E+00 Q6. 28BL+0C
Bo., B9 S3E40T Bl+03E+0Q3 B3.a7E+08 o
NP2 3€ Qe 0. 1.01E-C8 6e12F+00 2.01E-28 1.21€F-19 3.7CE-08 2.23€+01 P
NE237 0. 0. 1+ 09E+00 7.67E~-01 1.CSFE+0C 7.726-01 3.97€E+00 2.,80E+00
NP2.43 Qe 0a 1, 84E=04 40800408 ____ 4,01E-13__ 1.20E~-04___ 6e70E-04 1, 7SE+CS____
NP249 0. 0. 4,03E-01 9.48C+07 Q.01F=-09 2.10F+400 1.49E+00 3.45E+C8
TOTAL O 0. 1. SOE+CO D 49EDT7 1. 09E400 2.87E+00 €.45E+00 3.46E408
a7.67£-01 al e 72E~01 62.8CE+00
BIe 4UELOT g2+ 10E+0Q0Q —B3.46E+08 _
PU2306 Oe Oe 2.82E-06 1.50E+00 2.72E-06 1e44E+Q0 1.03€-0¢ Le47E4DC
FU234 Oe 0. Se72E~02 9 65F+02 S.73E-02 GeERE+02 2.CPE-01 3.52E+03
PU2Jy Ca 0.0 1, 88E402 14156404 1e89E402_  1e10FE+048___ €.BCEFL2.~ 4.21E+CH
Fuz190 O O, 1.340+4C1 2.96E+03 1.34E+01 2.S6E+03 4.G0E+01 1.08E+04
PL2al Ce Oe 5.25E-01 5.34C+04 5,21E~01 €.29E4 04 1.G1E+0C 1. 95€+05
FU242 Qs C. 1. 7CE-C2 6.64F=02 1. 7CE-02 6et4E=-02 € 21E-02 2.42E-01
Fu24d Q. O 5402007 12 20E+03: T l4E=23_  185F=13___  18JE=06 __ 4,74E+03
TOTAL Oe O, 2. 02E+02 T.C2E+04 2,03E+02 6o BAE+04G 7LA7E402 2.50E+CS
a . S 1.55C+04 al « 55+ 04 G5,64E+04 )
80 Bs.a7E+04 BEe29E+04 B1.59E+0S
AN24 Y 0. O 3.10E-02 1<CGE+02 2,5CE~-C2 1420E+02 1.13E~-01 3.A7E+02 -
AN242M 0. O 1.31E~04 1.27€400 1.31E-04 1.2764C0 4,77E-04 4.,64E+C0Q —
AM24 2 Oe O 1« 80F-006 1e4E+03 1.,57E~06 1427E4+00 € .S7E-06 5.32E403 &
AM24 S 0.a Q.. b.boE:QG_”,,l.ZGF-QIM._wﬁmbhE:O4wm,.!.?uf-Oln__wIJGJE:OJ_,_Wﬂ.OIE-OI_..,m_NJ;,._
AM244 C. Ce 74 02E-10 2.081°+01 6.98E=24 24L6E=-13 2456E-09 TeSBE4OL e
TCT AL O 0. 3.186-02 1eE9F+03 3.58€E-C2 14236402 1.16E-01 5.70E403 a
. gg. al.06€402" al1s20C402 A3.87E+C2 oo
. Bls48E+Q3 < B1e27€400 BS5.40E+02 r




Table 19 (continued)

RADIAL BLANKET

Moore Business Forms, fnc.

7o32E405 12566403 =~ 2.26C¢00 = Se.77E¢C3 0 1.33€+0¢

&
CHARGE DISCHARGE . 60 DAYS o INVENTORY
KGM/YR CURIES/YR KGM/YR CURIES/VYR KGNV /YR CURIES/YR KGM CURIES
cN2az_ Oa Q.a 2¢38E=04_ T sse+02____1.e=c—04 _€e14E+02_ BLETE-04.___ 2.87E401
CM24 3 0. Oe 2.31E-06 1.COE-01 2.30E-06 1+06E-01 =~ E.,4CC-CE€ 3.H6FE-C 1
Cv244 O. 0. Be S9F-C6 6eIOFE—-01 8.54E-C6 6.92E~01 3.13€E-05 2 .S4E+N0
CM24¢€ Ce Ge. 6.31E-08 1.11E-05 6.311E-08 1.116-05 2.3CE-07 4,C6E-0% .
CM246 Ce Qe 4eS1E=10__ 1e39E—07 . _4+51FE~10___ 1e39F=07_____1e64E=CS___ S.C7E-07 Lo
cM247 De 0. 2410E=-12 1.856-13 2.1Cc6-12 x.snr 137 7.€4E=-12 6474E-13
cM2a8 (e Oe 1.08F-14 4.42F~14 1.086-14 4,42F-14 2.,G3E-.4 1.6¢1F-13 P
TOTAL O 0. 2e 49E~C4 7.88E+02 1.96E-04 6156402 9.C7€E-04 2eH7FE+03 O i
07 « BBE+02 Qe ISE+02 02.h7ﬁf01_______$L__
B3.66E~-15 B3.66E~-15 Bl «34E-14 r
EK249 0. Da 3.14E-17 Se24F~-11 2.75E-17 4,.596-11 1.146~16€ 1.91E~10
_BK2%50 Qs Qa 1e70E=22  6He68E—=13 ___ 1.31E-30__ ms.c9F 21 6,21E-22 = 2.42E-12 o
TCTAL 0. [ 3.14E-17 Sed1E-11 2,75€=-17 4e5SF~11 1.14E-16 1.93E-10
’ [« 10209 ale E Qe
gS5e31E-11 Ba.59F~-11 1.93FE-10 o
CF249 Qe d. 1.08E~17 4440F—14 tea?7€-17 € e99E~-14 3.93E-17 1.60€6-13 cg}
CF250 - 0. 0. 2.36E-19 2.5PE~14 2.34E-18 ZeS5€E-18 - €.58E-19 Fe3I9E-14
CF251 O. 0. 1.038-21 1.63E—18 1.,03E-21 1.63E~18 3.76E-21 5.956E-18
CE2S2 O Oa 3.51F =24 1a88E=-18___  3.51€-24 1 .E€E=18___ 1 .2BE=23 Q.87E-18 __  ___ 3E%
CF253 Oe O. S.&BE-28 1.70E~-20 S.H48FE-28 1.70E=-20 ce L4E~27 6.21E-2C
TOTAL 0. O 1.1CE-17 6.S7E—14 1¢49E~-17 €.54E-14a 4, 01E-17 2.54E-13
6.95C~14 a8, S2E~-14 - 62.535-13 e
2aOLE=186 ! B2.CSE=16 Ze.£1E=16€
TCTAL. "84 .49E+03 1.77E400 4 4SE+03. 1.90E+08 4,45E+02 1.C2F+04 1.€3E+04a 3.47E+C8
FISSION Do O 4,506E+01 1.47E+08 4456F+401 GeClEH+OE 1eEEEFDZ S.37E+(C8
PROD. s
CiLAD. 1.506403 Ca 1. SBE+Q3

Z289¢-141




Moore Butiness Forms, Inc. f

Table 19 (continued)

r'] REACTOR TOTAL
L
CHARGE D ISCHARGE 60 DAYS INVENTORY
KGM/YR CURTIFS/YR KGM/ YR CURIES/YR KGM /YR CURIES/YR KGM CURIES
UZ34 2.796-02 4 4H2E=C1 _ T.59F=02___  4.70E=01__  7.72€=02___ _44.78BE-0Q1 Z2L4E=C1 _ 1.26E+CO
’ u’zis 9 e 35F +00 2.11E-C2 S 225 +00 1e14E-02 Se32E+00 1.14F-02 2.C9E+01 4.,4GE-C2
L236 7.60E+00 a,826-C1 7«77E+00 4.,93E-01 7+77E+00 4,G63E-01 Z2+0EE+O1L 1 +30€4+00
Lz37 O 0. S.61E-02 4, 5SB3E+06 1.19€-04 $«72E403 1.376-01 1.126407
yz238 1,56E+04 Se21E4GCO 1446404 4.81E40C {1+ 44E4+CA A4.,81F+00 4 408E+04 1e35E+0)
Uz 39 Oe 0. 2.47E-02 B.27E+08 O Qe €.CEE~C2 2.C3E+C9
TOTAL 1 .S7CE+04 6.1SE+00 1« 44E+04 8.32E408 1.34E404 S.73E4+03 4 .,04E+04 1.C2E4C9 \
: . 619E4CO a5.73F+0C €, 756400 ol ,6LE+O ~
Ca Bu,32E+08 G o 7T2E+03 B2.CaEtCO @
NP2 4€ O. 0. 1.92E-07 1e16E402 3.8CE-27 2.30F-18 4,.5€€E-C7 2.75E+C2
NP237 O. O 5.03E+00 3.55E400 S.0GE+00 3.59E+00 1 +3CE+O1 9.19E+00
NP2.3d Qe Qe Fo4HE=03 9 .09E+05____BeTIE-12  2.28E=03__ E.23E-03 - 2+.15E4+06
NP2 49 Coe O 3. 55E +CO 8.25E+08 1.01E-06 2.30F+02 €.71€E400 2+02C¢0C9
TCTAL 0. O 8.59E+00 8o 28E+08 € CSE+NO 24390402 2.17€+01 2.03E40Y
A3.55E40C a3,5GE+30 a9« 19E+ 70
Bs.28E+08 B2.34E¢02 i} B2.03E+09
BITERTY 2.25F-05 1.20C+4C1 3.51E~-C5 1.87E+01 3.3GE-0S5 1 s8CE+0D1 7.77€E~05 4,12E+01
Py IR 6.80E-01 1.15E+04 Q,98E-01 1.65E+04 1. 026+0C 1.73F+04 2.15E490 3.63E+04
Fu232 7.15€E+02 4e38T4C4____1eO7E403 ___ 0e9F+04.____ 1.CEBEX03____ 6,61F¢04____Z.BzE+02 A1a7364CS
PU240 1.G20 402 44,24T4C4H PeHYLC+C2 6e33E+04 2.85E+402 €.38E404 € .C6E+0? 1336405
PU241 1.700+401 1.73E4C6 2.61E+01 2.6HE+0€ 2.59E+Q1 2. €LE4+06 €.14E401 Se23E+06
PL242 4 ¢ 30E+00 1e7CEHCY. E«S6E+CO 2.56E401 6.56E400 2.86F+01 1.26E4+01 a.G1E+I1
—FEu2a3 0 Qe . Se71E-Q8 189406 1a36E=16__  J.58E=07.____ _131L-03 __ 3.40E¢06
1IGTAL Ge29E+02 1.83F4C6 1.60F¢C3 4423F+06 1.4CE+03 CeTRE+06 2.5CFeC2 T.2764C6
a3.R4E+Ca «4T7FE+05 al « 47E405 ' 2.75€+05
Bl.73€4CE g4.135+oe Bz.t4E+0G6 6.93E4+06 —
J e e e : . AR R, [ - - B
IYERE 2.CEE-01 7TeC4E4C2 1.93F+00 6. GO+ 03 2. 1ZE+0C 7.29F+03 2.,54E+)0 AR.72E407 = -
ANZAZM Ce Oe S.08E~-02 4.94E+02 S«Q07E~-02 4,93F+Q2 1.,176~01} 1e14F+03 !
AVM242 O O 7.386~-04 5¢G8E+05 6+CY9E-07 4.,93E+02 1.70E~-013 L+37E+CE w
AN243 Oa Qe 1al4E+00 2219402 1014400 . Z.19F¢02_ _ __2.,01E¢00_. S502E¢+02 . —
AM244 Oe Q. Bes 03IE~COH 243364925 7.53E-20 2e23E-09 1+88E~-QF 544 7C+08 N
YoraL 2.08€E=01 7.CaE4C2 3. 11E400 Ba43E+0E 3.32E+#00 84506403 3.51€E4+00 9.7SE+0SE
A7 «04E+402 Q5 LB2E+03 a7« S1E+03 AB. 9TE+Q 3
BC. 8B 36E+05 B4+ G3E4Q2

Ble 92E+0€




Table 19 (continued)

REACTOR TOTAL

- —
CHARGE : NDISCHAKGE 60 DAYS ' INVENTORY : C"}
KGMZYR CURIES/YR KGM/ YR CURIES/YR KGM/YR CURIES/YR KGM CURIES
cCM2h2 0. O 1.056=01 3.47E+ 05 Bel€E-02 _ 2.,70E405.__  Z.61E=0L __ 7.57E+0S_ . s
CM243 Qe 0. fe 7T8E-03 3.12E+02 6.76E-03 Je11E402 1.5€6E-C2 7.17E4C2 . i
CM24a4 Oe Oe 1lel1F-01 B8.G8F+03 1.1CE~01 BHeG2F 403 2e55E-01 2.0GE+CA -
CM2as Oe 0. 4,41E-03 7.73E-01 4,81E-02 7.786-01 1.ClE-02 1.79E4C0 <
CM24€ Ca Oa 1830=04  5.066CE=02___ 1+83F=04__ ___S.66L-02_____4+21E-04 1+30E~01 _
cM247 C. 0. 4.06E~06 3. 5HE-07 44CEE-CE ‘A, 584F=07 9.32E-GC5 8.23E-07 -
cM248 Oe Oe 1.03E-07 4.226-07 1.C3E~07 4.226-07 Ze376E-07 Qe 70E-C7? :,»@m
TOTAL 0. 0. 24 27E-01 3e SGE+0S 2.03€-01 24796405 €.,22€-01 8.13F405 .
3,565+05 az, 79e+.05 us.xRF+05________*tJL%
3.51€-08 B3.51F-08 B8.CSE-CE g
BKZ49 "0 0. 1.53F=-09 2.55£-02 1.34€-09 Ze23FE-03 2,8CE-CS 5,85F-02 o
BK25Q 0. Oa SeSTE=14__ 2.17E=04__ _ 3.86E=22 1eS0E=12__  1,28F-13 _ 4.98(£~-04_
TCTAL 0. O 1.53E-C9 2.776-03 1.346~C9 Z.23t-03 3.5CE~09 6.35€-03
: a0 . ag . ale b
B2.776-03 B2.,23¢-03 86.356 -02 .
CF249 C. 0. 3.256-10 1.326-06 Se14E~10 2.10E-06 7 +46E-10 3.04E-0€ hid
CF250 O Oe 4,16E-11 4,55€-06 4,13E-11 4,.S2E~-06 G.SEE-1 1 1.05¢~05
cr2sy O. Oe. 7e4l1E-13 1417E=09 7.,41€E~13 1.17F=-C9 1.70€-12 2.6G£-09 5
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CF253 Oe Oe 4. 25E~-17 1e23E~09 4,11E-18 1.19E-10 C1S5FE=17 2.83F~C9
TOTAL 0. 0. 3.6TE~10 5¢ 89F =06 S¢S56E=10 €.C2FE~06 B .43€E-10 1.35€~05 AN
as, 8S€E=-06 a6« S9E=06 o al«34E-05
B3.79E-08_ Bl €SE-UA fa.70E-CE
TCTAL 1.66E+04 1.83E406 1+59E+Ca 1.66F ¢09 1.5SE+ 048 2.CBE+06 4.33E+04 2.04€E4CS
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of plutonium to be reprocessed annually is 1400 Kg for the GEFO reactor
compared with 1940 Kg for the AIFO reactor. Thus, the amount of alpha
plutonium rédioactivity reprocessed annualy for the GEFO reactor is about

two-thirds of that reprocessed annually in the AIFO reactor fuel cycle.

Table 20

Isotbpic Composition of Plutonium in Reprocéssed
Discharge Fuel of LMFBRs

ATFO GEFO

wt. % wt. %
236py 1.54 x 1078 : 2.42 x 107°
 238py 6.88 x 1072  7.27x 1072
239py, . 71.7 ' 77.0
240py, 25.1 ' 20.6
241p, 2.38 - 1.85
242p, 0.76 0.47
100 100

The calculated inventpriesfof plutonium in the GEFO reactor fuel
cycle are listed in Table 2}, based ubon the same process hold-up times
"as the AIFO reactor. The amount of plutonium inventory in the reactor
and external fuel cycle for the GEFO reactor is morevthan 1000 Kg' less
than the inventory in the AIFO reactor. However, the plutonium product
from one year of operation is almost 200 Kg more for the GEFO reactor.

.The estimated neutron source strength of spent LMFBR core fuels are
compared with those from water reactors in Table 22. Most of the neutrons
originate from spontaneous fission in the isotopes 2*ZCm and 2*“Cm and
are of considerablé interest in the design of shipping casks for irradi-
ated fuels. The 244Cm isotope, which has a half-life of 17.6 years, is

also expected to present a shielding problem in transpbrting and disposal
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of the wastes. Greater than 90% of thevneutron source strength is due-

té 242Cm and 2%%Cm; in water reactors 70 to 90% of it results from 2%%Cm,
whereas in LMFBR'S,-approximateiy 60% is generated by 242(m. The total
neutron spectrum is slightly harder for fast reactor due to a higher (a,n)
fraction. The LMFBR source spectra are about 25% (&,n), while the water
reactorvsourcé 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 enrichedQuranium water- reactor fuel but less than

from plutonium-recycle water-reactor fuel. If speﬁt LMFBR fuel elements
from both core and blankets are shipped and procgssed together, fhe neutron
source from the mixed fuel is no more of a hazard‘than that from wéter
reactoi fueled with enriched uranium. This is indicated in Table 23,

which shows the neutron source strength of the mixed core-blanket fuel.



Table 21

Inventories of Plutonium in Fuel Cycle of 1000 Mw GEFO LMFBR

Hold-Up
Reactor
Core and axial blanket 3.0 yr.
Radial blanket 3.6 yr.
Post-irradiation cooling 30 days
Shipﬁent to fuei reprocessing 28.8 days
Fuel reprocessing ' 36 days
Shipment to fuel_preparafion 8.4 days
Fuel preparation 12 days
Fuel fabrication _ .12 days
Shipment to reactor 14 @ays
Pre—irradiétioﬂ inventory 36  days
Scrap recycle shipment 12 days

Total external to reactor

Total in shipment

Total in reactor and external fuel cycle

Plutonium Inventory

Total- Pu Fissile Pu Alpha Pu Beta Pu
Kg Kg © . curies curies
3500 2871 275 x 10° 693 x 10°
4 5
115 90 1.21 x 10 3.39 x 10
110 86 1.16 x 10%  2.09 x 10°
138 109 1.45 x 104 2.60 x 10°
23 18 2,44 x 100 4.37 x 10*
3 ’ 4
33 26 3.48 x 10 6.24 x 10
32 25 3.42 x 105 6.08 x 10°
36 28 3.74 x 10°  6.63 x 10°
92 72 9.63 x 105 1.71 x 10°
2.27 1.79 2.40 x 10°  4.30 x 10°
- 4 © 6
581 456 6.12 x 10 1.21 x 10
- 169 132 1.78 x 10 3.19 x 10°
4081 3327 3.36 x 10°  8.14 x 10°
352 4.69 x 10% 8.40 x 10°

In plutonium product from one year of operation 446

vL-
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Table 22

Estimated Neutron Source Strength of Spent Power Reactor Fuels

Water Reactor Fueled with ' Water Reactor Fueled with RecYcle
Enriched Uranium _ Plutonium and Natural Uranium :
. ove @ o (@) ©
Isotope - Isotope Neutron-Source(b) Isotope. Neutron Source (b)
Content a-n S.F*77. Content a-n S.F. p
(g/ton)(c) (seg"1 ton™! x 10-6) (g/ton)(c) (sec_l'ton—1 X 10-6) i
238py 219.9 7.3 0.5 1413 47.1 3.3 =
239py 5280 0.5 0 12150 1.2 0 -
. s
240py 2170 0.8 2.0 9058 3.2 8.5
 242py 354.3 0 0.7 o 3954 0.02 7.9 o
241 Am ~ 48.55 0.3 0 577.8 4.0 0 | o
2420y  4.848  47.1 96 . 70.6 681.6 1387 u
244 33.44 6.5 381 1698 331.6 19360 _ £
246cm ~ 0.2286 0 2.1 - 18.81 0.01 173.6
Total , 61.8 482 1069 20940
Overall Total 544 | | 22009
' %
=
o
(a) Neutron source strength is at 150 days after fuel is discharged from reactor. A
. [\

(b) S.F. = spontaneous fission.

(¢c) "Ton" in this table refers to metric ton of fuel as charged to the reactor.



Table 22 (continued)

Estimated Neutron Source Strength of Spent Power Reactor Fuels

AIFO IMFBR Core

Isotope Neutron Source(a)
isotope Content “o~-n S.F,(b)
(g/ton)(c) (sec’ 1 ton™1 x 10'6)..
238py 131.16 4.4 0.3 |
239y 114200 11.0 0
240py 49350 17.2 46.4
242py 1544 0.008 3.1
241pm 402.9 2.8 0
2u2cy 13.52 1130.5 265.6
244cn 13.33 2.6 152.0
2460 0.01 0 0.09
Total | 168.5 467.5
Ovérall Total ‘636

GEFO LMFBR Core

Isotope _ Neutron Source(agg)»
“Content a-n S.F.>"""
(g/ton)(c) (sec-1 ton~ ! x 10-6)
157.3 5.2 0.4
111200 10.7 0
45960 16.0 43.3
1157 0.006 2.3‘
350.3 2.4 0
16.35 157.9 1321.3
19.59 | 3.8 223.3
0.03 0 0.3
196 _ 590;9
787 |

(aj Neutron source strength is at 30 days after fuel is discharged from core.

(b) S.F. = spontaneous fission.

(c) "Ton" in this table refers to metric ton of fuel as charged to the core.

_.9[--
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Table 23

Estimated Neutron Source Strength of Spent Power Reactor Fuels

(b) S.F. = spontaneous fission. .

(c) "Ton" in this table refers to metric ton of fuel as charged to the reactor.

AIFO LMFBR ~ GEFO LMFBR )
: Isotope Neutron Source(%%). Isotope Neutron Sourcetgz
Isotope Content a-n S.F." Content a-n S.F.( )
(g/ton)(c) (s'ec'1 ton~! x 10’6) ' (g/ton)(c) (sec"’1 ton = x 10~
238py 69.97 2.3 0.16 61.12 2.04 0.14
239py 73750 7.1 0 65008 6.42 0
240py 25800 9.0 24.27 17444 6.16 16.4
242py 782.8 0.004 1.565 395.6 0.002 0.79
: - !
241 p 214.7 1.43 0 122.3 0.85 0 &~
242¢p 6.856 66.18 134.7 5.586 53.9 109.7
244cm 6.753 1.319 77.01 6.668 1.30 76.0
246cp 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. <
oo
®
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V. FUEL CYCLES FOR THE 1000 Mw HIGH TEMPERATURE
GAS-COOLED REACTOR (HTGR)

HTGR Fueled with Thorium and Enriched Uranium

The gas-cooled reactora7)'recent1y introduced as an alternative
nuclear power plant, is a heiium-cooled graphite structure fuelédlwith a
mixture of natural thorium (232Th) and uvranium of high fissile content.
Part of the uranium in the reactor fuel consists of make-up highly en-
riched uranium (93.5%.235U), obtained by enfiching natural uranium. in an
isotope separation plant. The discharged fuel is prdcessed to recover
the uranium remaining from the makeup 23%U, which is‘fhen recycled for
only one mofe pass through the reactor to avoidithé_penalty from high

(18)

236y content. The cost advantage of not recycling the exposed 235U
material over a fuel cycle which recycles the exposed 23°U material has
been estimated to be about 0.06 mills/kwhr averaged over the 30 years of
reactor operation.(lg) Also recovered for recycling is the largely fissile
233y, 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 238Th and its gamma active daughters before recycling.(zp’ZI)
' Since the fuel cycle conversion ratio of the referencévtype HTGR under
consideration is about 0.4 with a fuel exposure time pf four years,
makeup 235y will have to be used throughout the life of the reactor. The
fuel cycle édnsidered here is the equilibrium fuel cycle, reached after
several years of operation.

The principélactinides involved in using thoriumjuranium fuel are .

shown in Figure 15. The primary chain leading to the formation of uranium

in the irradiated HTGR fuel is:

N

232y M Y 233Th”“"§%7§ﬁ_" 233p, '23 . 233y (1)
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Neutron capfufe reactions in 233U generate 23%y, 235y, and 236y. 1In
addition, 232y is formed by the initiation of (n, 2n) reactions in 232Th.
The primary chain leading to the formation of 232y is:

n,2n B B

232Th LY LLLIFS 231Th 7€ Sh. 23lpa n,y » 232pa i 32d’ 232U (2)

The main source ofvhigh energy gamma radioactivity in 233y after re-
processing of fuel from HTGRs will be from the decéy products of 232y, The
decay chain of 232y will.contribute both very high enérgy gamma rays and
neutrons from (a, n) reactions with light elements associated with the

uranium. The decay chain can be written as

232 o _ 228 O o 224p. - O 220 a 216
U—gy® “°Th 1g1y® "R 33> "R g 3> P —
216 o 212 B~ 212p; %(36%). 208 B . 208
PogTss* " PP o6 T Blgoem® T X Tamt 4P (3)

B (64%), 212 o
60.6m PO 53

The decay daughters 208T¢ and 2!2Bi produce high energy gammas and are
major sources of radiation from recycle uranium fuel.

In addition to reaction (1), 233U is also form from neutron capture

. of 232y;

233y _(n,2n) o 232y

The principal ﬁlutonium isotope formed is 238Pu; formed by the chain
initiated with neutron capture in 235U, Higher-mass plutonium isotopes
result from neutron absorption in the small amount of 238y (6.5%) present
in the highly enriched make-up uranium, 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 thé 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 gfaphite'blocks.(ls)

Each fuel block contains only one of thé three types of uranium-
thorium fuel so that the spatial arrangement of blocks throughout the
Teactor 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 fuél types are given
in Table 24. The BISO parficles-are coated with an inner layer of low
density pyrolytic carbon and an outer layer of higﬁ denSity pyrolytic carbon.
The TRISO particles are coated with an inner layer of low density pyrolytic
'carbonland the outer layers being a layer of éilicoh carbide sandwiched
between two layers of high-density pyrolytic carbon. The pyrolytic carbon
coatings are to prevent the rapid sbread of fission products'in the reactor
system while the principal function of the silicon carbide coatihg is to
keep. the fissile 235y particle intact during the érﬁshing 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 235y from the 233U, the fabrication cost is reduced. This is
possible because particles containing only thorium or 235U can be
fabricated at considerably lower cost in a separate facility from the
233y particles siﬁce shielding is not necessary. The recycled 233y
particles must be handled in Heavily shielded‘facilities(zz’zs).because of
high concentration of 232y (0.03%), which has daughter products 208Tg and
212Bj that emit high-energy gamma radiation.

The steam generated by the hot helium coolant from Fhe‘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



Property Initial and Makeup Elements 233y Recycle Elements
| Fissile  Fertile Fissile  Fertile
Particle Particle Particle Particle

Isotope 235y Th 233y-Th Th
Kernel Composition uc, ThO, (Th,U)02 Tho,
Kernel Diameter (um) 200 500 400 500
Type Coating TRISO BISO BISO ' BISO
Coating Thickness (um)

Buffer Carbon 85 85 90 85

Inner Dense Carbon 25

Silicon Carbide 25

Outer Dense Carbon 35 75 A 80 75
Total Particle Diameter (um) 540 820 | 740 820

“Table 24

HTGR Fuel Particle Descriptions (24)

235y Recycle Elements

Fissile Fertile
Particle Particle
235U Th
uc, Tho,
200 500
TRISO BISO .
co
N
85 85
25
25
35 75
" 540 820

Z289¢-141
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specific power in the reactor core is 64.57 Mw 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 dischafged 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 discﬁarge fuel for each
of the threevfuel 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 &ischarge
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(11)
to allow time for decay of fission-product radioiodine and 237y. The fuel
is then shipbed 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 consistiné of activated
cladding and fuel-assembly structure. The shipment to reprocessing
facilities is calculated to require 215 days for each annual dischafge.(ls)
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 recoveréd uranium,
except for the once recycled makeub 235y, is returned as input for
conVergion and refabrication. The percentage of inpdt material which
appears as losses and as scrap recycle in each fuel-cycle operatioh is
taken from a recent study(17)on the HTGR fuel cycle. A flowsheet of the
fgel 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



Table 25

Calculated Uranium Compositions of HTGR Fuel Particles

Isotope TH-233y ,
: Curies Kg

Steady State Charge

Th 0.7975 7271
232y 2271 - 0.
233y 1749 184,
234y 4791 77.
235y ~0.068 31.
236y 2.436 38.
238y 3.41 x 1074 1
Steady State Discharge

Th 0.737 6740
232y 2312 0
233y - 1601 168.
234y 484.9 : 78.
235y 0.069 32.
236y 2.467 38.
237y 1.30 x 107 0.
238y 3.47 x 107° 1

106

42
75
42

.022

.108

36
16
91
160

.043

(Annual Quantities)

18.
.701

vl = N O . ©C N O

235U

Fresh Makup
Curies

18

.59 x 107>

.057
.01 x 107°
.173
.037
.815
.49 x 10
.92 x 107

Kg

19.

.937
326.

9

79

.66 x 10~
.40 x 10°
.028

17.
- 44,
.182
17.

32
39

235y
Recycled Makeup-

Curies

N N O O

.334
.037
.780
.75 x 1073

.070
-5

.03 x 10

.191

.96 x 1073

.884

.95 x 10

.28 x 10~

o O W W

.26 x 10
.20 x 107
.031

.914

29.
122
15.

Kg

.054
17.
43.
20.

11
85
26

71

84

_v8—
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Table 26

Material and Radioaétive Quantities in Reactor and Fuel Cycle for a 1000 Mw Uranium-Fueled HTGR

REACTOR VOTAL

T TCHARGE T D1 SCHARGE 150 DAYS ‘365 DAYS CORE INVENTORY

. KGM/YR CURIES/VR KGM/YR CURIES/YR KGU/YR CURIES/YR KGM/YR CURIES/YR %GY CURIES

TH227 0. ) . 1.366-08 4,29€-01 1.61E-00 S5.CBE-01 1.56E-08 6.20E-01 S.43E~-C8 1.72E+00

T H223 Do .. De _ _ 1e86E-02 __ 1.20E403___ 1,€4E-03___ 1,356¢03____ 1,97E-03___ 1.53C¢03_ __ S,52E-C] 4 ,78E+03

14729 I 0. 3.256~03 €.G5€-01 3.56E-03  7.62E-01.  4,02F-03 8,61E-01 1-306-C2 2.7RE400

TH230 2. 0o 5. 37E-03 1.0aF~Ci 5,46E-03 1.06F~01 5.59E-03 1.C9E~21 2.15€6-C2 4,176-01

TH21L a. Oe 3.76E-04 1.596405 2,04F-10 1.C8F-01 2.04E-10 1,08E-91 1.50E-C3 7+97€405

e ¥H2I2_ TWPTECI . TeSF=0L___ 6.74E403  T.ITF-CL 6.74E¢03_ _ 7.37E-20__  6.74E+03 __ 7.376-01___ 2.8CE¢(4___ 3.06E4CO

TH23x 0. Oe 1,04E-02 3.21E+C8 0. 0. 0. 0. 4.186-02 1.535009

TH23a 0. 0. 2,55E-03 S.926408 3.426-05 7.92F 402 T.10€-08 1.64E+00 1 +026-C2 2.37E405

TOTaL 7.27€403 7.95E=01 €.74F+C3 3.82€4CH 6.78E+C3 2.14E403 6+74E403 1.54E403 °  2.90F4C4 1.53E+09

— ——al:95E-0— - - — —al.20E4+03 — - - - -—al.35E+03 e al.53E+403 ud. 79E+03

83.81E+08 B7.92E+02 BY.75E+00 B1.54€+09

oa231t 2, 0, 1.37€-01 6.55F+00 138E-01 6.56E400 1.38€-01 6.56E+00 5.5S0€-C1 2.62E401
PA232 Oe__.__ Qe 3 T7E-CA_____1eE1ESCS. 2433E-38____9.96E-30___ Qe .. .__.____ Qs 1+S1E-C3 6.47€405

na333 %, O 1.40E+01 3.€8E4C8° 4. 04E-01 8.23F +06 1.76€-03 3,60F¢24 7.19€6¢01 1.47E409

PA23aAM 0. Ce 1+99€~-05 7.42F+GC6 1.156-09 7.925402 2.35E-12 1.64E400 4.33E-CS 2,97E407

oA23e Oe Oe 3.54E-C3 T.0E4CE 3.996-10 7.92F-01 8.28F-13 1.64€-03 1.42E-C2 2.81E407
YOYAL Qs . Qe . .. ReBIE®OL____ 3.EZE4CA __  Se42E-0l.__._ B8e295¢0%5 __1,39€E-01 ___ 3.,60FE+04 ___ 7,286+405 ___1.53E409__

ab.55E+00 a6 .56E+00 ab.56E+00 a? . 62E+01

83.82E+08 88.28E+06 83.60E+04 B1.53E+09

— _u232 1.06E-C1 2027E4C3__  1.08E-01___ 2+2164C3___ _1.086-01 __ 2,31C403____1,C7F-01 ___ 2.30F+03 __ 4.28E-Cl____ 9,17€403

122 1. PSES02 1e?35C+03 1.69€402 1.50€403 1.86E402 Le77E403 1.6T7E402 1.776+03 7.07E+4C2 6,70E403

uzle 7Te7aFe0 | 4. 79E+C2 7.R4F¢G1 QL BEF¢C2 7.8SE+01 4.85E402 7.85€401 4,86C+02 .12E4C2 1+92E403

u21s 3.76E402 q,05€-01 S5.045401 1.C8E-CH. S.04E4+01 1.C3E-01 S.04E+ 01 1.08E-0] €.52€4C2 1.83E400
U2 B.23E4CL.___ Se2204C0___ . 1e13EC2 _ T.17ECT ___ 1e23E02____ T.17F400 __ 1.13€E402___T.17F400__ _ 2.9QE4C2__ 2.4€t+01 _

w237 0. e 4,KaE-01 3.76F4C7 1+25€~07 1.025¢01 2.52€E-08 2.38E400 1.85E400 1.51€408

uzis 4. 40E401 1.476-C2 3.46E+01 1.156-C2 3.46E¢01 1.156-02 3.46F401 1+15€-02 1.57E4C2 5.24E-02

11239 . 0. 1.G7E~C4 6.4(CF+06 O, 0. 0. 0. 7.8SE-C8 2.64F 407

TCTAL TGAESD2  A,50K403  4,45E402 4,A5F+07_ __ A,€JE402 __ 8.SHE¢03 _ 4.63E4Q2 4.S7E+03 2.,426403 1.78€408

ad .50E+03 ad . 40E+03 ad 57E+03 ad . 56E+403 al.78E+04

. 84.45E+407 B1.02E+01 82.38E+00 B81.77E+08

o NP236__ . __Oa_ . Qe 2.80E-C7__ 1+05F¢02 __ }+22E-S6___ T7.97F-48 _ Oe . ___._____ Qe . ___ 9,39E-C7 S.79E402

NB237 0. 0. 2.57E+401 1.91E+01 2.62€+01 1.84F 401 2.€2E40 1.84E401 1,03E402 T.256¢CH

NP2 38 0. . 0. 1.13E-01 2.94E4C7 3.54F-23 9.26E-15 5,36E-54 L. 40FE~45 4,.50E-0}) 1186408

NP3 0. .0 2.,83F-02 beSGFEECH 2.B4E-C7 6.61E+01 2.BAE~07 6.61F+01 1.13€-01 2.EIE+07

TOTAL Qe Qs PeSAESON.__ 3 GCESCT __ 2.62E401 __ R.855401 _ 2.€2E401____ R.AEF4OL 103E#C2 - 1+44E408

- " al.B81E+01 al.84E+01 al.84E+01 a7, 25E+01

) B83.60E+07 86.61E+01 86.61E+01 81.44E+08

oy236 Os. 0 __QG1TE-05___ 2+z2E¢01 ____ 3.79E-CS____2.01E+01 3. 286-05_ 1.75E401 t.67C~04 8.87€401

py> 1A Oe 9, 1+0SE+01 1.776405 1¢C6E+O1 1.78E405 1.05F401 5 1,77€6+0S 4. 19E4CH 7.07E408

PU2 43 0. 0. 2.30€400 1.41€eC2 2e73IE+00 1.4 35402 2.33F+00 1.43E402 9,21E409 5,65E402

Pu240 Ne 0. 1.37€4C0 3.02F4C2 1376400 3.03F+02 1.38E400 3.04E¢02 S+48E400 1.21FeC3

PU241 Oa _De. 1,026400. ____1.CAE+CS5___ L+COF¢00____ 1.02F+05 9,75€-01 9.,91F+04 4,0SE+CQ 4. 16E40S

PyU24> Oe 0. 1.01E400 3.53E4C0O 1.01E400 3.93E400 1. 01E400 3.93E400 4.,04€400 1.57E¢0}

PyY247 Ce 0. 4,62E-04 1.2CE+06 2.32€-15 6.01E~06 2.32€-15 6.01E-06 1.8SE-C3 4.79E 406

ToTaL 0. 0. 1.62E+01 1.4BE+CE 1.€3E401 2.81E405 1.62E401 2.77E+0S 6.,47E+01L S.91E+06

— al.77E405-————————al; 78E405 al: 77E405—————————a7-09E+05

B81.30E+06 89.91E+04 85.21€+06

B1.02E+05

e

873
&
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Table 26 (continued)

PEACTOR TOTAL

Aane Aus.ness Foray Ine |t

6.,44E¢04

2. T6E+06

CHARGE ™~ T DISCHARGE . T T 150 DAYS T T 7365 DAYS CORE INVENTORY
KGM/YR CUPIFS(YQ KGCM/YR CURTES/ YR KGM/YR CURITES/YR KGM/YR CURIES/YR KGM CURIES
AM241 0. Ce 2.C7€-C2 7.09E401 4. CAE-02 1.385402 6.80E-02 2433F402 8.27€E-C2 2.84E402
AV2824 Qo Oe 2. 20E-04 3.11E400 3.19E-04 3.11E400___ 3,19E~04____ 3.10E400_ _ 1.2BE~C3__ 1,24E¢0}
AvM>a? 0. Oe 9,246-05 7.47F¢CA 3.84E-CY 3.11F¢09 3.83E-09 3.10E+00 3.6SE-CH 2+S9E4 LS
AM243 0o O 1,43E-014 6,60F¢Ct 3.44€-01 6.61E401 3.44E~01 6.61F+01 1.376400 2.64E402
AM28a 0. Oe 2+ 13£-05 60326405 9.28E-27 2.75€-16 1.€23F-26 - 4.82E-16 8.53€E-CS 2.52E406
TOYAL O 0. 30€AE~C1l_____ T 0TE+CS___ JE8E-Q1___2.11F¢02 __ 4,12F-01___  3.05E402____1.4CE$CO  2.82F¢06
al.37E+02 a2.04E+02 a2.99E+02 a5.48E+02
: 87.07E+05 83.11E+400 83.10E+00 B2.83E+06
cupa2 Ja Qe _1e39€=-02___ _4,84F¢04 Te13E-03____2.36E+04 2+86E-03 G.47E+D3 £,36E=C2 1.27854CS _
Cwra3 0. O 2.27F-CA 1.CAE+C1 2+25€-Co 1.03€401 2,22F-04 1.02E491 9.07E-C4 4.17E401
CMoan Oe 0. 2.09€-01 1.69E+404 2.06F-01 1.66E 404 2.01E-01 1.63E+04 8.35€-G1 6e7TE+04
cM2a5 2 0. 1.06E~02 1.8BF¢CY  1+(6E-02 1.88E400 1.06E-02 1.88E400 4.26E-C2 7.52E400
cwrap O 0, 3,7IE~03 _ 1.1SE¢00 ___ 3.736-C3____1.15F¢00___ 3.72F-03 _1.15E409. 1.qse,gg____t.5ls’oo
CM247 0. 0. 6.81E-05 6e01E-06K 6+.81E-05 6.01E-06 6.81€-05 6.01F=-06 73E-Ce 2.41E-0S
cnM2aR 0. Oe Be 60F-C6 3.E26-CS 8¢ 60E-06 3.52€-05 8.60E-06 3.526~05 J.OQE cS 1.41E-06
TOTAL 0. 0. 2.1TE-01 6.12F¢08 2.27€-01 4,03F+04 2.18E-01 2.58F+04 9.48E~01 2.45E4(CS
- ———— a6, 136404 — - ad,03E+04 a2, 58E+04 2.45E+05
88.10E-07 B8.10E-07 ) B8.10E-07 B3.24E-06
aK249 L 0. 1.06E-C? 1.768F-C1 7.66E-0C8 1.248 =01 4,76€-08 7.95C-02 A.26E-C7 T.11E-01
.AK250 Oe Oe 1e6JIE=10__ 6,22F-01 ___3.93€E-21___ _1,53F-11 3,93E-21 1e53E~11__ 6239E=1Q ____2.49E4CO
TOTAL 0. 0. 1+G7E-07 AsCNE-O1 7.66E-08 1.24€-01 40 76E-08 7.96E-02 4. 26F=C7 2,2CE400
a2.68E-06 al.92E-06 al.19E-06 al.07E-05
~ o 88.00E-01 . B1.28t-0) N B7.96E-02 83.20€+00
CF249 0 0. 1.1AE=08"  4,80F-05  &,18E~CB  1.70F-04& 7.C7E-0R 2886174 4.TIE-CA 1.92€-04
CE 2S¢ 0. 0. 2.99F-Ca 3,27€~01% 2.94F-08 3.226~-03 2.85F-08 3.12€~-03 1+2CE-C7 1.31€~02
CF251 0. 0. 1.46F-C8 2.31E-05 1+ 46E-C8 2.30E-05 1.46F-08 2.30E-0% S.A2E-C8 9.,22€-0S
CF2s2 e 0. 218F=08____ 14176-02_ ___ 1+96E-08 ___ 1.056-02 1+ 686-08 9,926-03 8.74F-C8 4269F—02
CF2S3 0. O Se 60E~11 1.62F-03 1e€E-13  4,74F-06 3, 79E-17 1.10E<09 2.246-10 6.50F-03
TOTAL 0. O. 7.81E-09 1.67F~02 1.05€E-07 1.396-02 te3LFE-07 1.24E-02 3.13€-07 6.876-02
al.47E-02 al.36E-02 . al.21€-02 a5.87E-02
Bainates T T o B2.00€-03 —— " "83.38E-04 B2.54E-04 B7-96E=03
YOTAL ‘B.03E+0 3 4.51F+03 7+ 25E403 8.47E+08 7.25€403 8.61E406 7.25E403 3,54£408 3.06E+CS 1.6SE409
Fi1sstoN 0. 0. 7.93E+02 2.37E409 T.93E¢02 T7.3SE4Q7 Te93E+02 3,E65€407 3.17E+C3 9.4T7E409
PRODUCT : :
CLAD, 6.44E404 " Oe S.22E4CA 6.44E404 6.44E¢00 2.62€4+04 2.58E4CS 1.08€+08
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Fig. 16

Actinide Flowsheet for the 1000 Mw Uranlum Fueled HTGR
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the plutonium, americium, and curium follow the high-level reprocessing
wastes with relatively small quantities appearing iﬁ the low-level re-
processing wastes. The calculated material and rédioactivity quantitie§
of plutonium, americium, and curium in theée 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 aﬂoﬁt five times
greater than in the uranium-plutonium-fueled 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 cfcle since there is reiatively small quahtity of 238y
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-1level
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 dischafge)
is shown in Table 26. TheprinCipalalpha source in the recycled uranium
is the 72-year 232U. After the separation of uranium in chemical
prdcgssing 1.91-year 228Th, the decay daughter of 232U, builds up and
the hard gammas associated with its short-lived daughters will réquire
shielding when fabricating recycle fuel. Based oﬁYIOO% 232Th in natural
thorium, the 232U content in the recycle 233y is calculated to be 338
ppm, resulting in a 232y alpha activity of 2266 Ci in the yearly amount
of recycle uranium to be processed. Some natural fhorium contains trace

quantities of 230Th, a decay product of 238y 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 Radioactivity in High-level Wastes

- Produced in One Year by 1000 Mw HTGR
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of co-existing uranium deposits. Neutron capture iﬁ 23°Th leads eventu-
ally to 232ﬁ, as illustrated in Figure'ls. vTable 27‘shows the effects
of 230Th iﬁbthe charge fuel on the concentration of 232y in the discharge
fuel. For a concentration of 4 ppm of 230Th in the thorium makeup, the
232y concentrétion in the recycled uranium is increased by 6.4%. For a
concentrafion of 100 ppm of 230Th in the makeup thorium, the 232y
concéntratipn in the recycled uranium is increased by 160% to 879 ppm
and a 232y alpha activity of 5892 Ci/yr.

Considerable alpha activity is also associated with 233y, and
because of its. long half-life of 1.62 x 10S years, 233U in the low-level
wastes from recycle process operations will dictate the requirements of
long;term waste management. The total alpha activity in fhe recycled
uranium in this fuel cycle is over 150 times smalief than fhe alpha
activity in the fuel recycled in the uraniﬁm-plutonium fueled water
reactor, and_it is 50 times smaller than the alpha‘activity in the fuel
recyéled in a water reactor opérating on slightly enriched uranium fuel

with self-generated plutonium recycle.

"Plutonium in Fuel Cycles for the HTGR \

An alternative means of realizing.tﬁe fuel value of plutoniuﬁ Te-
. covered from discharge fuel fiom uranium-fueled water reactors woﬁld

be to recycle this plutoﬁium'in the HTGR. This plutonium could feplace
the highly enriched 235U makeup fissile material in the uranium-thorium
fuel cycle. The plutonium remaining in the discharge fuel will be 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.(zs) Table 28

and 29 show the steady state annual charge and discharge of the thorium,‘



Table 27

Thorium and Uranium in the Charge and Discharge Fuel of the 1000 Mw HTGR
Fueled with Thorium and Recycled Uranium

0.ppm of 230Th in Charge 4 ppm of 230Th in Charge 100 ppm of»23°Th in Charge
Isotope Charge Discharge Charge : Discharge Charge - Discharge
[kg/yr] . [kg/yr] [kg/yr] [kg/yr] [kg/yr] [kg/yr]

230Th 5.37E-03 2.84E-02 1.29E-02 7.27E-01 1.97E-01
2327 7.27E+03 6.74E+03 © 7.27E+03 ‘ 6.74E+03 7.27E+03 6.74E+03
232y 1.06E-01 1.08E-01 1.06E-01 1.15E-01 1.06E-01 2.80E-01
233y 1.85E+02 1.69E+02 1.85E+02 1.69E+02 1.85E+02 1.69E+02
234y 7.74E+01 7.84E+01 7.74E+01 7.84E+01 - 7.74E+01 7.84E+01
235y 3.76E+02 5.04E+01 3.76E+02 5.04E+01 3.76E+02 5.04E+01
- 238y 8.23E+01 1.13E+02 8.23E+01  1.14E+02 8.23E+01 1.14E+02
237y 4.64E-01 - 4.64E-01 4.64E-01

238y 4.40E+01 1.97E-04 . ~4.40E+01 1.97E-04 | 4.40E+01 ~ 1.97E-04

-Z6-
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Steady State Charge

Table 28

1000 Mw HTGR with PU Recycle

 barticle  lst Recycle  2nd Resyele  3rd Recpcle  Retwel be
. . . articit S ecycle A ¢} ecycile ra - CycC
Redionuclides  TRg/yr] Re/yel" Tl Rl T anel oy
Th-232 7.07E+03 7.07E+03
| U-232 9.80E-02 2.96E-02 8.74E-03 1.36E-01
U-233 2.04E+02 3.51E+01 6.05E+00 2.45E+02
U-234 3.94E+01 -  3.17E+01 1.38E+01 8.50E+01
U-235 1.17E+01 2.13E+01 1.36E+01 4.67E+01
U-236 1.31E+00 6.72E+00 9.42E+00 1.74E+01
U-238 2.02E-03 2.27E-02 5.78E-02 | 8.24E-02
Pu-236 J30E-04  4.87E-04  6.17E-04
Pu-238 (40E+00  1.16E+01  2.10E+01
Pu-239 (03E+00  2.78E+02  2.80E+02
Pu-240 .30E+01  1.15E+02  1.28E+02
Pu-241 ) .17E+01  5.35E+01  6.53E+01
Pu-242 .65E+01 1.86E+01  5.51E+01
Total U 2.57E+02 9.49E+01 4.29E+01 3.94E+02
Total Pu | 26E+01  4.77E+02  5.SOE+02 .

€
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Steady State Discharge

Radionuclides

-

Th-232
U-232
U-233
U-234
U-235
U-236
U-238
Pu-236
Pu-238
Pu-239
 Pu-240
Pu-241
Pu-242.

Total U

Total Pu

Table 29

1000 Mw HTGR with Pu Recycle

Particle - 1st Recycle
[kg/yr] - [kg/yr]
6.63E+03 | 3.71E-07
9.96E-02 3.02E-02
1.90E+02 3.55E+01
4.00E+01 3.21E+0.
1.18E+01 2.16E+01
1.33E+00 6.79E-00
2.04E-03 2.29E-02
1.20E-07 2.28E-06
2.40E-02 4.30E-01
3.00E-03 6.96E-02
9.30E-04 3.26E-02
2.59E-04 1.25E-02
4.41E-05 3.41E-03
2.43E+02 9.60E+01
2.82E-02 5.48E-01

2nd Recycle

3rd Recycle

[kg/yr] [kg/yr]
8.96E-07 1.02E-06
8.95E-03 2.62E-03
6.13E+00 1.06E+00
1.40E+01 5.25E+00
1.38E+01 6.38E+00
9.53E+00 ~ 8.60E+00
5.85E-02 8.67E-02
5.51E-06 6.20E-06
1.02E+00 1.14E+00
1.76E-01 2.03E-01
9.20E-02 1.09E-01
3.77E-02 4.58E-02
1.13E-02 1.43E-02
4.35E+01 2.14E+01
1.34E+00 1.51E+00

[ T S R S e . N Y Y N T =

Particle

2

(53]

[«

“[kg/yr]
.62E-09
.47E-04
. 84E-05
.97E-01
.05E-01
.31E-02
. 80E-04
.54E-04
.27E+00
.61E+00
.14E+01
.23E+01
.69E+01

.46E-01

.85E+01

W = = N Q0 = = N YW N =]

Total

[kg/yr]

=N

~J

.63E+03
.41E-01
.33E+02
.14E+01
.38E+01
.63E+01
.71E-01
.68E-04
.88E+00
.06E+00
.16E+01
.24E+01
.69E+01

.05E+02

.18E+01

_VG_
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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 Qater reactors. Thus,
a total generating capability of 1965 Mw of uranium;fﬁeled water reactors
is required to support this 1000 Mw plutonium fueled HTGR for one year.
The results from Table 29 show that only negligible 233y is retired, thus
recycling thrice'is equivalent to full utilization of the bred uranium.
More detailed-yeariy quantities of the charge and discharge- fuel are
lisped in Table 30. The reactor inventories are also listed. The in-
ventories of tﬁe_thorium, uranium, and plutonium are averagevinventories,
all other inventory quantities were calculated on the basis df the compo-
sition of the distharge fuel. A fuel cycle flowsheet illustrating the
adaptation of the gas-cooled reactor to plutonium—uraniuh—thorium 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 americiQm and curium in the diécharge 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 timebof reprocessing than
for the uranium-fueled HTGR, but for storage time greater than a few hundred
years, the plutonium radioactivity is greater than for the uranium-fueled
HTGR due to the large amount (42.4 Kg/yr) of 2%%Cm pfesent 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 éomparable
to that produced in the plutonium—fueled water reactor. For the first
hundred years of storage, curium is the main contributor to the fotal

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

U=233 PARTICLE FIRST RECYCLE

HARGE DISCHARGE 150 Davs 36% DAYS CORE ™ INVENTORY
KGM/YR CUPTES/YR KGM/YR CURIES/ YR KGM/YR CUrlES/ZYR KGM/YR CUPLIFS/YR KGM CURIES -

TH227 Oe . Oe 1.03E-11 3.206-08 - 1.22F-11 4. 16E-04 1e73E-11 S.46E-04 4. 10F-11 t.3CE-03

e YE228 Qe . Qe 9eESF=CA . TeBACH02 . 9432F-08 __ T.65E402 _ 9,03F-04___ T.A1EF02 ___ 3.B2E-CI___ 3.140403
.TH220 Oe Oe © 2411F-03 4.51F-01 2.175-03 4, 6AF-01 "2426E-03  4,83E-01 B.43F-03 1.80F+00
TH>30 " Ce 0. 2.%3E-CA 3.64E-013 2.370-04 4.64E-01 2e91F-04 5.66F-03 B,10E-04 1.576€-02
TH231 LS 0e 4.73E~-C7 2.51F+02 8.73€-114 4,64E-~02 B.75F~11 « 4,68E-02 1.89E-06 1.00£403

i TH23I2 Ce o Ce . 3. TIE-Q7 . A.0SF-11 | 4cSIF-CT _ 4«93F-11 _  S.65F-07 __ 6.18F-11 _ 189F-C6 __ 1.626-10 _ -

: TH233 ' Oe Oe 5e60F-13 2.CSE-02 0. 0. 0, 0e 2.24F-12 8.18€-02 7
TH234 Oe [ 3.956-11 9.14E-C6 3,.31€-13 7.66€E-06 3.3CF-13 ToHAE-06 1.58F-12 3.A6F~0S
PA>3} Oe Oe 1 5€¢F~CA 7+44E-013 1+57C-04 Tea4KE-03 1«S7TE~04 7.46E£-03 6.25E-C4 2.98€-02

e . PA232 _ Oe ..._._. .0 e 3e69E=07  _ 1sSTE02 __ 2.29F-81 ___ Q.15E-33____ 0. . 0. . _ 1e48€-06 ___ 6.30F¢02 __ —
oA233 Ce Ce 3.94C-C3 B.CO6E-01 4.34F-08 A.39E-01 4,35¢-08 B.91E-01 1.576~-C7 3.72F£ 400
PA234AM .28 O 2.726-14 1.876-02 1e125-17 7.665-06 1411€=-17 7+64F-06 1.09F-13 T.08F-02
DA214 0. 0. BeUIYE~12 1.79F-02 3.£6E-18 ToHHRE-09 3.85€-18 74HaE-09 I.59E-11 Tel3E-02

J = U232 L 9.A800-02 | 2410F#03 | 3,026-C2 | 6.,46F402 _ 3.01F-02 _ 6.44E402  2.59F-02 _ _6.,40E02 _  2,5%5E-01__ _ 5,495+03 _
VERE 2.04E402 1+72F+03 3.55C491 34370402 3.55€401 3,37€402 3.55E¢01 - 3,37F+02 4.795402 4¢53E401 -
U21a : 394540 ) 2.43FE402 3.21E401 1.99€+n02 3.21F401 1.39€02 3.21F+01 1996402 1.43E4C2 B.85F+02
U235 1«17E401 2+90€E-02 2.165+401 4.64E~02 2.1/E401 4, 64E-02 2.16F+01 4,64F-02 6.66E401 1.43F-01

e U236 . 1.31E#0C._. B8¢31E-02 __ 6.80E400 __ 4¢31E-01 _ . 6+R20F400 A 31E-01 _ 6.8C€¢00 __ A.31E-01_ _ 1.52F#C1___ 1e93F4C0 __
U237 0. Oe 3.506-02 2.86F+C6 7+52€E-09 6+.18E-01 3.55E~10 2.90E~02 1.40E-01"" T1.18E+O7
u23is 2.02€E-03 6. T4F-0T 2.,29€-02 7+.64E-06 2429€-02 T.64F-06 2479E-02 T« 64E~06 4.965-02 LeRBE-QS
219 Ce e © le€IF~CY? S5.47F+03 Oe 0. 0. 0. 6.53E-C7 2¢19E4+04

e NB236 ... Oe .0e _ 1674E~C)  __ 1.085401 ___ 9,82F~-58 __ 5,93F-49 __ 0. . 0. __TJ13E-08 _ AJ31Ee01 R
NP 237 Oe 0. 1230409 8¢566-01 1.26E¢00 R.AE-01 1+266400 Be91E-O01 4.91F+00 Je4KESCO
NP?33 Oe O. S.13F-013 1.30E+06 le€15-24 4.22€-16 2484F-55 6.391-47 2.05E-02 5¢.37E406
NP239 e [ 2.35£-0S S.46E401) 6.60E-10 1+54E-01 6.60E-10 1.53E-01 9.38F-CS 2.1BE404

e PU236 L 0e Oe __ 2e28E-06 _ 1210402\ 2467F-06 1.10E400 1 <RO0E-06 " 9.56E-01 _  9.13IF-ChH __ &.ASF400
LUESL] 0. 0. 4,37€-01 7.265403 N\ 4,73F-01 7e 320403 A 32F-01 7+.29F 403 1.72F+Cn 2.90€ 404 -
PU239 Oe 0 64 SG6E-02 4. 276400 6.95E-02 4,27E400 6.960-02 4,27F400 2.,78F~Ct 1.71F+01
ry2an Oe 0. 3¢ 26E-02 T+19E+09 3.26F-02 T« 19E+09 3.265-02 7.19E+00 1.306-C1 2.8RF4+0])

. PU281 ____ Oe . . . _Oe __ _ 1e25E-02 _ 1427F+03 | 1.22F-02 _ 1428E403  1.19F-02__ 1.21F¢03 __ A.GRE-02  5.97£403
0282 Ne O 3.416-03 1+33F-02 3.41€-03 1.33€E-02 3.81F-03 f.33F-02 1e36E-C2 §.326-02 T T
oy2a3 Oe O 1.95E-06 5.05E+02] 1.156€-18 2.57E-09 1.,15F-18 2.97€-09 7.80€-06 2.02E+04
AvDoAl 0. O 1.89E-08 6.49€-01 4. 30E-04 1.47€400 Te-6F-CA 2462490 Te57F-CA 260F 460

e AM282M Qe o 06 . 2.79F-C5 | 2,72E-02 | 2.79€-06 _ 2.71F-02 _ 2.7BC-06 __  2,70F-02 _ _ 1.12F-C5 ___ 1.09F-0t _____
AmMI42 0. 0. 7.05E-07 S5.71F+02 3,35€~11 2.TIE~Q2 3. V4E-1 1 2.70E-02 24R2F =06 2.78F4C) -
AM>43 0a N 7.560-04 1453F-01} 7«G3F-08 1.S3E-01 7498€-04 1e53E-01 3.19F-C3 6.12C-~01
AvD4a Oe 0e SePRE-CA le74F¢C3 2.435-30 T.22F=-20 44¢6C-30 1.38C-19 . 2,35F-07 6.98€40)

e CM282 Qe oo Oe .. 6e52FE=05 _ 2416E4C2  347E-05 _ 1.155¢02  1.3I9E~05 _ A,E€1F401 __ 2.61E-CA __ B.63F4C2
(SRR Je O 4.BAE-C? 2.22C-92 4.790-C7 2.21FE-n2 4, 73F-07 2.18F-02 1.93E-06 8,90€-02 T
[ F-L Y De 0. 2.99€-04 2.41E401 ?+93E~04 2.37E4+01 2.67E~04 2.32€E401 1.19F-01% F6SE401
[LFLY Ce Ce 1.84E-CS 3.26F~03 1« BAE-05 3.26E~013 1.84F-05. ‘3.26€-03 T.38F-CS 1.30E-02

.. €28 Qe v e Qe 2429€-06 __ T.07F-04 L 2429E-06 _ TL.0TFE-NA  2,29€-06 __ T,07F-08  9.16E-0K  2.A3F-03 .
cM247 Oe Oe 3.376-08 2.97F-C9 3.37F-08. 2.,97€-09 3. 376~08 - 2.97F-09 1+15F=-C? 1+ 19F~C8 T
cu243 Oe 0. 2.74E-CS 1.12F-C8 24 74E-09 1.12F =08 24 714€-09 1. 12F-08 1.10F-08 4,491 ~08
AK249 Oe O 3.64E~11 6,08€E~-05 2.€2E-11 4,376 -05 1e63F-11 24 726-0% 1.46E-10 2.436-C4

— . BK2SC . 0e . Ce. e B0CIFE~1 8 1eSTE-CA 6. 026-25.  2.38E-1S5 __ 6.02F-25 __ 2,34F-1S ___ 1e61F=13 _  6.28F-04 -
CF249 Oe Y I 3.64E-12 1.49E~CH 14 33F=-11 6.69€-08 24 3RE-11 9,71E~0R 1e46F-11 5.95€-08"" T
CE250 - O e 6e39E~12 6.98E-C7? 6429F-12 6.88F-07 6.09F-12 6, 67€-97 2.55E~11 2. 79F-C6
CE251 0. 0. 3.49E~-12 5.53€-C9 3.49€-12 S.53-09 3.49E-12 5.53€-09 180€-11 2.21E-08

- CF252 Ve O 2e81E~12 __ 1429E-0% . 2.1T7E-12 1o 16E=-06 _1e86E-12 9+96E-07 9e65E-12 S.18F~06

CF253 0. Oe 5. 04E-15 L. 46E~-C7 1.47E-17 80 26E-107 T TI.41E721 T O, B9E- 14T 2,0%E-14 T S,085k-07 T

-96_

¢89¢ 141



TH227
TH228
TH229
TH230
TH23}
TH232
TH233
TH234
PA23]
PA2Y2
nPaz23x
PAD34M
4238
ya2z2
U233
u23a
J2135
U236
yay?
U218
11239
NP235
. NP237
NP2 3R
NO23)
nyY236
P13233
PyY239
D240
P24
ouzaz
PU243
Av241
. AN280M
amM3aD
AM2AT
AvPAG
cv24p
Ccv2ay
Cu2as
cCM24S
rM34R
culay
CM24R
|K249
axKa25)
CF249
CF250
CF2%1
..CF2%52,
CF253

24965~-02
3.51F+C1
2. 17F¢01
ze13E+C1
GCeT2E4+00.

O«
2.27€~-02

RGE
CURIFS/YR

6433C¢02
34 33E¢02
1.96C+02
44545F=~-C2
4426E~01

Oe -
7+576-06

DISCHARGE
KGM/YR CURIES/ YR
6.81E~12 2.1SE~04
2.835€E-04 2+34F4C2
3.695-04 8.53~-02
1.12€-04 2.18E-03
24 €2€-Q7 14395+02
B8.96E~Q7 9.80E-11
1e35€-12 4.94F-02
1¢03E~-12 2438E~-05
9.59C~095 4,57t-03
2.27€-C7 Q.67+ 01
7.095E£-08 161F+090
€e43E~14 3.73F~C2
le 79F=11 JeS6E~-02
8.95C-03 1926402
6. 13F4+09 S.81€+01
1.40F¢01 8.66E+01
1.38F+01 2.56E-02
9.53F+00 6.C4E~O1
4,91E-02 4,01F+C6
E.A5F-02 1+495F~-(CS
4.17€E=-Q7 1 +40E+04
J.44E-0QA 2.08E¢C)
2¢37E+400 1.67E490
9,91E£-03 2¢59F+06
Se99€~0CS 1.39€¢Ca
S.S51E-05 2.53F400
1. 026409 1l.7LE+CH
le 76F-01 1.08F401
9e20E-02 203401
3e77FE=02 3.8JE+C3
1e13E~02 4,825-02
6e43E-06 1.68E¢4Co
6e18€E~-04 2.12F ¢+ 00
9.25E-06 9.00F~02
2« 30E-06 1+86E+(C3
2+83€£-0) Se44F-01
2.CGE-07 6.2CF4+03
2.27F-04 7.51€£+402
1.77E~056 8.1-02
1+13€~-01 9.125401
T«19F-05 127€-02
Se3ITF~-06 . 2.RB9E~-0)
led2C-07 l1e2¢F-08
1.20E-018 A4.92F~CAH
16 €3F—19 2.726-04
1+30E-13 T7.01E-04
le€6E~11 6.76E-CH
2.89E~11 3.16E~-06
1.60E-11 2¢S53E-Q8
le I13E~1} 6¢08E~06 _
2439E=-14 6,91€-07

Table 30 (contlnued)

U-233 PARTICLE SECOND PECYCLE

150 DAYS
KGM/YR CURTFS/YR
B8.595~12 2.71E-04
... 2 T7TRE-04 2.29E¢02
4.09E~04 B, 75F-02
le2RE~08 2+49€E-03
Se58F-11 2:96€-02
1401F-06 1. 10E~10
Oe O
B+45F-13 1+ 96E-0S
9.€2E-05 4.53€-03
le40F~4]) S5.99F-33
8.32E-08 L« 70E+00
2.85€-17 1:965-05
9.86F-18 1.665-08
... Be91F-Q3 CLe91E#02
6.1 3E400 S.81E+01
l«40F+01 B.66F4+01
1385 +01 2+96E-02
9« S3IE+ 0D 6.04€E~-01
l«11E-08 9.10£~-01
S5e.R5€-02 1.956-9S
O 0.
1.90FE-57 | 1«14E-48
2442E400 1. 71E¢09
- 3e12E-24 B.14E-16
2¢34€-09 5.45€ -0t
S5«00E-06 2+65F +00
1.C2F400 1.73E¢04
1«77F-01 1.CAF+01
Ge21£-02 2.03€¢01
3.69F~02 3.75F+03
lel3F-02 4,42£-02
4.A5E-18 te260-08
1. 34F-03 4.61+00
Q9e¢24E-06 8.,99€-C2
1«11F-10 8.,99€-02
2.83E-03 5.45€~01
1eCRC~-29 3.,20F-19
1.21E-04 4,025¢02
1 75F~06 A+ 05E~02
le11F-03 B8,98F+01
7T«19F-08 t.?27F~-02
9, 17F-06 2e89E-03%
1.42F=-07 1o 26E-08
1+20€E-08 4.,92F~0%
1«176-10 1.95E-04
L 2eT2F=284  1.06E~-14
6e25€F~11 2+.55E-07
2.84E-11 3.11F-06
1+60F~11 2.83E-08
1e02F~11 S.46F~06
6.9%8€~17 2¢0LE-09

l.GGE-lJ —"NQ.SAE-l‘ T T 27606

365 DAYS
KGM/YR CURIES/YR
tettF-11 3.51F~04
2:69F-04 _ __2.21F+02
A, 245-04 9.07F-02
1.51F-04 2.93E-03
5.58F~-11 2.96E-02
1e17F~06 ___ 1.28E-10_
Oe O
B.43C-13 1.95F~-05
9+62F-09S 4,58E-03
O . _ 0o L
B.33F-08 1.71€400
2.84F-17 1.95F~05
9.83F-18 1.95F-98
B.B86F-03  1.90E+02
60 13F¢+00 S.81€E+01L
l.40E+01 B.65E401
1e3AC+01 2.966-02
9.53F200 . 6.04E-01
1.97~-09 8.77E-02
5.85€-02 1.95F-09
O [\
De O -
2.42E+00 Le71E+00
4,72€~-55 1.23F-46
2+34F~09 SeA5E-01
4,33F-06 2¢30F¢00
1.02F 400 1.72F+04
1. 77F-01 1.78C4021
Fe?21F-02 2.0 +01
3.59€-02 | 3.657+03
1e136-02° 4,426-02
4.8%5€-18 1.26E-08
2436F-03 8,07€E+90
9.2?2€~-06 A, 96E~)2
1e11F-10 Be96F~-02
2483F-03 5.45F-01
2.05FC-29 6.09C~-19
A,8AF-05  1.60F+02
173606 Te96FE~02
1. 08E-03 8.78E+01
Te 19F~-0S te27€~02
¢ I?F-06 _  2.89F-013
1.42€-07 1 26E-08
1.20€-08 4,926-08
Te28F-11} 122€~04
.20 T2E-248 _ 1L.06F-14
1.07F~-10 4,35E-07
2.76F-11 3.02€-06
159F~11 20538-08
.. 8¢72E=12 4 +68E-0
1:61E~20"

" cORE TNVENTORY

K GM
2.72F-11
1+14F-C3
1.59€£-03
4.49E-CA
1e1SF-C6
3+59F-06
S.alfF-12"
A.11E-12
3JeAAE-CA

_Q.07E-CT7 _
3.14€E-07

2.17€E-13
Tel7F-11
T.70F-C2
8+25F401
F.14E40°

7.02€4C1

. Je25F4C1

1.36€E-C1
1462E-01
LeH7TE-06
1.385-C7

___ 2eN6EFE+D0

9.47FE400

3.9%4F~-C2
2.39C-CA
2420F-CS
4.06F+CO
TeI5E~CH
3.68F-01
1eS511-C1
4.54FE-C2
2.59F-CS
2.47E-03
3. 70€E~-CS

It~ 11

Cyr lES
S.51E-04

6.43F400
1.49€-01
1.42F-01
1.65FsC3

7.82F402°

S«65€+02
150501

1.9CE+C7
S5.415-05
S5e58E 404
A, 31F+01
6+EREHOO
1e04F4CY
Se57€+048
1el17F401
6.8664+04
4,336+01
B.1254¢01
1534008
1+77E-03
6, 72F+04
B.47€E400

3.6CE-01

Te45E+03
2«1RF+00
2.48F+048
3.00F+01}
3.25F-C1
3.65€E¢+02
5.08F-02
Ve lAF~-02

"5.03-08

1.97~C7
1.09F~0)
2480€~-01
2. 1CE-07

1+26E-05 .

1.016=07
2443608

—

9.386402

pu:

A

Tpevsss

Whinn

o
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CHAR
KGM/YR CURIES/YR
TH227 Ce Oe
—- YH22A Lo . Oe -
TH229 Oe O«
TH230 O Oe
TH231 Oe Qe
.. TH232 0o i O - ——
TH233 Oe Oe
TH234 Oe O
PA231 Oe Oe
—. . PA232 Qe . 06 ..
oA213 2% O
P A2 34N [ N
PA234 Q. Qe
— ualrle . B8.74%-03__  1437€C4+02_____
U233 6005F+00 S5.73E+401
U234 1+38E+91 8+55FE4+01
u23s le 36401 2092E-02 -
—— U226 ~ 9.42E400. . _ S.97E-D1..
U217 0. Oe
u213 Se786~02 1.33€-05
u239 O Oe
- N©236 e Qe De . .
NP237 Oe Qe
NP234 [ Qe
NP 239 Qe Oe
. PY2as . Ce . Qe . ..
PyY?38 Oe [
P42 39 Os Oe
DL2a0 Oe Qe
e—e PU24L . Qe . Oe .._._ ..
L4V ek g Ce Qe
0y243 0. L
A'2241 Oe O»
—— M242M Do Qe .
AM242 Ne [ 2%
AMI43 O Qe
AMP2AS [ Oe
— - CM242 Qe . Qe ___
CM243 Oe Oe
. CV2a4s [ 1Y Oe
CM?45 Ce O
. CM245 — O e Qe
C4247 O O
Ccu2a8 [V Oe
AaK249 Do Oe
—— K25 Qe Qe
CF2489 Oe 0.
CF250 Oe Oe
CF25] e Qe
e CF252 Qe Qe
CF253 Ce O

Table 30 (continued)

PARTICLE THIRD RFCYCLE

u-223
D ISCHARGE
KGM/YR CURIES/YR
2.87€-12 9.67C-CS
 8439E-05.__ 6.,89E+01 _
7.87€-05S 1.68E-02
S2F-C5 8,795-04
1.06€-07 S.61E+01
1,CP26-06"_ _ 1e11E-10 _ .
1.54F~12 5.61E-02
1ea7€6-12 3.4GF-05
1.$7€~-0S 1.89E-03
9,33E-03 : 4,00F4+01
B8426E-08 1+69E+09
S.TLE-14 1.926-02
1.8AE-{1 3,74€E-C2
2.62€6-03 _ . S,61E+4C1
1.06E+00 1.00E+01
5.25€+0) 3.25F+01
6, 382409 1.376-02
. BeBNF400 . __ Se4SF-01 .
4,43E-C2 3.626+C6
.67F-02 2.89F-05
€.175-07 2.C7F¢0a
3.58E-CF . | 2. 1£E+01
2.46E400 1.73€400
1.03F~02 2.69E4C6
8.A6E~QS 2.06F+04
€.20C~06 __ 3.3CF+CO
1.14E400 1.926+06
2.03E-01 1.24E4C1
1.10E-01 2.42E4C1
4,59F-02 __ 6.€6C+03
1.436-02 5.57F-02
8.16E-06 2,11F+ 04
7+72E~04 2.65€400
C1.16E~CS5_ . 1412F-01
2.,P0F-06 2.33F+03
21,64€-03 7.CIE-01
2.69E-~07 7.99E403
2.90E-08 _ 9.6CE+02
2.30E~C6 1.06F-01
1.49€-03 1.21€+02
Q. €AE-QS 1.7CE-02
1.29€6-03  __ 3,576-021
1.99€-07 1.7¢£-CA
1.72E~-C39 7403F-C8
2.35€E-10 3.93E-04
2.61F-13 _ _1.01E-03
2.42F-11 9.85E-C8
4, 21E-11 4,61E-06
2+ 30E-11 3.71€E-C8
1469E~11____ 9,09€-06 _
3.59€E~14 1. 04E-06

365 DAYS
KGM/YR CURIES/YR G

4 64F~12 1.47E-04 1 1S5F=11
7e91F-05__  64S50F¢0) __ I 36E-0& _
B8e1iF-~0S 1.78F-02 3. IS5F-Ca
5.97€-05 1.16E-03 1.81E~C4
2.58E-11 1+37E-02 lo?35°c7

_1e26E-06____ 1,38F-10____ 4,07E-C6
0. 0. 6.xAF-tz
1+ 2SF~12 2,89E-05 Se87E~12
3,98F-05 1.90€6-03 1.59€-C4

0. . 0e ol BeTSE=QT _
Be63F-08 1.77E400 3. I0€E-C7
4.20E~17 - 2.89E-0S 2.28€E-113
1.45€-17 2.89€~-08 TeS54E-11
2.60F-03 _ _S.56F¢01 ___ 2.276-02_
1+ 06E+0D0O 1.00E+01 1.42E6401
5.26E400 3.725F+01 3.92F¢Ct
64 38E+00 1.37E-02 4,00F+C)

_ BeHBOFEOO _ S ASE=-01_ __ 3.60E4+01_
1.31£-09 1,07F~01 1.77€~C1
B.67E-02 2+A9F-05 2¢99FE-01
0. O 2.47E-C6
Qe e Do :_,"_HJ.GJF-OY__
2.50€400 1.77€490 9.84E400
4.90F=-55 1.23€-46 4.,12F-C2
3.02F-09 7.03€E~01 3.54E~-CA
8.8BE-06 _ 2.60F¢00 ___ P2.48E-C5
1. 18E400 1.92F+04 4,54F+00
2.036-01 S 1.24E401 8.11E-01
1.10E-01 2.42F 401 4,385~01
(4 IT7F~02 __ 4.A8E403 _ 1.83E-0t
1.435-02 5,57€~02 5.71€~C2
6.79F~18 1.76E-08 3,26F-CS
2.89€-01 9e92E-01 3.09E-C3
1«16¢-05 1e13E-01 __ 4,656-05
1«39E-10  ~ '1.13F-01 1.15€E-C5S
3J.E5F-03 T7.03F=-01 1.46F~C2
2.95€-29 8,73F-19 1.08€-06

. 6.19F=08 _ 2.05F#02 _ 1.18E-C3
2¢2%F-06 1 ¢ 04F-01 9,226-06 "~
1+43E-03  1.16F202 $,956E-C3
9.64E-0% 1,70E-02 3.96F~C4

L 1e29E~0% ___ 3,97F-03 . Sel1SE-05
1.€9E-97? 1. 76F-C8 7 7.96? -c? T~
le 72F-08 7.03F-08 6,86E~09
1+05€E-10 1. 76E~04 9.41F-10
___3.,96E-28 __ 1,54F~14 ___ 1.04E-12
Lo SAE~-10 6,30F-07" 9.70F=11
4.02E-11 4.40E-06 1+58€E-10
Z.JQE-ll 3,70€-08 9.375-|4

.105-3& 7 00€- ? 6,78E~
T 2403E- e 0AE=TT Te i]E"T!'

150 DAYS
KGUIVD CUNIFS/ YR
3.60F-12 1.14F-04
. 8.18E-05___ 6,71E401
8.CSE-05 1.72E-02
5,126-0S 9.95E-04
2.58€~11 1.376-02
1.126-06 1.22€-10
0. 0.
1e256-12 2.89€-05
3.98€-05 1.90€-03
. S.RIE-42 _ 2,48F-133
B.62F-08 1.75€ ¢00
A 21F-17 2.89E-05
1.46€6-17 2.89€-09
_24€1F-03 5.59F401
1.06E+00 1.00E4+01
5. 256400 3,25€+01
6.387+00 1.37E-02
B.60F400 _ S.ASE-01
1oCAE-08 8.50€-01
B.67€-02 2.89€~-05
0. 0.
1+97F~57 1.19E~-48
2.506+00 1.7724+00
3. 24E~-24 B.A6GF-16
3.02E-09 7.03E-01
5.63E-06 _ 3.00E+09
1. 14E+00 1.93€+04
2.0 3€-01 1.245401
1. 19E~01 2.,42€+01
4,49F-02 __ A,STF+03
1.43E-02 5.57€-02
6.7IE~18 t.76F-08
1.€66-03 5,63E€400
1.156-0%  _1.13€-01
1.39€-10 1.136-01
3.657-03 7.03F-01
1e55E-29 4.61E-19
1.5S2E~-04 Sel12E+07?
2.23F-06 1.05F -1
1.476-03 1.19€+¢02
9. 64F-05 1+ 70E-02
1e29F=05 __  3.G7F-03
1.09€-07 1.76E-04
1. 72E~08 7.03€-08
1+69E-10 2.83E-08
3.96F=26 ___1.545-14
9.06E—11 3.70E-07
4 156=-11 4,53E-06
2. 34€-11 3. 71€~-08
1.52F=1) ____ 8e16E~06
1.04€~-16 3.03€-09

"CORE INVENTORY

CURIES
3.63E-08

672 ~-C2
3.526-03
2.74E+02

_A.85F~-10

2425F-01
1¢36F~-048
Te56E-03

1+60F+02

6, TEF $00
1.576-01
1e57E-C1
4,37C+02
te356al2
2.36E¢02
8.,58F~-02
2+2QF 400
1. 45F+07
9.HAIE-CS
R.26E4CH
R ,HAE 401

644007

1.08F¢07
8,24F 404
1.32F+01
T.1nTE408
8.97F¢+C1
P.66F+01
1+B6F4CA

242235-C1H
R.EF¢04
1+ 06E+C]
4,52F-01

T T9.31F403

2.ACF 400
3.20F 404
3.u4F063

4,246-01

4.R3E+C2
6.31F-02
1.59€-02

T T7en3E-08 7

2.81E-07
157€-C3
4.065-03

3.9€F~-07"

—

2 T6F402 _

1.84F-05 .

l.lﬂE-07
G6AE~-CS

6.165 -1

-86_

Z89¢-T141



"7 T CHARGE

KGM/YR CURTES/YR
TH227 [+ : 0.
LAM228 0 0e . Qe ...
TH229 Q. Oe
TH230 Ge O
TH?3) O O
L TW232  Oe . __ . Qe .
TH233 Oe Os
TH234 Do Qe
PA231 O O
PaAr32  De i O .
©a2313 [ [+
PA23aM Qe Ce
LEXNTY O Oe
U232 Oe - [ — -
U213 [ Oe
U214 O. Oe
238 Oe Qe
V236 IO« P > 'Y —
U237 O O
U23s Ce O
1239 0. 0.
NP236 . Oe O -
NP237 Oe O
NP 218 O Oe
NP219 O Oe
. PUY236 L6 LTE-0A | 3,2R€402
Py238 2.10F+C1 3.54E+05
U239 230402 te72F¢04
PU2AD 1. 28E+02 2.31E+04
PU24aL . 6+%3E+01  _ 6.64C¢06
ry2a S«S1E+01 2.15E402
PURS] Ce Oe
ANM241 Q. O
~AM242M Qe __ ... Qe _ .. . _.
AM24D De Oe
AM243 [+ 9 [+ ]9
AV244 De O
cM242 Qe _ . 0
cvM243 Oe Oe
CM244 De Oe
cM24s5 O. 0. .
Cu246 G . Ce
Cv247 Qe O
Tu243 0. O
4K 249 Ce D
8K 250 _ Qe . . __ Oe o
cE2a9 e Ce
CF250 Qe Qe
CF251 Oe O
CF2%2 .. Qe __ . _ .. Oe_____ _ _.
CF253 0. Qe

- DISCHARGE

Table 30 (continued)

KGM/YR CURTES/ YR
3.28E-14 1.04E-06
2.656-C6 . 2.17E¢CH
5.146~C7 1.106-04
9.€6E-07 1.886-05%
2.26€-0% 1.2CE+00
2.62E-09 __ 2.B7F-13
3.95€~15 1.446-CA
74 34E-15 1.70E-€C7
6.20€-07 2.55F-0%
1.476-0G __ 6.25F-01_ _
4.95E~10 1.C1E-02
3.426-16 2.3%5E-Ca
1e13E-13 2.24E~04
J.4TE=-3a __ 3,15E400
4,84E-05 4,5GF~C#
1.G76-01 1.22E400
1.05F-01 2.26E-Ca
4.316~02 _ 2.72F-03
2.22€6-04 1.82E+08
4,80€-Ca 1e6CF-C?
3.426-09 1.14F+02
2.186-10 _ 1.21E-CL .
1.50F-02 1.06E-02
6.26E-05 1.64E404
2.57E~05 5.G7€+403
1.54E-04 8.19F401
6.?7€+0) 1.06E+05
1.61E409 9.85E+01
1. 1AE+01 2.50F+073
1.23E401 1.2SF4C5
3.63E40) 1.44E402
2.11€-02 5.47E+07
8.95€-01 3.06E401
1.59E~02 1.54F+02
3.34€-03 2.706+C6
3.03E+01 5,83F+03
2.245-03 6.58C+CT7

 9eh1E=01 __ 3.18E+06
1.63F-02 7e4RE¢Q2
4.415401 3.57F4C6
4.54F+00 B.02E+02
1.65F+09 5.0RE+02
4,63E-02 4,096-03
7.94E-03 3.25€-02

1.52E~04 2.536402
1«68F~-07 _ 6.54F 402
2.10E=-95 8.55F~02
3.29€-05 3.59€400
2.12E-05 3+36F-02

[ 24%3F-05_ _ 1.,36Fe0}
5.94E-08 1472E400

N 150 DAYS .
KGM/YR CURTES/YR
4.44F- 18 141E-06
. 2.PAE~0h/ ___ 2.33F+00
Se 14E-G7 1.10E~-08
1.207-06 2.33€-05
4.26F-13 2.26E-04
L 3e13E-09 __ 3.426-11%
Q. Ce
Tez2E-1S 1.67€-07
6e22€-07 2+35E-05
9.07€-44 _  3,87F=-35
Se36F-10 1.10€-02
2.,43F-19 1 «ATF=97
8,43C-20 1.67F-19
_deCG1F-0NA 3.44F+00
4,84E-C5 4.59F -04
2.17F-01 1« ISE+00
1.C65-01 2.26E-04
4,36F-02 2.76E-03
3.€622-07 2.96E+01
SeC3E-04 1.69€E-07
[+ O.
1.205~59 T+23F-51
1e 59=-02 1.12F-02
1.97€~26 S5.15€E~-18
2.51€~05 5.83C¢03
1. 39€~08 T.A41E4+01L
6.705400 1«13F*0S
1e61F¢00 9.85E£+01
1+20€F4+01 2.65E403
1.21E+01% 1.23F+06
36935401 1.845402
1.58F~-12 4.03%-013
1137400 3.98E+03
1.59E-02 1.54F Q2
1.97€~-07 1.54E4+02
3,035+01 S5.83FE¢03
9.52F-24 2.82€-13
. SeCaF-01 1.679€406
1e61C-02 Te01E$02
4.34€6401 3.51€¢06
4.54F+00 8.02E402
1.65E+00 = S.08F¢02
4,€C3F-02 4,09E-03
Te984E-03 3.2%€-02
1.C95~04 1.R2E¢02
3.26F-18 1.27€-08 _
6e37F-0S 2+A0E-01
Je 22E-0S5 3,53E+400
2+.12€E~05 3.36E-02
2.27E~-0S5_ __ 1+22E%001 _ ___
1e73E~10  S.02E-~-03

PU PARTICLE

CORE INVENTORY

KGM CURLES
1.31FE-13 4,15E-06

L 1a0D6F-CS __  B.T0F+00 _
2.05€-06 4,40F-08
3.B6E-0h 7+S1E-CS
9.0IFE-CS 4,79F 400
1.05¢6-08 __ 1.18€~12
1.596-14 Se 7EE-~04
2.73E-14 6490F-07
2.48E-C6 1.186-C4

. Be%€EF-CG __ 2.50F 400 o
1.98-09 4.05€-02
1.376-15 9. 4CF-08
4.525-11 A.36E~08

| S.P8E-CA _ tJ26Fen)
1.94C-04 1.R4F-03
7.98E-01 4 ,BRE+QD
4,226-Ct 9. 0AF - 04
1472FE~C1 . 1409F-02 _ _ _
A.99E-Ca T.2€FeCa
1.92F-03 6,40F-07
1.37E-08 4.SBE4O?
B.TOF-10 5¢28E-0)
5.99E-02 4.22E-02
2.51€~-C4 6.5SE+CH
t.23F~C4 2.349F 404
1.546-C3 __ B.20T4+02
5.456¢01 F.20€409
Se53F402 3.45F 404
2.7854(2 G l2F3CA
1556402 __ 1.5RF 407
i.84F4C2 7.17€402 -
B.44F-C2 2.19€4+08
3.58€400 1.23F 404
6.345-C2 _  6.17Fe02
1.336~-C2 1.08F+07
1.21€402 2033406
B.96E-C3 2. HEF 408

L 3.94F40% _ 1.P7E07
6450E~C2 2.99F¢Cy T 7T
1.76F$C2 1.43F407
1.82E¢C1 3. 21E+03
6.5GE400 2.0 +03
1+85F-~01 1.64F-02 T
3.176-C2 1. 3CF=-C1t
6.07E-04 1,01F403
6472E-0F__ 2626403 __ N
B, 386-CS 3.42€-01
1.31F-04 184401
B84.49€E-0CS 1«34F-C1}
1.01E-C4 S.436401

365 DAYS .
. KGM/YR CURITES/YR
60 09€~14 1.93E-06
. 3614FE-06 ___2.58€+900 _
S.14€-07 1+10E-04
1.58F-06 3«N7E-IS
4.26E-13 2+26E-04
_3.87E-09 __4,23E-13
O OCe
T.T7€-15 1 .80€E-07
6.22E-07 2.96£-0S
0. . Oe o
5.8CFE-10 T 1419FE-02
2.62C-19 1.80€~07
9,07€-20 1.80F=-10
1. 78E-04  34RLF+00 _
4.,85F-05 4+59E~-04
2.4BF~-01 1.,54F+00
1. 06€E-01 2.26E-0A
4,43F-02 2.81F-03
3.52F-07 2.87€4+01
Se4TE-04 1.82€-07
[« Y [ Y
C. ... O
le71E-02 1.20F-02
2.98E-57 7.79F-49
2¢51E-05 S.93E403
1. 21F~08  6.,81F+01
6.96€+00 1+ 13€¢2S
Le61E+00 9,87E¢01
1.3CF+01 2.A6F+03
_1e18F¢+0) _ 1.20F¢06
3.69%+01 1,44F4+02
158E-12 4.09E-03
1.46£400 S,02F+03
1eS8F-02  1.83F4+02 _
1+90E-07 153€4952
3.03E+01 5.83C403
1./50F~-23 4, 7F-1)
2.04F-01 6.76E4+05
1+59€~-02 T«37E402
4e28F 401 3eaAC+06
A,54€400 B.02E+02
. 1eASE4Q0 _ S.08F+02
4,63E-02 4.09F-03
T.94£-03 3.2%5€-02
6.79F-05 113E+02
3.26FE-18 _ 1427E-08
1.05F£-04 4.,28€6-01
3.13E-0S 343E400
2.12E-08 3. 36E-02
_1+9%SE-0% 1.04E401
Q. 02E~) 8 T.176-06

2038E-CT " T 6.8%400 T

o

-66_
0
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Table 30 (continued)

TH PARTICLE

O1SCHARGF

CHARGE
KGM/YR CURIES/YR KGM/YR CURIES/ YR
TH227 O O 1+ 78E-C9 S5.€3E-01
— _ _TH22A QOa. 0. - Te7HE-04 __ 6+37F¢02
TH229 Os Oe 1.63€-03 3.59€-C1
TH230 (o2 O« 6.36E-0) 1e24E-061
TH231 Oe O Se 7SE-CA 3. CEF+0S
eeee. TH232 T OTE#03 . T.73E-0)___ . 6463F403 _ 7.25€-01
T-233 O Oe 1.00F-02 J.AEF4CH
TH234 Oe Qe 1e£1F-)3 3,73F+Co
04231 Oe [ 2.09€E~-01 F93F+00
— - 9A232 Qo o Qe .. 8.99E-} . 2e13€£40S
PA233 Qe O Te71E4C1H 3.50E+(8
PA23amM Qe O 1.19E-03 B8.15€6+06
PA2Ya Ne Qe 3¢90E-03 TeT7SF2(CH
e W232 0 Qe . .06 .. 9.96F-02 2.12F¢03
U213 Qs O 1+90C¢02 1.80€+03
- u23a Qe Oe 4,00E+01 2.47F+02
U235 - O Oe 1.18E+01 2.53€-02
e U236 L 0e . Qe. .. 1.33E+00C . B8.81€-02_
vz2iz Ne O 6.82F=-03 S5.57F+CS
14233 de Oe 2.C4E~-Q3 6.,8CE~-C7
U237 Oe Oe 1.45€6-C9 A, ETE®C2
R NP236 . Qe . Qe ... 1e75E-373 1+06E+09
NP237 Qe O 1«21€-01 8.S1E-C2
NP 271q Oe O $.04€-94 1e22F¢05
NP21319 O O 24CIE-06 B.ESE+D2
—— PU236 | Qe . Qe . _ . 120C-07 . 6e20F-02
o223 O Oe 2. 39F-02 4,04r¢02
oyY239 Ce 0. 3.CO0E-013 le84F-01t
oy280 Q. O 9.30E-94 2+C5€-01
— U2AY Qe L. Qe __2e3)5-Q4  2.54F+01
P24 2 Qe O. 4.,41E~CS 1e226-C4
oy243 Oe O 2,32€~03 6452F+01
AM241 - D Oe 24693E-06 9« 18E-N1
- - AM242M _ | D, —— O .. 3.57E-09 | 3.49€-C4%
AMD4D O Oe 9. GEE-NS 8.076¢C0
AM243 O O GeSAE-GS 1e23€E~03
AMDAL O Qe Se13E-10 t+S2E+01
. CM242 Qe Qe . 6.36F-07 2.1 16400
CM243 Qe Q. 3.41E~-09 1eS7F-04
CM244 Qe Os 1. 70F=-06 t+38E-OL
CM245 Oe O B+ 26F-C8 1e46F-CS
. CM246 Qs Qe 6,97€-09 _ 2.,1%F=06
CM247 O Qs Teb6FE-11 6. 7TEF-12
~M2a9 0. 0. 4,53F~-12 1.86E~-11
HK249 Os Qe Qe 94E~-14 8.2%-(08
—— AR25D) Qe Oe . SeATE-IT __ 2.1¥-07
CFaan O O 4, 14F=19 1e69€~11
CFI50 Ne Qe Te63F=18 8,36P=-10
CF251 L D 0. 3,78E~1%S S.98€E-12
e CF252 ____ O» [+ P2«01E=13_ _  1.08E=~C9 __
CF253 O Oe 3.89€E-18 1s12E-10

__1eBOE~1S___ 9.67E=1

1« 13F-20

150 DAYS
KGM/YR CURTES/ YR
2¢16F-08 6.84F~01
-~ len3F-0Q3 B.,45€64+402
2+C3E-03 4.34F~-01
G.41F-03 1. 24E~01
8.,77F-11 2+53E-~-02
6. 36401 Te25F-01
O O
2. 15F~-05 &4,99F+02
2.C9¢=-0Q1 9+.96E+00
3e(OE-38 ___ 1.32E-29
3. ES5E-01 T.98F£ 406
Te26FE-10 4.99F #0902
2.51E-10 4.99€-01
S«G7F~-02 _.2«14E4+03
2.(7E402 1.96F+03
4.00€4+01 2.47€+02
1.19F+01 2453F£-02
1.23F+00 _.8.81€E-02
1.40E-09 1.14E-01
2.C45-03 6,80F-07
Qe 0.
9,65F-59 _ 5.83E-50
le23F-01 B.99F-02
1+59E~25 A,15€E-17
Se76F-12 1,34E-0)
ts 10E~-Q7 5.83£-02
2.84F-02 A.11E+0Q2
3J.00E~-03 1 «84F -01
9+ 30F-N4& 2.05F-01
2.54E-04 _ 2.S5RE+01
4,41FE-05 1.72C-0A
2,0 1F-21 GeT6E-~-12
7. €68E~-06 263E-02
. 3.58F-08
4,305~13
6, G5F - 06
JeE&AF~33
.3.806-07 _
J.38F-09
1.696€-06 1¢36F-01
8., 26F=-08 1+465~05
6.,97E-09 ___ 2.15-06
Tea2F=11 6.766~-12
4.53F-12 t.86E-11
Je55F-14 S5.94C-08
TeA2F-28 _ _  _2.89E-18
1eA|E~14 7eI0E=1)
7.83€-19 8.248~10
3.,77€-1% 8.976-12

329 ~1

KGM/YR CURJES/YR
2.70€6-08 8.55€E-01
______ 1.33€-03 " 1409F4+03 _ _ _
2+54E-03 S«43E-01
6.47E-03 1.26€-01
A.77E-11 2.53F-02
6.63F401 ___ T.25€-01

O 0.
A .A4E-08 1.03€400
2.09F=-01 9.96E+00
0. _ 0O -
1.67€-03 3.42F+2S
t«50€~-12 ~ 1.03F+00
S5«18€-13 1.03E-03
. 9«92E-02 __ 2.12€4+03
2407F+02 1+95C#+03
4.C0F+01 2.475402
letBF401 2.53€E-02
1.33E400 __ B.61FE-02 _
TeS0E~12 6.04F-04
2.04F~-03 6.80E~-07
O. O.

.. De O -
1.28€-01 B.99F-02
2.80€E~-56 6.29E-48
Se76F-12 1+34E~-03
9,50F~-08 _. S5.0%€-02
2.43F~02 4.09€+02
3.C0F~-03 1.84F-01
9, 30F-04 2.05F-01
2.47E-04 _ 2.51E+01
4.415-05 Le72E-04
261F-21 6.7HE-12
1.47F-05 5.,03F-02
3.57€-08 _ 3.47F~04
4.79€E-13 3.47E-04
6.96E-06 134€-0%
Te3J1E-33 2.17€=-22

__ 1 VEF-07 _ 4,52%-01%
3. YAE-09 1.54€-04
1e¢4E8-06 133E~-01
8,26E£-08 1 .46E~-09
6.976-09 __ 2,156-06_
Tea2F-11 6.76C-12
4.53IF-12 1.B6E~11
2.21F-14 3.69F~-08

e VTed2F-28 ___ 2.B9F-18
Je 18814 1e¢2086~10
7,30F=-19% 7+99F=10
3.77€E-18 8,97F~12

+55€~-1 B.29€~10

g‘”‘”%.ss&-z;

. 3657 DAYS

CORE  INVENTORY

KGM
T«126-08
3.10€-93
Ga.71E-C3
2.54F-02
2+ 3CF-0Y
. 2.74E204

GaA4F~C3
Ae.34€E-01
___ 2+00FE-C3
6.,84€E+01
4,.75F-CS
1.56F-C2
3.99E-01
7+59F£¢02
1+60FsC2
4.72F2+C1

2.73€-y2
Be16E-03
s,916-C9
_7.31E-C9
4.83E-Ct
2,026-013
8.35E-06
4,30F~07
9.576-C2
1e20F-02
. 3.72F-03
_1.06E-03
t.75F-Ca
1eNE=CT
1.07E-CH
1484F-07

T 4.0CF-C2 77

.. SedlENQ

T 3.99E-08

2.73F~-CS
?.03F-09
2.S4E-CH
136F-08
6481F=-06
3,30E-C?

3.06F~10
1e81E-11
teSRE~-13
2.19F~-18
Le66F =18
3.06E~14
l.SIE'lA
8-03E-193

7. 38€6-17 l B6E-T7

2.796-C8 _

TheTRE~L

"1e46FE4+09

B.S1E405

4.245¢00

CURIFS
2.25E£400
2.55€E403
1.448FE+00
4.,94F-0]
1.22F+06
3.00F¢00
1.49F 405
3,97F4+01
140€409 -
3.26F 407
3. 10FE 407
B.54€403
7.20E403
9.8GE402
1.01€-01
3. 26F-01
2.23F+06
2.72€-0C6
1.95F+03

3J.A)F-01
5.2RE405
1.94F£+03
2+5%€-01
1.62F¢03
Te 36F-01
B8.20F-01
1.05F+02
6.88F~04
2.61E402

Se34E-03
8.0R€40)
8.42F+00
6 P2RF-04
S5.51E-01
5.A2F~08
_B846CF=C6
T2.70E-11
Te82€-11
J-SCF-OY
B8.52F-07

34348209
2.39E-11
4, 31E-09
BeSI1E-1T0

Z289¢-14'1



TH227
_TH228
TH223
T H23D
TH23]
TH232
THZ3IY
TH234
TOTAL

oa231

. .PA232
pA233
DA23aM
PA? 2
TOYAL .. .

.u21>2
233
1234
U235
4236
u237r
U238
U239
e . YOTAL

. NP236 .
ND237
"NP238
NP2 39

e TOTAL

L PU236
oy23a
pU239
oy240

———Pu2ey

Py242
243
TOVAL

CHARGE
KGM/YR CURITES/YR
Oe Oe
Oe 0.
De Y
Oe . Oe
Oe Oe
7.07€403_ . 7.73E-01

Oe

O Oe
T.C7E+C3 7.73€~-01

86.64E+06

DISCHARGE ~ - 150 DAYS
KGM/YR CUPTES/YR KGM/YR CURIES/YR
1. 73E-08 S5«64F-01 2.17€-08 6.85€-01
2.10E-03 __ 1.73F¢C3 2.326~03 _ 1.91E¢03
4,26F-03 9.12E~01 4,69E-03 1.00€400
6. 726-03 1.21F-01 6.£3E-03 1 +33E-01
5¢76E-04 3.05F+05 2.17E-10 1.15€-01
_6453E+03 Te25E-01 __ 6463€E403 _ _T.25€-01
1,006~02 3.€654CH 0. 0.
1¢61E-23 3.73F+04 2.15E-05 4,99F+02
6.€3E49) 3.66F+CB 6.6 1E403 2.41E403
: -~ —al.73E403 - —-- B L AR X/ k]
B3.66E+08 B4.99E+02
2.09F-01 9.GSF+(C0 2.09€-01 9.97€+00
S.CCE-Q4. _ 2.13F+08 _3.CYF-38 C132E-29 _
te71E401L 3.50E4CS 3.R5€6-01 7+.BBE+06
1. 19€-05 Be16€406 T«26F-10 4.99E+02
3,90€-03 Te75C¢C6H 2.51F-10 4.99F-01
1e73C+01 Je€€F408 __ S.986-01 ___ 7.88E¢ns
a9.95E+00 a9.97E+00
B3.66E+08 B7.88E+06
. 1.41E-0Q1 3.03F+03 _ 1.,41E-01 . 3.03FE+03
2433F¢02 2420E403 2.89F 402 2.36F+0
9. 1SE+01L S.CAE+N2 9.15€401 5.56F+92
Se34E+01L 1e15F~C1 S, 36F+ 01 1.15F-01
2.63E401 1.67F+00 . 2,€3E401 _ 1.67E400
1e35€6~01 1+11C4C7 3.92€-07 3.,20F401
1.71E~01 S.£8E-C5 1. 71E-0} 5+6R8F-05S
1.21E-C6 4.C7F+ N O Oe
%e05F402 _ 1.11E4C7 _  8.21E402 _ 5.995403
a5.80E+03 a5.96E+03
i B1.11E+07 B3.20E+01
. Be99E~Q8__ %eA3IE401 __ A9SF-5T7 _ 2.99F-an
6. 196400 4,764 00 6e3E+00 4. 45E400
2.59F-02 6.,77C+06 Be 1 4E -~ 24 2.13-15
2.CNE-Q4 A.€4F4CA 2.516-05 S.RaF¢03
6.22F400 _ 6.97E4C6 _ 6,33E400 _ S.8AF+03
. ad ,37E400 ad . 46E+00
B6.82E+06 B5.84E+03
1.68€~04_ A $%F401 1e852F-04  RB.I10F¢01
8.,87E400 1,50F+05 9,324 00 1.57E+0S
2406€400 1266402 2.06E 400 1.26F 402
le 16€401 2.55€403 1+ 23F+01 2470C+03
_1e24F¢01 _ 1.2€F4C6  1,22E4+01 - 1.24FE+06
3.69E401 1.44F¢C2 3.69E+01} 1.44E402
2411F-02 5,87E4C7 1eS8F-12 4, 09E~03
T7+19E+01 5.6 1E+Q7 7.28E401 1+40E¢06 -
o al 536405 ——— - — e -— ] -6 0E+05~
85.60E+07 B1.24E+06

R —y 2 & 1 3% ) PR

Oe Q.

Qe T/ FY .

Oe Qe

O O

Oe Oe

Oe. . De -

L1e36E-01 _ 2.91E+9)3

2. 455402 2432E403

8.50E+01 S5e2HF$C2

4.67E+0} 1.00FE~01

el e TAESQL . 1.10F400_ _

. Co

Be24%-02 2+75C-05

Oe 207 c

e 3e9AE$02 _ S.76E+03__

a5.76£+03
. Qe — Q. -

Qe Oe
Oe O
O De
[ X —. .0. -
6 17E~0C& ___ 3.286402
2.10€401 3.54F+0S
2«80F£4¢02 1.72E404
1e28F¢02 24 31E¢Co
6433E401. ... 6.54E+06 .
S«51E+C1 2e LHE+02
0. De
S5.49E+02 74 04E+06

-ad4.00E+05——— - ——

Table 30 (continued)

FEACTOR TOTAL

CORE
KGM/YR CURIES/YR KGM
2.716-08 B.56E-01 - 7.136£-08
_ 2e58€=03____ 2.12E¢03____B8,40F-03
5.30F-03 1.186400 1.71E-C2
6+.986-03 1.36E-91 2.69E-C2
2.17E-10 1+15F-01 2+30E-03
6,63F¢03 _ T25F-01_ __ _?.74E+CH
Oe 0. 4,70€-C2
4.44F-08 1.035400 6.44E-G3
6.63E403 2.12E403 2. 74E4CA
RIS —— 0 BT 2 + K S,
© BY.14E+00
2.09F-01 9.37€400 8.35€-01
O0e. . O . 2+00E-013
1467F-03 3.42F 404 6.94F 401
1.50E-12 1.01E400 4, 756-C5
S5.18E-13 1.03F-03 1.56E-C2
. 24VIE-O1 _ . 3.82F408& ___ 6.93F401_
a9.97E+00
B3.42E+04
o _1e81E-01 ____3.01F+03 __ S.5SF-Cy _ _
2.50F¢02 2.37€403 9.54€402
G 16F401 5.67E402 3.53E4C2
S.38F¢01 1.156-01 2.01F402
__2e6IE401 1. ATESD0 __ B TSFeO0L _
3.55€-07 2.90£4¢01 S.42F-C1
1.71€-01 5.6AF-05 S.06€-01
0. 0. 4.36E-C6
__M.P2E402_ _ S.98F+03___ 1.60E+03%
a5.95E+03
g2.90E+01
0. . . 0. . 3.60E-C7
6.33F+00 4.,A6E400 2.8ARE+01
1.236-54 3.22F-46K L1e0NAE-Q1
2.51F=-0S S.84F4+03 T.99E-04
_6433F400_ . S«RGE403 _ 2.49Fe01_
ad.46E+00 |
85.84E+03
. 1e12€-08  T,02Fe0t ___1.57€-C3
9.57F+00 1.62E+0S 5.97€+01
2,06£400 1.266402 S.64E402
1.32E¢01 2.91E+03 2.78€402
__Ve19F401___ 1.20F+06_____15S5E+02
3.69E401 1.44£402 1.84€4C2
1.58€-12 4,09E~03 8.45E-02
T<36E401  1.37E+06 1.24€403
e 016 5E405
B1.20£+06

365 DAYS

INVENTORY ~ 77

CURLES
'2.25F+00
- 6490£4¢03
3.45SE+00
S«?23F-C1
1022F 406
31,9CE+00
1.4€E409
1.49F %05
1.86E409

‘B1.46E409
3.,98F401
__8,53F+0S
1+40F ¢09
3.,26F8CT
3.10F+07
1e46F+09
a3.98E+01
B1.46E+09

. lel1G9F 404
F4045403
2.18F+03
4.,31F~-01
$5.5454C0
4.4 +07
1.69F=04
1.63F¢0%
4.44F 407

a2.31E+04
B4.44E+07
2e17F0C2
1o 75F 401
2.71€407
1.86F+03

o

—a6.91E+03 - - ———

27407

TTal.75E+01
B2.73E+07
9.35F 402

3.4€F ¢08
6e.14FE404

i 1+5RE407

7Te 185402
2.19E+08
2.36E408

B2.35E408

TTle01E®06 T

@l 1VE406-.
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Table 30 (continued)

REACTOR TD"AL

T TCHARG "DISCHARGE 150 DAYS 368 DAYS CORE INVENTORY ~
KGM/YR cunxssxvn KGM/YR CURITES/ YR KGM/YR CURTES/YR KGM/YR CURIES/YR . KGM - CURIES
AM24a} 0. 0. 8.95€~01 3.C7E+03 1.14E400 3.89E403 1.47E400 5.04E4073 3.98E400 l.23F00‘
_ AM2a2N 0. _0e . 1.57€~02 1eSAE+C2 __ Jo5IE-02__ 1.54E402 __ 1eS8F-02 __ 154E4¢02 __ 6.35F~Q2__  6,18F+02
AM242 0. 0. 3.34€6-03 2.71F+C6 1.90F-07 1.54E402 1.90F-07 1.S54€402 1.34E-02 l.08F007
AM243 0. 0. 3.03E+01 5.93€+03 3.03€+01 5.84€403 3.03E401 S.A4F403 l.21E402 «33E¢C4
AM24a . 0. 2.24F-03 6.64F+C7 9.52F~24 2.836~-13 14606-23 4, TAE-13 8.96F~03 2.66E008
___ TaTAL ___ Oe Oo.__ 3.12E¢01 . 6.52E407 __ 3.1SE401 __ 1.00C¢08 __ 3. 18E+01 ___ 1126408 __ 1.25E402 _ _ 2,77€408
a8.90E+03 a9.73€+03 al.09E+04 al3.56E+04
86.91E+07 B1.54E+02 B1.54E+02 B2.77E+08
. _CM262 0. .. De. 9. €2€-91 3e19FE4C6 . Sel0F~01 _ 1.69E¢06 ___ 2.,08€-01 ___ 6.7T7E+OS ___ 3.83E400___ 1.27E407 _
cM243 0. 0. 1.63€-02 7486402 1.€1E-02 7.4 iEe02” 1.59F-02 7.32E402 6.51E~C2 2.99F+0)
CM2a4 Oe 0. 4. 41E+01 3.57E+C6 4.34€+01 3.51E+06 4, 24E401 3.44E+06 176E4C2 1436407
cM2a5 0. 0. 4,54E+00 B8.020402 4.54E400 8.02FE4+02 4.54F+00 84026402 1.82E¢01 3.21F+03
_ CM2a6 Qe Qe . ___1.65E400 _ S.0AF+02 __ 1.ESE400 _ S5.C8F402 _ 1e6SE+00 __ S.0BE¢02 _ 6.59E¢00 ____ 2.03FeC3
cM2a7 0. Oe 4. €3F=-02 4.C9F=-03 8, 63€-02 4.09€-03 4,636-02 4,09€-03 1.85€-01 1.64F-02
CM24R 0. 0 T.94€-03 3.256-02 7.G4E~03 3.25F-02 7+94E-03 3,25F-02 3.1 7E-02 1.30€E-01
TOTAL Oe Oe © Se13E4OL 6.T6E+C6 $.C2E+01 8.20E406 8.89E¢01 4.11F+06 2.0%E4+02 2.7CE+0O7
- —= - ~--06.76E+06 -——-- ~- a5, 206406 -~ - - -8 J1E406 - w2, JOE407 T
g2.70E-03 g2.70E-03 B2.70E-03 . 81.08E-Q2
BK249 Oe 0. 1.52€~04 2.513F+02 1.096-048 1.82F+02 6. 79€-0% 1e13Fs02 6.07E-04 1.01£403
K250 . Oe. 00 __1e6BE-Q7 . 6.58E402  _ I, 26E-18 1e27F-0A _ _ 3,26E~18_ __ 1.275-08 6. 72E-C?_____2.52F+03 _
TOoTaL Oe 0. 1.526~-04 9.C7E+02 1.09E~06 1.82F 402~ 6. 79E-05 1136402 7 6.07E-04 ~ 3.62c403 T
a3.80E-03 a2.73E-03 al.70E-03 al.52E-02
o B9.07Es02 )  B1.82¢+02 . B1.13E+02 y R3I.63E+03
CF249 0. 0. 2410€-0% BeHSE-02 6.37E-0S 2.50E-01 1.056-06"  4,28F-01 " #.38E-¢S ™ 3.42€-01
CF250 0. 0. 3,29€E-CS 3.59€+00 3.23F-0Q8 3.53E402 3, 13E-08 3.43E400 1.31E=C8 1.445001
CF251 0. 0o 2.12F-935 3436€-02 2.12F-09% 3.36E-02 2.12€6-05 3+36E~-02 8.49E-05 1.366-01
e CF252 Qe Qe . _.____2eS3E=~CS _ Je3IEES0] __ 2427E-08 __ _ 1.22E+01 1.95€-05_ 1.04F¢0] 1.016-C8 S.83F 401
CF2s3 O 0. 5.94E-08 1.72€+00 173610 7 5,026-03" " T 8.02E~387 " 1 1TE-06T T 2.38E-07 T 6,89€400° " T
TOTAL Oe Oe 1.00E~06 1+90F+01 1. 40E-08 1+60E+01L 1.77€-04, 1.43E401 4.02€E-Co 7+6CF+01
al .68E+01 al .56E+01 . al .40E+0) a6.74E+01
v ST e s e e e B2V JE400 T~ g 1 E-Q1 T s 83 61 €01 B8.68E+00 —
TOTAL 8.01E€+03 T+04E+06 7.22E403 8.82E+08 7.226403 1+4SE+07 Te22F403 5,.56€406 3.0SE+04 1.7BE+09
FIssIoN Qe Oe Te94E402  2.68E409 T«94E+02 T.89E407 Te94E+02 3.83E407 3.17E+03 1.07E+10
PROD. . ’
CLAD. ©.,43E404 Oe 6.43E¢04 4.78E404 2.47E004 .  6,43E%08 2436408 2+37E4QS 9.57E4+08
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Fig. 19
Actinide Flowsheet for 1000 Mw UfPu-Fueled HTGR
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-plutonium, and americium all contribute to the total actinide radioactivity.
The confribdtibn of uranium to the high-level wastes fadioactivity is small.
it was calcuiated that the radioactivity of uranium'in these wastes at the
time of reprocessing was 14.9 curies and after one thousand years, it was
9.47 curies.

Table 31 shows the inventoriés of plutonium in this 1000 Mw 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.(17)

The neﬁtron source strength of the spent HTGR fuels is listed in
Table 32. Because of the very high concentration of 2“*%Cm, the HTGR fueled
with recycléd plutonium and thorium has the highest total neutron source
strength of all the fuel cycles cqnsidered in thisvstudy, 66,569 xv106
neutrons/sec/metric ton vafuel charge compared with 22,009 x 106 neutrons/
sec/metric ton of fuel charge for the water reactor fueled with recycled
plutonium and natural uranium. Over 92% of the total neutron source
strength iscontributed by the épontaneous fission of 24%Cm. The total
neutron source strength of the spent fuelkof the HTGR fueled with recycled
plutonium and thorium is less than that in the enriched uranium water
reactor's spent fuel but more than that in the core-blanket mixture of
the LMFBR'Q spent fuel.

" Because of its relatively high thermal-absorption cross—sectioh,

most of the makeup plutonium wili be consumed during fhe first cycle of
irradiation, 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 fissile 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



Inventories of Plutonium in Fuel

Reactor

Post-irradiation cooling
Shipment to fuelbrepr0cessing
Fuel reprocessing and conversion
Shipment to fuel fabrication
Fuel fabrication

Shipment to reactor
Pre-irradiation inventory

Scrap récycle shipment

Total external to reactor

Table 31

Cycle of 1000 Mw HTGR Fueled with Plutonium

Total in reactor and external fuel cycle

Plutonium makeup from one year of operation

Hold-up Total Pu Fissile Pu
- time _Kg Kg -
4 yrs. 1240 719
150 days  29.5 5.94
215 days 42.9 ‘8.39
56 days 11.3 2.14
3.5 days 0.75 0.17
30 days 45.7 28.8
215 days 322.9 203.1
36 days 54.1 34.0
10 days 0.15 0.10
507.3 282.6
1747 1002
478.4 333.2

Alpha Pu

curies

1.11 x 10°

6.

28

.42
.53
.61
.34
.35
.94
.23
.92
.60

.39

X

10*

104

104

103

104

105

104

10!

10°

10°

10°

Beta Pu

2.

2.

35 x 10

30

.30

.84

.21

.52

.91

.54

.68

.90

.64

.46

X

-.curies

8

107

10°
10°
104

105

108

10s

102

10

8.

10

10°

7

-801-

Z289¢-141



Table 32
Estimated Neutron Source Strength of Spent HTGR Fuels

~ HTGR Fueled with Recycled
Uranium and Thorium

HTGR Fueled with Recycled
Plutonium and Thorium

fsotope Isotope Neutron Source(a) ' Isotope | Neutron Source(a)
Content a-n S.F.(b) Content a-n S.F.(b)
(g/ton)(c) (sec'1 ton™ 1 x‘10-6) (g/ton)€ (sec°1 ton" ! x 10'6)
238py 1314 ' 43.8 3.0 1162 38.73 2.7
238 py 290 ~0.03 0 256.8 0.02 0
240py Ca70e 006 0.16 1529 0.53 1.4
242py 125.6 - 0 0.25 - 4607 0.02 9.2
241 5.027 0.03 0 . . 141.6 0.99 0
2420y 0.8871 8.6 17.4 63.59 613.8 1249
244Cm | 25.58 5.0 - 291.7 5412 - 1057 61700
2460 f ‘ 10.4642 o 4.3,~ - 205.4 0.12. 1896
Total - 57.5 316.8 N TSY! 64858
Overall Total - 374

66569

(a) Neutron source strength is at 365 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.
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few thousandlcuriés per year. Such a fuel cycle woﬁld avoid the continued
build-upof plutonium to the high concentrations, the large inventories,
and the largé amounts of alpha activity processed and refabricated when
plutonium is multiply recycled.

A fuel cycle flowsheet illustrating the adaptation of the gas-cooled
reactor to this plutonium-uranium-thorium fueling is shown in Fig.‘23.
The calculated yearly quantities of fuel actinides are listed in Table 33.
Except for the relatively small piocess losses to low-level wastes, es-
sentially all the plutonium, americium, and curium in the discharge fuel
appearsyin the high-level reprocessing wastes. The amount‘of plutonium
in these wastes is greater at the time of reprocessing than for any of
the other plutonium fuel cycles described herein, but the amounts of
americium and curium are still lower than for the fuel cycles involving
multiple recycie'of plutonium. The amount of alpha radioactivity in the
chargedplutonium is almost half of that in HTGR with multiple recycle of
plutonium. The'makeup plutonium required is 495 Kg/yr, thus a generating
capability of 2033 Mw of uranium—fueléd water reactors is required, compared
with 1965 Mw for the multiple plutonium recycle HTGR. The plutonium
inventories in the fuel cycle of this HTGR fueled with thorium, plu-
tonium, and recycled uranium‘are shown in Table 34. The total mass in-
ventory is 1556 Kg and the total alpha inventory is 1.04 x 106 curies,
compared with 1747 Kg and 1.60 x 106 curies respectively for the HTGR
with multiple recycle of plutonium. Thus, the amouht of plutonium and
its>associated alpha activity processed éan be reduced by not recycling
the plutonium in the HTGR, and the increase in the amount of makeup plu-
tonium required from not recycling the plutonium.is small, about 17 kg/yr.

An alternative concept of fueling a gas-cooled reactor entirely with
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water-reactor plutonium with no thorium in the fuel and no recycle of
(26)

plutonium, has been described by Brogli, et al.



Fig. 23

Fuel Cycle for Gas-Cooled Reactor Fueled with Thorium, Plutonium, and Recycle Uranium

(yearly quantities)
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Table 33
Fuel Act1n1g§s in 1000-Mw HTGR Fueled with T?orium,
utonium, and Recycled Uranium 2
Fuel Charged Reprocessed
to Reactor Fuel
0 0 2.58x10°3  z.12x10°3
7.07xi0%  7.73x10"! 6.63x10%  7.25x107!
0 0 4.72x10°%  1.09
7.07x10°  7.73x10"! 6.63x20%°  z.12x10%
1.36x101  2.91x103  1.42x107!  3.04x103
2.44x102  2.32x10% - z.sox102  2.36x10°
8.40x10}  s.25x102  9.17x10!  s5.68x102
s.67x101  1.00x10"! s.38x10! -  1.15x107}
1.74x10!  1.10 2.65x101  1.68
0o 0 3.18x1077  2.60x101
8.24x10°%  2.74x10°5 1.75x107!  s5.84x107%
3.94x102  5.76x10°  4.22x102  6.00x10°
s.06x10"%  2.70x102  1.10x10"*  5.84x10!
1.20x10)  z.03x10%  7.70 1.30x10°
2.89x102  1.77x10* ‘1.s8 9.67x10%
1.10x102 . 2.62x10% - 1.11x101  2.44x10°
s.s7x10}  s5.65x10% 1.06x10!  1.08x10°
1.94x10}  7.s8x10} 2.88x101  1.12x10%
4.95x10% & 2.45x10° s5.98x10! o 1.33x10°
8 5.65x10% 8 1.08x10%

h
h
B
Total Th

Total U

u
Q
u
u
u

(' 8

Total Pu
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Table 33 (continued)
Fuel Actinides in 1000-Mw HTGR Fueled with Thorium,
Plutonium, and Recycled Uranium 3

(Continued) A
Fuel Charged - Reprocessed
to Reactor Fuel
YT Cfyr | kelyE Gilyr

241,y 0 0 S 1.31 4.50x10°3
242myy 0 0 1.41x10°%  1.37x102
243pn 0 0 2.12x10!  4.21x10°
Total Am 0 0 2.24x10}  8.85x10°
2420, 0 0 1.91x10"!  6.32x10°
243¢cp 0 0 1.45x10°2  6.86x107
244cy 0 0 2.76x10}  2.23x108
245cq 0 0 2.87  s.07x10°
2460y, 0 0 9.70x10"1  2.99x10?
0 0 3.16x10!  2.86x10°

Total Cnm

a8/ Calculated from an equilibriuﬁ fuel cycle, 4-yr fuel
life, 38.7% thermal efficiency, no reéycle of 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

Hold-up Total Pu Fissile Pu . Alpha Pu - Beta Pu «

time Kg ‘Kg curies curies Lo

Reactor | 4 yrs. 1108 s 7.20 x 10> 1.02 x 10° *‘3?155

Post-irradiation cooling 150 days 24.1 5.2 4.61 x 104 1.86 x 107 ’ 1

Shipment to fuei reprocessing 215 days 34.5 7.5 6.61 x 104 6.36 x 105 :i

N

Fuel reprocessing ' 52.5 days 8§.6 1.8 1.91 x 104 1.55 x 105 &

Fuel fabrication | 30 days 40.7 28.3 2.03 x 10°  4.64 x 10° e

Shipment to reactor _ 215 days 291 1203 1.46 x 10s 3.33 x 106 ; oo

Pre-irradiation inventory 36 days | 48.8 34.0 - 2.44 x 164 5.57 x 105 =~

Total external to reactor >478 280 | 3.22 x 10° 2.37 x 107 B
Total in reactor and extefnal fuelycycle » 1556 995 : 1.04 x 106 | 1.26 x 108
Plutonium makeup from éne year of operation 495 345 v2.48 b 105 5.65 x.106

289¢-141
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VI. ‘GROWTH OF NUCLEAR POWER IN THE UNITED STATES

The calculated throughputs and inventories of acfihides in the nuclear
fuel cycles presented in Chapters III through V can be used to estimate
the amounts ofvplutonium, americium and curium to be handled in the total
United States nuclear power industry involving specified amounts of power
from each of thé seven fuel cycles considered. For the expected growth
of nuclear poWer in the United States, we rely here on data in the forecast

(27) wherein the "most likely" yearly

by the Atomic Energy Commission,
additions of total nuclear power capacity are specified for the period

from 1973 through the year 2000. The AEC assumptions used here to determine
the quantities of water reactors, both uranium-fueled and uranium-plutonium
fueled, of fast-Breeder reactors and of gas-cooled reactors as a function
of time are as follows:

1. The fast breeders are assumed to penetrate the nuclear power
_market beginning in 1986, with the installation in that year of 1.5 Gw.(a)
An additional 22 Gw of fast breederplants is expected to be installed by
1990, and the total fast breeder capacity by the year 2000 is expected to
be 400 Gw. |

2. Gas-cooled réactors are assumed to penetrate the non-breeder
portion of the nuclear power market to the extent of IQ% of the non-breeder
additions in 1980.and to increase to 15% by 1985 and rémain at that level
for the remainder of the century.

3. The remaining additions are water reactors. - Initially these are

uranium-fueled water reactors. The plutonium recovered from these reactors

(a) 1 Gw (giéawatt) = 109 watts = 103 Mw.

Capacities quoted are electrical generating capacities, operating at an
assumed load factor of 80%. '
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is stockpiled-until 1977, at which time one-fourth of ﬁhe 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-upbinventory. Plﬁtonium recycle in
water reactors will be discontinued to the extent neéessary to make plu-
tonium aﬁailable for breeder start-up.
It is assumed in this analysis that the plutoniuﬁ production-consumption
and inventofy properties of the water reactors, fasf breeder.reactors,
and gas-cooled reactors are those described in Chapters III through V.
A new uranium-plutonium fueled reactor can be‘startéd up when the available
plutonium equalé the reactor inventory for the equilibrium fuel cycle.
It is assumed that plutonium is recovered from discharge fqel on the
average of,th years after the generation of a given amount‘of energy. Ad-
ditional make-up plutonium for reactor inventory is nécessary until this
recovered plutonium is available. Thereafter,'éach reactor is assumed to
operate:in its equilibrium fuel Cyclé, the plutonium-recycle water reactors
requiring net make-up plutonium from the urahium-fueled water reactors and
the fast-breeder reactors producing a net plutonium product. Process.
losses are indicated on the flowsheets. These assumptions proﬁide sufficient
constraints fbr the calculation of a reactor growth pattern that satisfies
a material baléncé of plutonium production and consumption. The initial
conditions on plutonium inventory are as follows: (11)
2000 Kg. of water-reactor plutqniumvwas available fof reprocessing
at the end of 1972, |
520 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 fable 35. The data for total installed power and
installed power for fast breeders, gas-cooled reactors, and water reactors
fesult from the AEC projections. The allocation of water reactors to
uraniqm fueling and uranium-plutonium fueling result from the plutonium
material balance calculations described above. According to these calcula-
tions, the qranium-plutonium fueled water reactors reached a peak capacity
of about 67 Gw. in 1992, which is about 13% of the'tétal water-reactor
capacity at that time. Thereafter, these reactors'must be_converted to
enriched-uraniﬁm.fuei 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 plufonium 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 plutonium in~water reactors, the total
installed capacity of the AIFO fast breeder reactors is 392.5 gigawatts by
the year 2000. It ié not possible to install 400 Gw of total AIFO fast
breeder capacity by the year 2000 because of the large amount of plutonium

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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Table 35

bGROKTH OF NUCLEAR POWER REACTORS IN THE UNITED STATES
. (Case 1)

INSTALLED ELECTRICAL CAPACITY, GW

URANIUM PLUTCNIUM GEFO URAN T UM

FUELED FUELED FAST GAS

WATER. - WATER BREEDER COOLED ALL
YEAR REACTORS REACTORS  REACTORS REACTORS REACTORS
1972 ‘ 13.7 0.0 0.0 0.0 13.7
1973 28.9 0.0 0.0 0.0 28.9
1974 4243 0.0 0.0 0.0 4243
1975 5442 C.0 0.0 0.0 5442
1976 ' 61.2 0.0 0.0 0.0 6l.2
1977 66.7 2.6 0.0 -~ 0.0 69.3
1978 - 185 8.2 0.0 0.0 8607
1979 89.3 14.0 0.0 0.0 103.3
1980 110.8 18.0 0.0 2.8 131.6
1981 130.7 20.7 0.0 5.6 157.0
1982 149.4 24.8 0.0 8.7 183.0
1983 16942 294 0.0 12.4 211.0
1984 192.4 34,6 0.0 17.0 244 .0
1986 245.3 45.0 1.5 28,2 320.0
1987 276.0 49.2 45 34,3 364.,0
1988 307.3 53,2 8.9 40.6 410.0
1990 371.0 60.4 23.5 53.1 508.0
1991 403.9 63,7 33.9 595 561.0
1962 436465 66.9 46.8 65.8 616.0
1993 478.7 60.6 64.6 T2.1 676.0.
1994 526 .4 49.0 87.1 78.5 741.0
1995 585.9 23.4 117.2 84.5 ~.811.0
1996 642.6 0.0 151.0 : 90.4% 884.0
1967 669.0 0.0 195.0 . 95.0 - 959.0
1998 68747 0.0 251,.,0 98,3 1037.0
1999 693.6 0.0 324.0 99.4 1117.0

2000 69946 0.0 400.0 - 100. 4 1200.,0
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Fig. 25
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In addition, fhevplutonium product from one year ofioperatioh per gigawatt
of the AIFO fast breeder reactor is less than the plﬁtoni&m produﬁt of
the GEFO faét'bfeeder reactor, 265 kg per year per gigawatt for the AIFQ
reactor compared with 446 kg per year per gigawatt for the GEFO reaCtor.‘.

A third case considered is a nuclear power industry without fastv
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 recovéfed plutdﬁium is recycled into
water reactors, and this fraction increases to one-half ih 1978, to
three-fourths in 1979 and to uhity 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 ﬁranium-
plutonium-fueled water reactors increased continuously»to the year 2000;
giving a total capacity of 217 gagawatts. The total.generating_capacity
of the uranium-thorium-fueled gas-cooled reactors is also increased to 160
gigawattts in the year 2000, compared with 100 gigawatts in Case 1, as
all capacity additions are non-breeder additions. Thé'remaining nuclear

generating capacity is made up of uranium-fuéld water reactor, totaling
823 gagawatts by the year 2000.

In the absenée of fast breeder reactors in the nuclear power industry,
it is possible that the plutonium recovered from uranium—fueled water
reactors will bé-recycled in the gas-cooled feactors as well as in water
reactors. Thus, in the fourth éasé considered in this study, we assﬁmed
that all gas-cqoléd reactors in Case 3 are fueled with uranium, thorium,
and recycled plutbnium. 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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plutonium-fuéléd gas-cooled reactors ih which the discharge plutonium
is not recycled, but follows the high-level wastes sfream, SQCh abfuel
cycle will bé considered lateri The results of the project growth of
nuclear generating capacity, using these.assﬁmptioﬁs are shown.in Fig. 27.
Since plutonium is being consumed in the gés—cooled reactors, the generating
capacity of the uranium-plutonium-fueled water reactors in the year 2000
is decreased to 141 gagawatts in this fourth case from 217 gagawatts in
the third case. The generating capacity of the uraniqm—fﬁeled water
reactors is increased to 899 giagawatts in the yearIQOOO to make up for
the decrease of the generating capacity of the urahium-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 time one fourth of the fecovefed plutonium
is recycled into gas—cpoled reactors and this fraction increases to unity
in 1990. The hranium-thorium gas-cooled reactors are again assumed to
be 10% of the noﬁ-breeder additions in 1980 and to incfease to 15% by 1985
~and to remain at that level for the remainder of the century. The results
of the projeétéd growth of nuclear generating capacity in this fifth case
are shown in Figure 28.- The generating capacity of thé 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 uranium-fueled water 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 wbuld be to use plutonium
récovered from water reactors as make-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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YEAR

Projected Growth of Nuclear Generating Capacity in the
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reactors into ?he high-level wastes. This is the fuel cycle for the final
case 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 reactoré are not recycled,'but are discharged aé part of the high-
level wastes. Since the plutonium from gas-cooled.feactors 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-
uranium-plutonium-fueled gas-cooled reactors.is less for the final case
than in the fifth case, and the uranium-fueled water reéctors' generating
capacity is mo?e 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
generaéing capacity of the thorium-uranium-plutonium-fugled gas-cooled
reactors is'309 éagawatts 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‘tdtal amount
of plutonium reprocessed yearly from each of the four reactor types in.
Case 1, and is shown in Fig. 30. Even with plutonium récycle in water
reactors, most of the annual plutonium reprocessed is from uranium-fueled
water reactors until towards the end pf 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 wili be reprocessed
yoearly 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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Fig. 29
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Fig. 31

' A1l Reactors
2 b o T

U Fueled Water Reactors

U-Pu Fueled
Water Reactors

v ¢ 7 v IV

GEFO
“~Fast Breeder
Reactors.

LS

N
v

LRI EARAR]

L3

| : | U Fueled
2 r : ™\ Gas Cooled
: : » Reactors

vy rvyryvy

~N
Y

~S[rrrTrTYY
b
F;

1980

YEAR

Total Plutonium Reprocessed
: (Case 1).

2000



J131- Vs | LBL-3682

considerably more energy will have been generated from these reactors in
this century than from any others. . |

The yearly rate of plutonium reprocessing for tﬁe_six cases described
in the last secfion are compared in Fig. 32. The annual rate of plutonium
reprocessing is smallest for Cases 5 and 6 whére there are no fast breeder
reactors or uranium-plutonium—fueled water reactors, and all plutonium
is recycied in the gas-cooled reactors. One reason for this is because
the plutonium inventories in the fuel cycles for the'plutonium-fueled
gas-cooled reactors are less than the plutonium invenfories in the fuel
cycles of the pilutonium-fueled water reactors, since the plutonium gas-
cooled reactors are partly fueled with fissile 233y and partly with
fissile plutonium in the plutonium-makeup fuel, while the plutonium-
fueled water reactors considered in this study are fueled almost entirely
with fissile plutonium from the plutonium makeup fgel with little fissile
235y from the natural uranium makeup fuel. Thus, less amount of plutonium
is charged as well as discharged from the plutonium-fueled gas-cooled
reactors than from the plutonium—fqeled water réactors. The annual rate
of plutonium reprocessing is largest for Case 1 and e?entualiy 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 pervyear and the AIFO fast breeder reactors
‘discharge about 1940 Kg of plutonium 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 othgr 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 1986 when the AIFO fast breeder reactor



KILOGRAMS PER YEAR

108

105

-132-

Fig. 32

L T 5 v

v ¥V ¥ ¥ 7

v

UR
b

LWR

AIFO
LMFBR

LMFBR

GEFO X '

7Th
HTGR X

U/Th/Pu
(multiple)
HTGR

U/Th/Pu
(once)

HTGR

4

1980

Plutonium Reprocessed Yearly

1980

YEAR

2000



o
<
e
L
&
nd
P
Wt
<L
ey
gilley
$ad

“133- LBL-3682

. penetrates the nuclear generating industry. The integrated amount of
plutonium reprocessed is compared in Fig. 33. " The integrated amount of
plutonium reprocessed is greatest for Case 2, totaling 4690 Kg of plu-
tonium reprocessed, and is smalleét for Case 6, totaling 1930 Kg of
plutonium reprocessed.

Thus thé effect of the introduction of fast breeders is to ‘increase
the émount of plutonium reprocessed and the effect of the introduction
of plutonium-fueled gas-cooled reactors is to lower the amount of'plu—
‘tonium reprocessed, assuming that the blutonium produced in the water
reactors will be recycled in either of the three reacfor types.

Similar trends are noted in the calculations of the plufonium alpha
activity reprocessed yearly and in the integrated amounts of plutonium
alpha activity reprocessed, as shown in Fig. 34 and Fig. 35 for each
of the fuel cycles considered in Case 1. Because of ﬁhe high concentrations

of 238py and 2“0Pu in the plutonium-fueled water reactors, the amounts

of alpha-active plutonium reprocéssed yearly from tﬁese reactofs exceed

the yearly reprocessing rate of alpha-active plutonium from all ;he uranium-
fueled water reactors in the period 1984 to 1989, even though thé Kilé-_
grams of plutonium reprocessed yearly during that period is less for the
piutonium-fueled'water reactors than fdr the uranium-fueled water reactors.
' Conversely, because of the relatively low concentrations of 238py and 240py
in the fast-breeder plutonium the amounts of alpha-active plutonium re-
-processéd are less for the power-growth plan including breeders, as shown
in Fig. 36 and Fig. 37. Because of the high concentration of 238py in |
the plutonium discharged from the plutonium-fueled gas-cooled reactors,

the amounts of alpha-active plutonium reprocessed are comparable for -

the power growth ﬁlan including breeder§ (Cases 1 and 2), and for the

power growth plan including plutonium—fueled gas-cooled reactors (Cases 5
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Fig. 35
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Fig. 37
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and 6), as shown in Figs. 36 and 37, even though more plutonium is
feprocessed'in Cases 1 and 2. The cumulative amounts of alpha-active
plutonium re?rocessed in Case 5 actﬁally exceeds the cumulative amounts

of alpha-active plutonium reprocessed in Case 2, up to the year 2000. The
cumulative amounts of alpha-active plutonium reprocessed up to the year
2000 are 1540 million curies fof Case 5.and 1530 million curies for Case 2.

Thus, one effect of the introduction of breeders into the nuclear
power industry is to lower the amounts of alpha-active plutonium reprocessed
compared with a power-growth plan where all plutonium is reéyéled in water
reactors. The amounts of alpha-active plutonium repro;éssed are least
for the power-growth plan where all plutonium from water reactors is used
as make-ub fuel in gas-cooled reactors; that is, Caée_é.

Figures 38 and 39 show the annual and cumulati&e curie amounts of
beta-active 241Pu reprocessed for edch fuel cycle in Case 1. The trends
are similar as for those found for the alpha-active plutonium reprocessed.
This is a result of the low concentrations of 241py jn the fast breeder
reactors compared with the concentrations of 241py in the plutonium-fueled
water reactors. Figures 40 and 41 indicate that the greatest amounts of
241py reprocessed are in the case where all plutonium is recycled into
water reactors; that is, Case 3. The smallest amounts of 2l+1Pu reprocessed
occur in Case 6 where all plutonium is uged'as makeup fuel for the gas-
cooled reactoré- This is.becéuse the amounts of plutonium reprocessed
are smallest for Case 6.

In considerations of radiological safety ahd pubiic health, attention
is usually focused on alpha-active plutonium because of the short range
of alpha particles and their iarge energy deposition per unit mass of

tissue. However, the relatively large radioactive quantities of 241py
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activity being reprocessed, especially during the era of plufonium
recycle in water reactors, indicates that special attention be given

to the radiological effects of this radionuclide and its daughteré.

For example, during the year 1990 about 1.9 billion curies of 2%*!Pu are
expected to be reprocessed in Case 1, some 20 times greater than the 92
million curie§ of alpha-active plutonium reprocessed.

The yearly amounts of americium reprocessed in discharged reactor
fuel in Caée'1 are sﬁown in Fig. 42, and their cumulative amounts are
shown in Fig. 43. The americium'production in this case is dominated
by the relatively few uranium-plutonium-fueled water reactors, because
of the relafi&ely high 242pu concentrations in these reactors and the
relatively large productiohvof 243Am, approximately 78'Kilograms per
year per gigawatt compared with 1.9 Kilograms per year per gigawatt for
the AIFO fast breeders and 2.5 Kilograms per year per'gigawatt for the
uranium-fueled water reactors. About 30.3 Kilograms per year per giga-
watt of 243Am are produce& in the multiple—plutonium—recycie gas-c001ed-
reactors and 21.2 Ki}ograms per year per gigawatt for the once-thfough-
plﬁtonium-reéycle gas-cooled reactors.(a) Thus, the amounts of americium
reprocessed yearly are least for Case 2 where all plutonium is recycled
in the AIFO fast reactofs, as shown in Fig. 44. When all plutonium-
fueled water reactors are retired in Case 1, the amounts of americium
reprocessed per year are even smaller than for Case 2. In the event of
no breeder introduction, americium production is leést when the plutonium
is recycled only once in the gas-cooled reactors, that is Case 6, as

shown in Figs. 44 and 45. By the year 2000, the cumulative amounts of

(a) Plutonium is not multiply recycled in these gas-cooled reactors.
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americium reprocessed are 41.5 thousand Kilograms'for'Case 2,'89 thousand
Kilograms foriCase 6, and 167 thousand Kilograms for Case 3. As has

been illustrated, the americium 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 ére similar to those for americium production in Figs. 42 and
43. The amounts of americium activity reprocessed.are 15,000 curies per
gigawatt pef year for the AI#O fast reactors, 8,500 curies per gigawatt
per year fdr the GEFO fast reactors, 11,200 curies per gigawatt per year
for the multiple-plutonium-recycle gas-cooled reactors, and 8,800 curies
per gigawattvper year for the once-through-plutonium-recycle gas—cooled
reactors.(a) ‘Thus, ‘even though the amount of americium reprocessed per
gigawatt per year of operation is larger for the once-through-plutonium-
recycle gés-codled reactors(a) than the AIFO fast reactors, 22.4 Kilograms
compared with 6.04 Kilograms, the activity of the americium at thé time of
reprocessing is larger for the AIFO fast reactors. This is because of the
larger amounﬁ of the more active i“lAm in the AIFO fast-reactor fuel

being reprocesse&, 4.05 Kilogram per gigawatt per year compared with 1.31 
Kilogram per gigawatt per year for the once—throughjplutonium recycle.gas-
cooled reactor(a) fuelfbeing reprocessed. The yearly and cumulative
amounts of americium ;ctivity.réprocessed for each of the six cases studied
are shown in Figs. 48 and 49. It can be seen that the amounts of americium
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

(a) The plutonium is not multiply recycled in these gas-cooled reactors.
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reprocessed yearly becomes iarger‘for Case 2 than for Case 6. In the

year 2000, the americium activity reproceséed is larger for Cése 2 than
for Cases 1, 5, and 6. Thé cumulative americium activitiés 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 millidh,turies for Case 2,
and 61.7 million_curies for Case 6. |

Thus americium production;is dominated by the uranium-plutonium-
fueled water reactorg. The effect of the introduction of breeders is to
reduce the total amount of americium reprocessed, as shown in Figs. 44
and 45. However, the total amounts of americium activity reprocessed can
also be reduced by recycling plutonium as fuel for fhe gas-cooled reactors
as shown in Figs. 48 and 49.

The estimated yearly and'integrated quantities of curium reprocessed
are shown in Figé. S50 and 51 for Case 1, and its yearly and integrated
activities of curium reprocessed are shown in Figs. 52 and 53. The
greatesf amopntsvof curium production result from the uranium-plutonium-
fueled.ﬁater‘reactors. The effect of developing‘nucleaf power without
breeders is to increase the curium production, as sﬁown in Figs. 54.and 55.
Even though curium production is greafest from the uranium-pldtonium-fueled
water reactoré, Figs. 54 and 55 show that,the total yearly and integrated
amounts of curium reprocessed is larger for Case 5, where all 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 Kilogfams 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 Kilogramsvfrom the multiple-plutbhiﬁm—recycle/gas-
cooled reactors. The total yearly and integrated‘amounts of curiumxre?
processed inlCasé 6 are much less than in Cases 3, 4, and 5, because
only 31.6 Kilograms of curium are produced per gigawatt'per year of
operatioh of the once-through-plutonium-recycle gas;cooled reactors.(a)
Figures 56 and 57 show the total yearly and integrated amounts of curium
aétivity rePfoCessed. Even though the quantities of curium‘reprocessed
are less for‘Case 3 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“2Cm in the uranium-plutonium-fueled
water reactors. According to these calculations, 21.9 billion curies
of curium wiil héve been reprocessed by the year 2000:for Case 3, 11.7
billion curies for_Case 1, 11.5 billion curies for Case 6, and 5.0 billion
curies for Case 2. .

Curium is the largest source of alpha»fadioactivity at the time of

\

fuel reprocessing. However, the curium radionuclides 163-day 2%2Cm, 32-
year 243Cm, and 17.6-year 2%“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 flowsheet;, Figs. 3, 7, 10, 14, 16, and 19 indicate estimates
of the fractional losses of plutonium to non-recoverable solid wastes in
fuei—cycle operafions. The indicated losses do not represent the limits
of the proéess technologies. However, they are used here as estimates
of representatiye losses in commercial fuel-cycle opefations. 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 quéntities of plufonium
and its alpha and beta activities in the high-levei and low-level wastes
generated in one year of operation for one gigawatt of generating capacity
for each type bf fuel cycle are summarized in Table 36.

The values in Table 36 were used to estimate the total yearly and
cumulative QUantities ofvplutonium in the low-level and high-level wastes
for the six‘cases considered and are shown in Figs.'58'to 69.

Figures'58 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 énd the only
contribution to the plutonium in low-level wastes comes from the uranium-
fueled water reéctors; The yearly quantities of plutoniuﬁ‘in low-level
wastes are inifially low for Case 2 until the introduction of fast reacfors
when the yearly plutonium in low-level wastes increases rapidly and eventu-
ally sﬁrpasSes all other cases. This is because of the lafge plﬁtonium
inventory in the AIFO fast reactor fuel cycle. By thé year 2000, the
total cumﬁlative plutonium in low-level wastes is 47,600 Kilograms for
Case 2, 47,000 Kilograms for Caﬁevl, 44,600 Kilograms for Case 3, 38,000
Kilog-aﬁs 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
uraniﬁm-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

Plutonlum in Low-Level and High-Level Wastes in One Year of Operatlon

Per Gigawatt Generating Capacity

L0w-Levé1 Wastes

. Kg a Curie B. Curie
U-Fueled Water Reactor 1.23 6.15 x 10°  1.41 x 10%
| U-Pu-Fueled Water Reactor 19.6 1.42 x 104 3.26 x 105
AIFO Fast Breeder Reactor 27.8  2.99 x 10° 1 6.53 x 104
GEFQ Fast Breeder‘Reactor 17.3 1.82 x 103 3.27 x 104
Th-U-Fueled Gas-Cooled Reactor 0 | 0 0
Th-U-Pu-Fueled Gas-Cooled Reactor(a) 2.79 2.04 x 103 3.36 x 104

Th-U-Pu-Fueled Gas-Cooled Reactor(b) 0 0 0

Kg
1.23

‘4.96

10.3
7.35

16.1
0.59

59.8

High-Level Wastes

o Curie

6.15 x 102

3.93
1.08
7.70

9.90

- 1.30

1.33

X

X

10

103

103

102

104

3

10°

8 Curie
1.41 x 10

9.10

2.34

1.39

1.77

1.00

1.08

X

X

4

10*

10*

104

10S

104

106

(a) This gas-cooled reactor is fueled with plutonium from its spent fuel,
the water reactors. :

as well as plutonium from

(b) This gas-cooled reactor is fueled with plutonium from water reactors, the pluton1um from its

spent fuel is not recycled, but is retired into the high-level wastes.
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concentrations of 238pu and 2%%Pu in the plutonium-fueled water reactors.
and plutonium-fueled gas-cooled reactors, thé total annual and cumulative
plutonium alpha activity 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 iow-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 béta éctivity 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“4l1Pu 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 total yearly and éumulativg duantities
of plutonium‘iﬁ the high-level wastes. Since all plutonium discharged
from the gas-cooled reactors in Case 6 is not recovered for recycling
but is reéired with the high—levél fission producf.wastes, the total
annual and CUmﬁlative amounts of plutonium associated with the high-level
fission-product wastes aré greatest for Case 6. Since the plutonium from
"all the reactors in Case 4 is recycled, the amounts of plutonium associ-
ated with the high-1lvel fission product wastes are 1east 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 total yearly and cumulative amounts of
plutonium alpha activity 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 238Pu and 240py
in the plutonium-fueled wafer reactors and plutonium-fueled gas-cooled
reactors. |

Figures 68 and 69 show the total yearly and cumulative amounts of
plutonium beta activity in the highelevel wastes. The trends are similar
to those invFigs. 66 and 67 for the plutonium alphe activity in the high-
level wastee;

Accerding 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 ie greaterbthan the amount of
plutonium associated with the‘high—level fission—prdduct wastes in all
cases, except Cases 5 and 6. However, assuming that essentially all the,‘
americium and curium follows the high-level fission—pfoduct wastes in
fuel reproceseing, the total alpha activity in these high-level wastes
will be far greater than that resulting directly from the plutonium loeses
associated with these wastes (c.f., Figs. 48, 49, 56,’and 57). The amounts
of plutonium in all of these wastes are significant, and it is important
that careful attention be given to a waste management program which

insures careful control of all 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 enricﬁed
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. Initially natural uranium is required to obtain

enriched uranium for the uranium-fueled water reactors for all six cases.
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With the intrﬁduction of uranium-plutpnium—fueled wéter 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 annuai natural wuranium requiremgnt for these
‘cases become less than for all other cases. When fést Breeder reactors
vare introduced in 1986, initially their total generating capacity is a
small fraction of the total nuclear generating capacity. The main
contribution to the total nuclear generating capacity'is still from the
water reactors, thus the total annual natural(uraniuﬁ requirement for-
Cases 1 and 2 remain greater than for all other caseg. However, towards
the end of the century, the total generating capacity of the fast breeders
becomes a significant fraction of the total nuclear generating capacity
and the annual natural uranium requirement is smaller for Cases 1 and 2
than for all otﬁericases. Figure 71 shows that by fhe year i999, the
total cumulative.natural uranium requirement i$_1.49 billion Kilograms
for Casés 2 and'S, 1.47 billion Kilograms for Case 4, 1.41 billion Kilo-
grams for Case ‘1, 1.28 billion 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 its plutonium in water
reactors. The cumulative natural ﬁfanium requirement can be reduced
either by a nuclear power-growth plan which recycles plutonium iﬁ'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

LE
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natural thorium required as fuel for gas-cooled reactors. Cases 1 and 2
have the least amounte of natural thorium requirements since the total
generating cépacities of gas-cooled reactors in these two cases are less
than all the ether cases because of the assumption that gas-cooled
reactors will penetrate only the non-breeder portion of the ﬁuclear power
market. Because the growth of gas-cooled reactors' generating capacities
in Cases 5 and 6 is not limited by the AEC assumptiens, but by the
availability of plutonium, their generating capacities are higher than
all the other cases, thus Cases 5 and 6 have the highest amounts of naturél
thorium requirements of all cases studied. By the year 1999, the total
cumulative natural thorium required is -32.5 million Kilograms for Case 5,
31.6 million Kilograms for Case 6, 10.1 million Kilograms for Case 3,
9.87 million Kilograms for Case 4, 8.24 million Kilogfams for Case 2, and

8.23 million Kilograms for Case 1.

Summary and Conclusions

This study illustrates the characteristics of plutonium production
and utilization in the United States nuclear power industry for the re-
mainder of this centﬁry. Representative material quantities and radio-
activity amounts of actinides in uranium-fueled water reactors, plutonium-
recycle water reactors, fast breeder reactors, thorium—uranium-fueled
gas-cooled reactors, and plutonium-recycle gas-cooled reactors are calculated
for each of these reactors, for each of the associated fuel-cycle process
operations, and for the high-level and low-level wastes therefrom. The
actual numerical values will vary with fuel burnup in_;he reactors, neutron
spectrum, hold-up times in the fuel cycle, and the extend of process control
applied to wastes from reprocessing, conversion, and fabrication. The

quantities associated with plutonium recycle in water reactors are
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(a)

illustrated for a water reactor in which all the fuel is recycled
mixed plutonium-uranium oxide and thch obtains makeup plutonium from
non-recycle uranium-fueled water reactors. To a good approximation, and
ignoring changes iﬁ neutron spectrum these results Can’be'used,to estimate
the material and radioactive qpantities for recyélinglself—generated
plutonium. A portion'of such a reactor is fueled with enriched uranium
and othefrportions are fueled with natural uraniuﬁ'and recycled plutonium.
The material quantities associated with each type of"fuel can then be
scaled accofding to the power generated in each région. To this approxi-
mation, the total quantities of plutonium, americium,‘and curium for the
total reactors in the Uﬁited States power industfy will bé governed by
the time-dependent materialibalance of total plutonium and will be the
same whether the water reactors’utilize plutoniumion a.self—genérated
basis or as plutonium burneré.

Based upbn the results presented herein, itris Concluded that:

1. | Significant quantities of plutonium will be utilized as water-
reactor fuel, beginning in the near future_and increasing rapidly through
the 1980's. Using the AEC estimates for the introduction of breeders
in 1986 and the very rapid growth thereafter, the breeders will not compete
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 plutoniuﬁ as
start-up inventpry for.the rapidly growing fast—breeder industry.

2. The material quantities of plutonium to be ieprocessed and
fabricated for recycle fuel, compared on the basié of the same quantity -

of electrical energy generated from plutonium-uranium mixed-oxide fuel,

(a) 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‘highef-méss 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 americium alpha activity and 26 times
as much curium alpha activity in high-1level reprocessing wastes at the
time of reprocessing as does recycled plutonium fuei in the breeder
reactors.

4, The fractional fissile content in piutonium 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 fealized, and a significant reduction in the amount
of plutonium 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 fecovered_from
discharge fuel from uranium-fueled water reactors codld replace‘the highly
enriched 235y 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 aboutrZO% more americium
alpha activity and 40% more curium alpha activity io high-level reproc-

cessing wastes than the plutonium fuel in gas-cooled reactors where plu-
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tonium is not multiply recYcléd.

7. The introduction of the breeder reactor,in the contéxt of fhe
expanding nuclear power industry can reduce the total amount of alpha-
emitting actihides processed yearly in the total_of all reactor fuel
cycles, as compared with a water—feactor system of fhe same total électrical
power capabiiity but without breeders. Similarly, the introduction of
the p1utonium¥fue1ed gas-cooled react&r without thé multiple recycle
of plutonium in the context of the expanding nuclear power industry can
.redﬁce the total amount of alpha-emitting actinides procéssed yearly in
the total of all reactor fuel cycles, as compared with a water-reactor
system of the same total electrical power capability, 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 present in the loQ-level solid
wastes from réprocessing, conversion, and fabrication will be_greater
than that in the high-level fission-product-actinidé'wastes at-the.time
of reprocessing, for the fuel cycles of the ufaniuheplutonium—fueled
water reactor, the fast-breeder reactor, and the thorium—uranium-plutonium-
fueled gas—cbdled reactor with multiple‘plufonium reéycle. Permanent |
isolation of‘the plutonium from the environment is as importaﬁt for the
low-level wastes as it is for the high-level_reprocessing-wastes.

9. It is estimated that in the year 2000 the total actinides re-
processed yearly in the United States power industfy will amount to
approximatély 620 metric tons of plutonium containiﬁg 149 million. curies
of alpha-active plutonium and 2.8 Billion curies of beta-active plutonium.
Approximately 6 million curies of alpha-active americium, and 446 million

curies of alpha-active curium will be reprocessed yearly.
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10. It is also estimated that in the year 2000 the yearly total
natural uranium requirement for the United States power industry will be
approximately 111,000 metric tons and the natural thorium requirement

\

will be approximately 636 metric tons.
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