QRNL-~TM- 3064

Contract No. W-T405-eng-26

CHEMICAL TwCHWOLOGY DIVISION

NEUTRON-INDUCED TRAMNSMUTATION OF HIGH-LEVEL RADIQACTIVE WASTE

H. C, Claiborne

DECEMBER 1972

1 £+ 0 8 N e R——

m!:nhndsummrmumdswumoanm
Comumissian, mmyﬂmuﬂmmmﬁ
thes co of theis

makes sy waiTainy, AXPEELS OF Iaﬂ-d.ot umnw-ny
legal Habitlty or responsibility for the gocorscy, com-
mumfmm'ny information,

wpanatey,
i3 that is e
mﬂdnﬂmmmﬂﬂk

QAX RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37830
erated by
UNION CARBIDE CORPORATION
Lor the
U.S. ATOMIC ENERGY COMMISSION



CONTENTS

Abstract &« ¢ 4 v 4 e s h h e et s e e et e e e ..

INtroduction &« v v o o o ¢ v o 4 4 o = 2 ® o o & v o
SUMMEBLY . s - s a s s e st s s e s e e e e e e . .
Method for Determining the Hazard of Radioactive Waste
Nuclear Calculaticnal Methed . . . . . . . . . . . . .
Reactor Type and Standard Conditiens . . . . . . . . .

Contribution of Each Component to the Hazard of the
Waste from a PWR Spent-Fuel Processing Plant . . . . .

Transmutaticn of Fission Product Waste . . ., . . . . .

7.1 Maximm Burasut-to-Troduction Ratios for Fission
Products . . . . . . .. “ & = * = s 4 e s s a

7.2 Reactor Rezidence Times Reaquired for Fission
Product Buracut . . . . . . . . . . . o . o .. .

7.3 Application of Transmetatisn Schemes . . . . . .
Actinide Recycling ina PWR . . . . . . .+ . v o . . .
801 Flmheet - . L] L E . - - - - - - - - - - - - - -

8.2 Chemical Processing for Waste Marsgement
Simplification . ¢« v & ¢ 4 4 4 bt e e e 4 e s .o

8.3 Effect of Recycle on Resctivity and Flux . . . .
8.4 Effect of Recycling on Fazard Messure . . . . . .
B.5 =ffect of Recycling on the Hazards of Chemical
Processing and ruel Fabrication . . . . . . . . .
9. Conclusions and Recommendations . . . « . « » o o » -«
10. References . _ . . ¢ ¢ & & 4t 4 4 e e et e e e s
Appendix I: A Comparison of RCGs Calcuiated ty LaVerne (Ref
with Thosé in the Code of Fadersl Regulations (Ref. &) . .

e ® = o

«- & & »

-9

13



BLANK PAGE



iv

Appendix I1: Radioactivity and Hezard Messure of Zach Actinide
Nuclide as 2 Funetion of Time After Discharge for the Standerd
Case and After the H50th Recycle .

« x r . e « * & 1 e s & . a

Appendix III: Hazard Reduction Achievable by Ernharced Remowval
of Actinide Zlements (Ref, 19) !

L . - T T R S v e




NEUTRCKN~-INDUCED TRANSMUTATION OF HIGH-LEVEL RADIOACTIVE WASTE

H, C, Claiborne

ABSTRACT

The possibility of reducing the potential hazard of high-
level raiioactive waste by neutron-induced trensmutation has
received little study. Ir this repcrt the available information
on fission product transmrtation is reviewed and discussed, the
contribution of individusl actinides o the poitential hazard of
the waste is calculated, aad expected hazard reduction factors
that would result from recycle through a PWR are calculated for
the actinide waste from chemical processing of spent fuel.

It is not practical to burn fission product wastes in power
reactors because the neutron fluxes are oo low, Developing
special burner reactors with the required neutrcun flux cf the
order of 1017 n/cmP-sec or burning in the blankets of thermo-
ruclear reactors is beyond the limiits of current technology.

It seems that ultimate storage in deep geclogical formations,
such as bedded salt, remsins the best method for fission product
disposel.

When plutomium and uranium extraction efficiencies exceed
9%, a significant reduction in the long-term hazard potential
of the waste can be obtained by similar removal of neptunium,
americium, and curium (the other actinides being very small
contributors). Consequently, it seems reasonable to concentrate
on developing economical chemicel processes to extract these
three actinides for seperste storage or for recycling through
the reactors that produce them.

The results of such recyeiing calculations show that the
long-term hazard potential of the waste from light water reactors
may te reduced by factors up to 200 if no more than 0.1% of the
actirides are discarded to the waste in eatn pass through the
reprocessing plent. Ilarger reductions of the hazard potential
of' the waste will become practical if methods are developed to
Troduce sharper separations between tne actinides and fission
products as the spent fuel is processed.




1. INTRODUCTION

The management of high-level, long-lived radicactive wastes associ-
ated with 2 highly developed nuclear power economy based on fission
reactors will present & formidsble problem to present and future gener-
ations. Schemes for management of these wastes that have been under
serious consideration involve conversion of the agueous wastes to solid
forms with subsequent storsge in man-rmade veults or in deep geological

formations such as bedded salt.

The possibility of ultimste disposal into deep space or the sun
(the only method for complete and permanent removal from the earth) has
begun tc reaceive more consideration because of the recent and projected
advances in space technology. The only other known method of ultimate
disposal (in contrast to permanent storage) is %o transmute or burn out
(fission in the case of some of the actinides) long-lived radiocactive
nuclides te stabie or short-lived nuclides by expesure to & neutron
flux.

Studies have bheen madel’z on the possipility of using speeial high-

flux "burner reactors” to reduce the stockpile of the "problem fission

n 85, 90 137

products Cs. The excess neutrons from controlled thermo-

3,4

Sr, and
nuclear reactors have also been sugsested for use in transmutation of

these fission products and the waste actinides,

Aside from the problems associated with burning fission preducts
(which are discussed later in this report), Psr ana e decay to com-
pletely insccucus levels in less than 1000 years, a time for which con-
tairment in appropriate geclogical formstions can be provided with good
assurance, The nuclides 85Kr and 3H with shorter half-lives are even
more suitable for long-term storage in geclogicel formations. The
isotope 129, (half-life, 16 million years) is one of the sxcepticnal
fission procducts that has an extremely long life but is produced in
such lew o-neasutrations that its hazard may possibly be reduced tc
woproeprisbely low levels by isotopic dilution (i.e., by mixing with

stable isotopes of the same chemical element).



In contrast, many of the actinides that are produced by transmutation
of uranium and thorium in reactors have half.lives in the thousands of
years, occur in large quantities, and are not suitable for isctopic dilu-
tion because stable forms of these elements do not exist. Consequently,
an aven stronger motive exists for completely destroying or restricting
the accumilation ¢of these slpha-emitters since predictions of the tectonics
of geologizal formations for 105 to 10 years have a lower confidence
level compared to those for the order of 1000 years. In present concepts
of power reactors, it is planned that only 99.5 tc 99.9% of the uranium,
plutonium, and thorium will be recycled. Consequently, it is customarily
assumed that all other heavy elements (Cf, Bi, Cm, Am, Np, Pa, Ac, Ra,
ete, ) will be rejected as waste along with the 0.1 to 0.5% of the U, Pu,
and Th that goes to the waste in the present generation of spent fuel
reprocessing plants,

The bhazard potential of this actinide waste cap be reduced by recy-
cling the actinides through the power reactors procducing them; eliminaticn
occurs by fission at points in the reaction path. The primary ohjective
of this work was to determine the extent of the reduction of the radio-
logical hazard of the waste streams from chemical processing plants and
the effect on the neutror economy of a pressurized water reactor (PWR)
caused by recycling of the actinides (except for the smell emounts lost
in the waste streams) back through the reactors producing them., In
addition. the individusl contribution of each actinide %o the waste
hazgrd was determined as a function of decay time and compared with the
hazerd from all the waste, which inciudesthe fission products, nuclides
produced from structural materials, actinides, and gll decay products.

In the following sections the bases for calculations are given and
pertinent results are presented and discussed. A modified version of
ORIGEI‘I_,5 an isotope generation and depletion code, and its associated

nuclear library was used in all the calculations,

The author wishes to acknowledge the many helpful suggestions and
eriticisms by J. P. Nichols and the careful review of this work by him;
J. 0. Blomeke, and M. J. Bell.



2. SUMMARY

It is generally impractical to eappreciably change the haéard potential
of fission product wastes by transmuting these westes with neutrons in
nuclear reactors. Developing speciel burner reactors with the required
neutron filux of the order of 1017 n/cm?*sec or burning in theiblankets cf
therronuclear reactors is beyond the limits of current techno%ogy. It
appears thet ultimate storage in deep geological formations is the best
method for fission product disposal since less than 1000 years are re-

guired to reduce their radioactivity to an innocuous level, a, time spaﬁ

|
for which tectonic stability can be essentially assured in fo%maticns

such as bedded salt.

In contrast to the fission products, meny of the actinid%s in the
waste from spent-fuel processing have half-lives of thousands?of years
and are not suitable for isctopic dilution. Consequently, a Etronger
motive exists to find an alternative method of restricting t@e accum-
lation of these alpha emitters since the tectonics of geolog;cal forma-
tions carnot be predicted with as high a confidence level for the longer

periods that are required for their decay to innocuous levels.

The deferminetion of the extent of the reduction of the rediclogical
hazard of the waste streams from chemical processing plants and the effect
on the neutron economy of a PWR caused by recycling of the gbtinides was

the primary cobjective of this study.

The relative importance of the contribution that the various com-
ponents make to the hazard measure (the total water reguired to dilute
each nuclide of a mixture to its RCG') of the waste from a PWR spent-fuel
processing plant is shnown in Table 1. Beyond abouts 4 years, the acti-
nides ard their dsughters domineste from s hazard viewpoint. When RCGs

6,9

are used that are iess conservative than the recommended default

values of the Code of Federal Fegulations, the importan:% of the acti-
l;_/

nides diminish somewhat for decay times greater than 107 [years.

The actinide waste hazard is controlled by the americium and curium

, :
vp to 101r years, At longer decay times the long-lived ?37Np and its

- ,
Radiation Concentration Guide value, which was formerly called MFPC.
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Table 1. Relative Contribution of Actinides and Their Daughters to the
Hazard Measure of the Waste and of Each Actinide and Its Daughters
inide Wasie with 99.5% of U + Pu Extracted

to Act

Wuelides to

Weter Reauired for Dilution to the RCG® (% of total
water required for the mixture) for Decay Times (yr) of:

Waste 10° 5 x 10° 10% 10° 10°
b
A131 Components of Waste:
Actinides 0.3 ok oL 98 99
Fission Products 99+ 5 & 2 1
Structural 0.0L i 0.2 0.03 i x 107
Actinide Waste:b

Awericium 51 56 2h 8 8
Curiuvm 41 7 5% e
Neptuniwn 0.2 0.3 12 80 89
0.5% U + 0.5% Pu 8 7. 5 3 1
Other 5x10° 1x10° 5x10% 6x 1073 nil

aUsing CFR RCGs and recommended default values for the unlisted mzclides.S

bRound-off may cause cciumn not to total 100.



deaughters begin to dominate., Another irportant point is that the
remaining actinides, namely, Ac, Th, Za, Ek, Cf, and Es, make a negli-
givle coniribution to the hazard of the waste., The import of these
results is that in any waste maragement system in which at least 99.5%
o< the uranium and plutonium is extracted, a significant further reduc-
tion in the actinide waste hazard can be obtained by removal of most
of the emericium. curium, and neptunium from the wsste. If 99.5%
removal of these three actinides is 2lsco effected, the uranium and
plutonium become contrclling and it would then be prefitatle (from a
wzste hazard viewpeint) to increase the extraction efficiency of these

latter elementis, particularly the plutonium.

The effect of recycling of 99.5% and 99.9% of the actinides other
then U or Pu on the hazard measure is shown in Table 2 in terms of a
hazard reducticn factor as a funection of postirradiatbicn decay time.
The hazard reduction factor used here is defined as the ratio of the
water réquired for diiution of the waste to the RCG for the standard
.case {nc removal of the actinides other than Pu + U at the indicated

!

extraction eificienc to that required to dilute the waste after each

v
saccessive reacitor irradiation cycle.

These resuits show that when recycling is practiced, the hazard

. maasure of the waste is approwimately proporticonal to the neptunium,
americium, =nd curium sent to the waste sincs the hazard reduction
factor is about five times greater when 0.1% of the actinides is sent
to the waste after sach cycle than that for the 0.5% case. This obteins
iogically because the reactor discharge composition is little affected
vy a change of only 0.4% of recycled ectinides in the feed siream. In
addition the stanéard case iz alss little affected by whether 0.1% or
0.5% of U + Pu is present since the americium end curium predominate at
sneller deczy times and neptunium after 105 years. It follows that if
99.99% remcval of all actinides is effected, the hazsrd reduction
Tactior for the actinide waste will increase by about a factor of

10 up to around 2000 at lO6 years, The table also shows that

the hazard reduction factors decrezse asymptotically with the

number of recycles, which is & result of the buildup



Table 2. Effect of Recycle of Actinides Other Than U and Pu on the
Hazard Measure of Waste from PWR Spent Fuel Processing

Water Required for Dilution to RCG,a Ratio of Standard
to Recyele? Case (Hazard Reduction Factor) for
Decay Times (yr) of:

i 102 10° 1ot 107 100
Actinide Extrecticn Efficiency, 9%.5%:
o} 12 15 18 28 52
1 9.3 1z 13 20 L6
2 8.2 10 11 18 uh
3 7.6 8.b $.3 17 L3
i 7.2 7.4 8.3 17 L2
5 6.8 6.5 7.5 17 Lz
10 5.8 4.7 5.8 17 Le
20 5.1 3.8 4.9 17 Lz
30 5.0 3.6 k.6 17 L2
Actinide Extraction Efficiency, 69.9%

0 58 73 8o 137 256
1 Ll 59 64 96 22k
2 38 L8 52 87 213
3 36 Lo L 8k 210
L 33 35 39 83 209
5 32 3 36, 83 208
ke 27 22 27 83 207
20 - 18 22 82 206
30 - 17 21 82 206

aUsing CFR RCGs and recommended default values for the uniisted nuclides.b

b <o . . - 5
Chemical processing assumed ab 150 days alter reactor discharge: one
cycle represents 3 years of rezctor operation,
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of the higher transuranics, and that effective equilibrium is attained

in 20 cycles mcre or less,dspending cn the decay +ime.

Wher the RCGs tvsed by Bel 16 ard those calorliated by LaVerne9 are
used in place of the recommended default walves for the unlisted nuclides
in the Code c¢f Tederxel Regulations, the hazard rednction factors become
£.5 and 10 rispectively. The corraspondlng values fnr 99 9% extraction
of the sctimides ere 25 and 49. Althovgh the RCGs calculated byblaﬂarneg
are more realistic than the more conservative recommended defenlt values,
the Code of rederal Regulaticns mist be {ollovad in nuclear reactor

design and operation.

Reeyeling of the actinides and achicving a 99.9% extraction effi-
c¢iency reduce the hazard measure of the actinides at eguilibrium to the
o>
same order as that of the long-lived fission products (1“91, 93Zr, 93mNb,
Brre

e, and lejCs)

for the longer decay times, the hazard measure of the
actinides being abcoul twice that of the long-iived fissicn procducts at
1000 years and dropping to aboul one-half of the fissien produet walue
at 106 years. However, if 1?9T is eliminated as a hazer] by isctopic
dilution {or separaie storage), the ectinides would continue to control
the itotal waste hazard potential. An actinide extraction efficiency of
95,999+% along with the recyeling is reduired before the hazard measure
of the tcital waste hazard poterntial is controlled by the long-lived
fission preducts cther than 139:. At some point, however, further

rom the waste will become senseless because
ke wespe will then heve & Lomg-tsym hezard notential that is less than
that of naturally occurring fcrmations of uranium ard thorium. (See,

Y

for example, the arguments presented in ref, 6.)

The decrease in the average materizl neutron multiplicatien for a

typieal PWR containing recycled actinidec was only 0.8%. This l=ss of
€ SO

[x]
(4
ul
[B]
cl
=+
-
Fre
<t
1
?g’
o

ansated by increasing the fissile enrichment of
the raacter by only about 2% {e.g., from 3.3 to 3.1% erricement in sz
typical PWR).

]

Recycling of reacter actinide waste will increase the radiation

oroblem associated with chemical procassing and fuel fabricatior because



of the increased radicaliivitly of the reactor Teed and discharge

A 252, -
siveams, After a few recycles, 2%2¢ puilds ur to be the grestest
12

sonrce of geutrons and reaches 10 reutrons/sec per netric “on of

spent fuel at 150 deys alfter discharge. A reauction ol 3 Tacter ol

300 is possible il the californium is removed. 7This can be sceompliished
by not regycling Cf even though thares is an incresse in the Cf prcduce
252

tion with curium buiidun. Sigrnificant Cf buildup occurs Irom

2ko

i e d
successive neutron captures starting with = -Cf angd "SOCf, whose

Precursors are EMSE‘ and 250&.

Recycling of sctinides through a resctor adds to the inventory
of hazardous materials but will probably have nc messursbie effect on
the potential severity of design npasis eccidents., The hazard meazure
of the actinide waste based on inrgestion was incressed by cnly 12¢
after 60 recycles. The total is sbout cme-tenth of that for the
fission products. If the hazerd measure is based on inhalaticn,
recycling increases the potential hazarxd by 2 factor of 2 8t dis-
charge with the everage in the reactor being significantly higher.
The actinides have an irhalation nazard measurs of & factior of 7
higher th:an the fission producis at discharge. The above stalemenis
assume that the reccncentration factors in the environment are sdproxi-
mately the same for actinides ard fission products. ?Zresent informsiiom,
however, indicates that certain tission products (e.z., Sr zznd I} pgre
reconcentrated 1o a greater extent in the epvironment. This hex the
effect of causing the fission producis to be the deminant source of
both ingestion ama inhalation kazard during reactor operation. The
actinide concentration in a reactor, however, ic not significant in
aralyzing the "maximum credible asccident” {MCR) since the sctinide
compounds cannot be significently dispersed into the atmesphere by
any credidlie resctor accident. Transtmiation of lission products
in burner reactors would, of course, eéid i¢c the noctentizl harard
of the MCA because the welatiie fission products are controlling in
an accident analysis.



Retycle of sctinides in the LMFBRs should produce even higher
nazerd roduction fmctors since the average fission-to-capture ratio
of the artinides should be higher in a2 Tast remcior than in 2 thermel
one. The author hes foumd it Aiffienlt 5 zuantify this effect beocause
of the current paucity of meutron cross-ceciion date for the higher
wctinides in Tait spectre. Fast orosis-section data for the higher
#csinider should be cdeveloped $o thet recycliing siudies can e made
for the IMIBR:.

It alzs eppears that recycling of the avtinides iz perticulsrly
suited Tor 8 Fluid fuel reactor such sz th: HSER. & processing schene
has beern visvalized thal recycles epsentiplly all the uranium, neptunius.
wanriun, and most of the other actinides. Considerably less americium
and curiux sre producad compared to & PUR, which consideradly simglifiez
the ugite cisposal prchlien. In addition, being a fluid fuel vesctor,
the prodlens srising Irom Yabricaticn snd handiing of keavy neutron.
exitting fuel elemernix are eliminated.



3. METHCD FOR DETERMINING THE HAZARD OF RADIOACTIVE WASTE

In cmaribg the potential hazerd from different mixtures of radic-
sctive materials, a stendard method is required for determining a specific
value {or each mixture that is & reflection of its biologicel hazerd. The
specific ectivity alone is insufficient since biclogicsl factors are not
included.

™e controlling consideration of hazerd from the viewpoint of long-
term storage or disposal of radioactive materials is the danger of their
dissolution or dispersal ir underground water with subsequent ingestion
by humen beings. Consequently, a good measure of the ingesticn hazazd
associated with a mixture of radionuclides of widely varying sctivities
is the quantity of water required to dilute the radioactive mixture to a
concentratios low encugh to permiz unresiricted use of the water: the
larger the amount of water remirad, the greaiar the potentisl hazard.
Ths hazard measurs for the mixture is determined by summing the amount
of wkter recuired to dijute each individual nuelide to its Radiation
Concentration Guide velue {or RCG, which was formerly called MPC) for
wnarnsirictesd use of water., This methnd, which was used in & previous
sc:-r‘; on the hezards of long-term storage of radicactive wastes, was
selected for use in the study. The method has the virtue of simplicity
in goplication and relates to the maximum velve o the hazard since no
conzideration is given to {racticnaticn and paths of travel to hwman
beings. The most rzeert distussion of cther methods of evaluating the
hatard potential of radicactive weste is given by Gera and Jacobs ,7
who aito propose & ne¥ hazard measure thet involves both the ingestion

uwz2d in this study, the inhsliation hazard, and the prohability of

belag taken wp by humans. Dotermination of these probabilitiez is very
Sirficuit, hosever, since statistical data regarding the prcbability of
secidents ané other radicactivity releases, Imnluding their conseguences

hazard

in 2il phases of rediocactive waste zansgement, are not readily available
or ergily estimaled,
The RUGz used in this study wers taken frem the Code of Federal

Resuiatione _.8 which ir currently the guide for unrestricted use of



iz

water in which these ruclides mgy be dissclived. Por nuclides with
u.uliétec} RCGs, the recommended defeult alues were used, nemeliy,

3 x 107" uCi/ml for beta-decay suclides with half-lives greeter than

2 ar and 3 x 10°0 Cifm> for mclides that decay by elpha emission or
sponteneous fission, These defanlt values represent a conservative
estimate of the RCGs, Some of the results in this report are alsc
compared on the basis of the HECGs used by Bell and Di.llon6 and those
recently calculated by LaVe.rne9 for wnlisted nuclides. Bell and Dillen
used 6 x 1077 and 2 x 10'6 C:T./m3 for 2%°Re ana zag‘m,respectively,an&.
unity for all other unlisted nuclides. LaVerne calculated RCGs for all
the uniisted nuclides and 5 x 1077 znd & x 2077 Ci/m> for 2%7Ra znd
229’:.";1, respectively, the two nuclides thet contributed to most of the
differences that occurred due to the particuiar RCGs thet were aced.



k, FUCLEAR CALCULATIONAL METHID

The puclear calculations dwring reactor irradiation and after
discharge were wmade with a modified version of the nuelide generation
and denletion code QRIGEN.s The celeulation during irradiation is based
on three peutron energy groups, namely, thermal, a 1/E energy distribu-
tior in the resonance region, and a fast group. The eross sectiors in
the library had been predetermined from dasic data by weightisg with a
typical PXR neutron energy spectrum. More details of the originel code
and cross-section library, wiich included data for actinides only up to

244 -
Cri, are given in refs, 10 mnd 11.

For calonlaticns invelviag recycling of the actinides, it was
necessary to expand the librory te include some higher transuranics and
increase lhe calcnlaticual scope of the ORIGEN code. Cross-section and
decay data for the following rmaclides were added to the’?ﬁR sctinide
Library: 200y, Omy, Qg 2kh. 25, 25, P, P, Mo,
2ls8m, zekgm, a:-:-om, zi»;m:’ 25°m, 21;951.’ esocf, zslcf: zsch, 253cr,
25h6£, 35353. Actinides higher than einsteiniunm were not expected to
heve 2 significant effect because they all decay (X-deczy, along with 2
1ittle sponteneous fizsion) with short nelf-lives, thus preventing buildup
of the muelides bayond 27°Es. The calculations confirmed this expectation.
The decay mtthod ané neutror irteraction provabilities are such that no
significant amsunts of the actinides cai be remcved from the reesction-
décay chain sxcegpt by fission. Cross sections end decay constants for
the transuranic elements thzt vere added to the library were taken from
ref. 12, : '

a calcu.}.a;‘.\’:.iﬁn £ the materiel multiplication constant or k_ was
adéed to the cq&a since it wes necessary to know the effect of actinife
recycle on the reactiviity. Alshough the k” calculation igrores core
i=akezge and control rods or other control poisons, the results, which
would rot be adeguate for the core physics. seenm adegquate for reliative
comparisons. Neutron yields per {ission as a function ol energy were
taken from the ENDF/B-II dete filel? for most of the fissile muclides.

For those not included irn that fMle, the neutron yields were taken or
inferred Ifrom tne pudlicetions by Jordeeve and Sﬁirenkin,l“ Hopiiins



1k

. 5 16 1 =
ang' Diven,l;' and Clari.~® The effective meutron yield from fission of

each :‘nuclida hy rescnance energy neutrons was obitained by weighting the
energy dependert yieids with a 1/E neutron flux. For fast fissions,
the figsion spectrum wes used as the weighting Tunction.

Otker code chenges include a recycle option for any number of
actinides, mn ebility to specify remcval of any number of actinides
after ~n arbitrary decay time subsecuent to reactor discharge for
recycling or further decay of the remaining materiasls, and ar ability
to account for the fissions of all the fissionable materials.
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5. REACTOR TYPE AND STANDARD CONDITIONS

The reactor selected for this study was the Diablo Canyon, which is
typical of & PWR design. When operating at equilibrium, the fuel is 3.3%
enriched uwranium with a burnup of 33,000 MWd/metric ton of wranium., It
was assumed that this burnup was obtained by continuous cperation at 2
specific power of 30 MW/metric ton cver a three-year periocd. TFor the
usually assumed plant factor of 0.8, intermittent operation at a specific
power of 38 MW/metric ton for 80% of the time would produce the same
burnup. Since {for the time periods involved), the waste hazard measure
resulting from a particular burnup is not a sensitive funetion of any
reascnable cperation schedule, it was deemed unnecessary to complicate
the calculetions and analysis by considering a perticular operation
schedule.

The fuel regicn is divided intc thres zones with each onz conteining
about an equal weight of fuel (approximetely 28.3 metric tons of uranium).
™e central zome is dischsrged yearly and the remaining fuel shuffled

inward with the cuter zone being recharged with fresh fuel.

In the celculations it was necessary to ignore contirol rods and to
assume that the neutron flux was uoifcrm throughout & region, and that
the regions were peutronically unccupled. A calculstion cycle comprised
three years of irradiation time between charge and discharge of a zone.
This procedure gives the correct values (within the accurecy of the
assumptions) for the discharge composition after the irradiation cycle.
The average composition, neutron flwux, and kcn for the entire reactor
loading =Ty over one-vear cycles because of the yesriy cherge and
gischarge znd are nct expiicitly given in the output of the ORIGEN cods.
However, these sverage values cex be constructed easily from the ouviput

of a calculaticn cycle.

The "standard” Tor eomparing the effect of actinide recycle on the
actinide waste hazard mea2sure was the waste obtained by removing a stipu-
lated percentege of uwranium and plutonium at 150 days after dischsrge
mé sending the remaining quantities to waste along with all the other
ectinides, and all zctinicde daughters generated since discharge from
the reactor.
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6. CONTRIBUTION CF EACH COMPONENT TO THE HAZARD OF THE
WASTE FROM A PWR SPENT.FUEL PROCESSING PLANT

The results of the calculations presented in this section show the
relative importance of the contribution that the various corponents make
to the hazard of the waste from z PWR spent-fuel processing plant for
the previcuslty described standard conditions and 99.5% recovery of
uranium apd plutonium; i.e., 0.5% of U and Pu and 100% of all other
components are discharged és waste and stored some place after suitable

processing.

Table 3 shows the percentage contribution of the actinides (inclnding
their decsy products) to the total hazard measure (water required for
dilution of the content of one metric fton to the RCC for the mixture) of
the waste as determined with three different sets of ACGs and the effect
of removing 1291 from the waste. Beyond about LO0 years, the actinides
and their deughters dominate from A hazard measure viewpoint and show no
significant effect up to about l()ll years due to the different =sets of
RCGs. At greater times, the relative imporiapce of the actinides dimin-
ishes somewhat when the RCGs of ref. 6 or ref. 9 (see Appendix I) are
used for the unlisted nuclides in place of the recommended defaunlt values
in the Federal Code of Regulsbions. Most of this difference can be
attributed to the difference in RCGs for the nuclides of the 233U decay
chain (4n+l series), particularly those for 2891 ang 2%%pa.

The remaining contribution to ‘the hazard measure is almost all
{structural elements are not imporbant) from fission products with 1291
supplying 88% of this total at 10° years and rising to 98.4% at 106 years.
Essentially all of the remaining fission product hazard for the longer

2 2 i = b ? .4 2. o T (734 -4 ~
times is contributed by the %3 LTy "3‘@?“05”991“1: and 135‘@%
The relative conteibuticns of each actinide and its dsughter o

the total hazard meesure resulting from the mixture of the actinides
and their daughters are given in Table U, which shows that wp to 101*
years the actinide weste hazard is mostly controlled by the americium
and curium with no significant differences resulting from the different
RCGs. At much greater decay times,the long-lived 2371\?9 (2.1 x 106 year



Tzbhle 3., Relative Contribution of Actinides and Their Daughters
tc the Total Waste from FWR Spent-Fuel Processing

Contribution of Actinides and Their Dauvghters (%)
at Decay Times (years) of:
2 &

R
10 5 x :LO2 103 1C- 105 5% lO5 10

Using CFR RCGs and Recommended Default Values for Unlisted Nuelides:

1291 Tresent 0.34 9it, 3 97.5 93.8 97.8 99.2 99.1
129

I removed Q.34 96.7 99.5 99.1 99.8 99.9+ 99.9+
Using (FR RCGs and Values from Ref. & for Unlisted Nuclides:

1297 resent 0.3 943 97.5  92.5  69.3  70.8 61.6

1291 removed 0.34 96.7  99.6 58.8 55.7 98.4 99.0

Using CFR RCGs and Values from Ref. 9 for Unlisved Nuclides:
122
128

1 present c.34 gk, 3 97.5 92.5 72.9 78.h 73.8
I removed C.34 96.7 09.6 98.9 96.54 98.9 99.4
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half-life) and its deughters bvegin to dominate. Another important point
is that the remaining actinides along with their dauvghters, namely, Ac,
Th, Pe, Bk, Cf, and Es, meke a negligible contribution to the waste
hazard. The contribution of uranium to the hazard of the U + Fu mixture
alone varied from negligible to a meximum of 259 at 100 years. The import
of these results is that In any waste management system 1n which at least
$99.5% of the uranium and plutonium is extracted, a significant reduction
irn the actinide waste hazard can only be obtained by removael of most of
the americium, curium, and neptunium from the waste. If 99.5% removal of
these three actinides is 2lso effected, the uranium and plutcnium become
controlling and it would then pay (from 2 waste hazard viewpoint) to
increase the extraction efficiency of these latter elements, particularly

the plutonium.

The absolute values of the contribution of each component to the
nazard measure in cubic meters ¢of water per metric ton of fuel are shown
in Table 5. To put these values in perspective, consider the required
2.3 x 10%° m3/metric ton for dilution of all the muclides to the RCG
after decaying 100 years. This volume of water is approximately equal
to the yearly flow of the Mississippi River into the Guif of Mexico.

Note that the last two rows in Table 5 are based cn the RCGs given in
refs. 6 and 9, respectively, for nuclides unlisted in the Code of Federal
Regulations, which (for beyond 1ok years) results in an increasingly
smaller nazard measure that is about a factor cf 67 and 37 lower, respec-

tively, at 106 years.

The apparent large quantity of water required for dilution to the
RCS for just one ton of fuel tends to magnify the potential hazard. No
reasonatble scen;rio can be constructed that visualizes repid mixing or
dissolution of waste that has been processed into a very slightly scoluble
form. fThe ingestién hezard measure refers to potential long-term solutione
ing. However, conslderation of suck gquantities of water dces present ore
argument for decreasing the guantity of actinides for ultimate disposal
by recycling the actinides back %hrough the power reactcrs producing‘
ther. On the other hand, Bell and Dillon6 (using their RCGs) point out
that, after aging 1000 years, the actinide'haza;d measure of waste stored
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La

in bedded selt it smaller than the ingesticn nazard grsceisa

::;':
w

ith &
quantity of uranium cre and tailings egual to the mmsunt of salt and
shale associated witk the waste {rom one meiric fton of fuel Trom a ':*"ER:
furthermore, they show thet iJ the salt bed iz dicsolved some thousands
of years in the future with sufficient water to dilute the radicnuclides %o
their 203s, the water wonlé be unaccepiable 25 potadble water decause of

its sodivm chloride content reiher than its radigactivity.

All of this discussion indicates 2 need for siandardizing tie valiues
Y decay
chain (¥n+i series), so thet 3 better evalustisn of the hazards of very
long-term storsge cen be made. ' ‘

-~

for the RCGs that are not listed, particulArly those in the ©

L ¥ )

Table 6 gives the activity in curies per metric ton of fuel in the
wacte stream for each actinide and its daughters.

Table 7 skows the effect of neglecting the actinides higher than
?‘u‘cm on the hazsrd measure of the wasie. 4hen the higher actinisdes are
ircluded, the hnzard measure ¢of the waste increases slowly up io a mexi-
mun factor of near X at = little over lOk y=ars compared to that obtainec
when they are .eglected. Note, nowever, ihere is very little difference
in the values for the activity measured in curies.



$9'0 O ¥ 00°1 00 ¥ 96°Y O % 89° 01 ¥ 901 ,0T ¥ 68°1 ot % 26€ sapyTany TTV - 1839]
g $2'9 P X 8T 01 * 002 P X 60°2 PEX BN 0T X on'E §39MpOlJ UOTEETY
[0V ® Y (0T X U 1 9L'¢ Loy ©OT X W't 0v 0L STUTIa}E) [BANJONIYS
F £9°¢ 1550 T X 0f ¢ P X £6°L 0T % L1 0T X oT'E 89pTUTIOY TP30l
e.o.. %ty WOU R E6°T 01 X 60°0 10T % n0°9 m..oﬁ % 262 qu X £9°y o...: X 06'Q sy pue ‘39 ‘vq
PRI S c.ﬁ ® gy §0v % ST 1 yor ¥ 69'¢ ._.2 %0t §-0T ¥ oL'e Ot ¥ ez wi pue ‘yI ‘oy
201 % 'y 2.0 ¥ q9°g 701 ¥ g4°1 14 G+ pecd P * et 0T ¥ 20°F . N %5°0 + N $5°0
e 10§ 29°% (OU ¥ WL 0T X g9 0T X189 0T X089 umtunaydon
2.0v % g9’y 12 % 6% -0 ¥ e 9% 2 ot 206 LT X or't Lufi S114)
UL 101 X 9@z Lot Xofc O % et P AW HOT ¥ 60°T 0T X 6L°T UMD L ASWY
Ot O %5 (o O {01 LT XS 0T ‘ o ”wwﬂoé

TJ0 (UIeak} Loty A999(] 18 (100 JO W03 ST470W/10) A13iAT30W poll

NP s 30 HOTIRRANGE §5 66 AT Butauocoxy Tong-juedy ¥Mg woxy 03suy
41 Jo ADTATIONOTPWY 811 03 5.103YINEY 93] pUD BPTUTIDV HO¥T O UOTINQIIUO) ‘g 3TQEy,



‘g "Joa uy USATE SONTVA FTNUJODP popusmOdad 9ya Jo oourd uy pasn ozem 9 °Jod UT PIYSTT SDDM G—E._ﬁ

t2't su'e 61y PT * o2 10T X €6°4 QU X 9UE 0T X TH'2 Wy 2 puofeq sepnTour
25°¢ ‘e STy uo.ﬂ x n2'e aoﬂ X 64'L mo.n X ET'E mo.n x 6£°'2 ao:zm 38 JJo-3np
{Tong Jo uoy oFL3eR/10) K3yATIONOTPRY

mo.ﬂ ® 486 woa X951 woa X nh'1 wod % 06°Q N.cd X fl'2 10T X 2L'L wo.n X of°¢ eoi_m puodeq espuTIul

J . . L] * L] 1] » -
o mo« ¥ £8'6 w.o« % 66'1 m.o,n X o4'T woﬁ x g5't boa % 09°1 01 ¥ L2'9 mo.ﬂ X 61°¢ eoi_m 38 J3o=3nd

(tony Jo uoy oﬁcon\nav ¢8x B} 03 UOTINTIQ 207 poatnbay Xoqwm
01 ol ._2 X $ ()4 01 201 o1 SUOTITDPUOD
1Jo (#1834} FamTL AU00( 39 AITATASWOTPWY 40 OINFES PAVZYY
04 ¢ [} JO UOTIONIIXT £6°66 UYITA Bugessdoxd Yeng-quadg Wud Woxy a35wy
JO PunNRRd PSVZHH U0 $J0UIneQ (UL PUe SePITONYN SpTUTIOY Bwog Bupjon(Bey Jo 300133 L 21qul



As previousiy mentioned, the concept of burning the “problam fizsion
R 85, 90 I3FA_ . . . .
sroduets” e, 7 Sr, and ¥Cs in nuciesr reactors has been studied by

Steirberg and co-workers.”’” In this szectiom, their work is discussed

3.

briefly aleng with the suggested use of controlled thermonuclesr

reactors.

The probien fissicn products cannot be eliminated by any system cf
fission poweyr remctors operating in either a stagnaut or expending nﬁclear
power economy since the production rate exceeds the elimination rste by
burnout and decay. Only at eguilibrium will the production and removal
rates de egual, 6 condition that is never attained ir power reactors.
Equilibrium can be obtzined, however, for a system that includes the
stockpile of fission nroducts as part of the system inventory since the
stockpile will grow until its decsy rate eqguals the net production rate
of the system. For the projected miclesr power eccnemy, however, this
will require a very large stockpile with its associafed potentiai for
release of large quantities of hezardous radioisotopes to the environ-
ment. It is this stockpile that must be greaitly reduced or eliminated
from the biosphere. A method suggested by Steinberg et al. is transmu-
tation in "burner reactors,” which are designed to maximize neutron
absorption in separated fission products charged to a reactor. If
sufficient rumbers of these burners are used, the fission product
inventory of a nmuclear power system can Lhen reach equilibriuvm and be
maintained at an irreducible minimur, which is the guantity contzined
in the reactors, the chemical processing plants, the transpeortation
system, and in some industrisl plents.

Burning fission products in the blanket of a fusion reactor with
the excess neutrons thati are produced is,in theory,an excellent methed
since no fission products would be produced. Considerable tritium will
be produced, of course, but this presents a much less severe dispesal
problem.
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{wviously the use cf burner resctors ‘or fusion resctors in the
system will increase the cost of nuclear power and reduce potential
breeding capscity dut transmifetion is certainly ocne of two kaown
methods (the other teing disposal in spece) of eliminating most of
these hazardous materials with ro possibility of return to the dio-
sphere.

7.1 el Boement.to-Production Eatios for Fiszsion Products

If the assumpliicn is made that burner reacters are g desirable
sdjunct to a nucleer economy, what are the design requiremenis and
limitations? It is obviows that they must maximize (with due regard
to ecopomics) the ratic of burncut of a particular fission proguct %o
its production rate in fission reactors,end the neutron fiux must be
high enough to cause a significant decresase in ils effective half-life.
Of the fission types, the breeder reactor has the most efficient neutron
economy and in principle would make the most efficient bLurner if all or
part of the fertile material cen be replaced by & Sr-Cs mixture without
causing chemical progessing problems or too large a2 perturbation in the
flux spectrum beceuse of the different characteristics of these fission
products. The cost accounting in such a system would set the value cf
neutrons abscrbed in the fission product feed at an accounting cost equal
to the value of the fuel bred from those meutrons.

The maximmm possible burnout of fission products would occur when
the excess neutrons per fission that would be absorbed in a fertilie
material ave sbsorbed instead in the fission product feed. The largest
possible burnout ratio would thea be the breeding ratio {or conversicn
ratio for non-breeders) divided by the Pission product yield. The esti-
mzted breeding ratic for the Molten Salt Bresder Reactor (MSBR), & thermal
breeder, is 1.05 and for the Liquid Metal Fueled Fast Breeder Resctoxr
(IMFER), 1.38. The yield of 15/Cs + Psr is 0.12 atom/fission, but a
nurber of other isotcpes of these elements are produced which would alsc
ahksorb neutrons. Hewever, if the fission product waste is aged two years

tefore separation of the cesium and strontium, the mixture will essentially
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be composed of avout 80% *cs + P ana 208 23cs {unich will capture
neutrons to form 136(:3 that decays with e 1i3.-day hslf-life); conseguently
the maximmm burnout ratio for 13?03 + 9031* will be decreased by 2OF.

This leads to z maximum possidle burnout ratio of about 7T for the MSBR
and about 9 for the LMFBR., Unfortunetely, however, the neutron fluxes
in these designs are well below 1C-0 nfea’-sec. Any modificatians of
these desigrs to create high neutron fluxes will increase the peutron
lezkage and decrease the vurnout ratics significantly.

7.2 Resctor Residence Times Required for Fission Product Burnout

Table & was prepared to itiusirate the effect of neutron flux on
the residence times (which affect recycle- costs) required for buracut
ané decay of 99.9% of the importent muclides using s burner reactor with
the neutron spectrum similsr to thet of o typical light water power
reactor. 1% is spparent that the efficiency of turnout incresses with
increases in neutron flux, cross sectioms,ard haif-ljife. With the excep-
tion of 1291, which is not nearly as large a probliem 2s the others and
can probably be essentially disposed of by isotopice diluticn,6 the times
shown in Table 8 inficate that neutron flux levels ere reguired which
are much higher than those that have been attained in present nuclear
reactors (~ 5 x :Lols) and that flwres near 10°7 n/cmz-sec sre probably
necessary before serious consideration could be given to burner -eactors.

In a conceptual design study by Steinberg et al. ,1 it wes concluded
that the quantities of 13703, Cgy ; and 851(1- scheduled for permanent stor-
age in the projected muclesr economy could be reduced by a factor of 1000
by burner reactors cpersting with neutron fluxes up to 1016 n/ em’ sec
for added costs of 0.63, 0.2k, and 0.021 mill/kWhr(e) respectively. The
estimated costs for burning out 9051- and 13705 in such a system, along
with the probable escalation irn an actual design study that includes
directly the costs of transfer between plants, canning the fission
products, additional chemicsl separations, verious temporary storage
facilities, and reactor residence times seem to preclude use of this

method. A cost of 0.021 mill/kWhr(e) for burning O%Kr seems sufficiently
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low for consideration on an economic basis but the neutron abscrption
cross-section of 85Kr weg teken as 15D, & value now known to be low by
arcund axn order of magnitude. Recent work by Bemis st 3.1;.17 gives a
Maxwellian-averaged thermal value of 1.56 b and 2 resonance integral of
1.3 b. A reevaluation of the 8

section would increase the cost to an uneconomic level.

Kr removal system using the lower cross

7.3 Applicaticn of Transmutation Schemes

Nicheols and I?a'l_ome}:e‘-"8 have made estimates of the effect of various
schemes of peutron-indrced trarsmutation on.the potential inventory of radio-
goSr was
used as an exemple because it is the prime contributor to the radio- '

jisotopes and costs of electric power (Table 9). The isotope

logical hazerd of spent fuel and does not reguire the use of isctopic

)
separations {other than providing for decay of 8’Sr — half-life 50 days)
before recycle to & burner reactor. Their snalysis of the use of each

reactor system shown in Table 9 are given in following sections,

T.3.1 Pressurized Water Reactors

Rows 1 and 2 of Teble ¢ illustrete that the effect of recycling of
9081- within a system of light waler reactors is to cause essentially no
change in the total quantity of 9OSr that is associated with the system
gince the rate of neutron-induced transmutaticn i1s small as compared
with the rate of decay. Under current policies and plans,most of the
90Sr associated with the system would be stored at a federal wastie
repository. In the recycling system most of the inventory would be in
reactors while the remainder {~ 25% of the total) would be in camals for

postirradiation decay, reprocessing plants, and fuel fabrication plants,

This exemple illustrates a primary disadvantage of systems for re-
cycle and neutron transmitaticon of fission product nuclides. These
schemes have the common characteristic that larger quantities of radio-
active miclides are being actively handled and processed than if the
ruclides were stored. Consequently, larger quantities of these nuclides
occur in a dispersible form and are associated with potentially large

sovrces of energy that could provide a mechanism for dispersal.
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The additional cost of recycling 9OSr to light water power reactors
was estimated roughly as Q.1 mill/kWhr(e). The primary source of this
cost is an approximately 25% increase in the unit cost of reprocessing
and fuel Fabrication. This reflects the increased separations and product
handling operations that would be reguired at the reprocessing plants and
the requirements for shielding and remote operation of the fuel fabrica-
tion plants, The estimated costs ¢f high-level waste disposal wounld be
decreased from about C.05 to about 0.04 mill/kWhr(e), however.

7.3.2 Ligquid Metal Fast Breeder Reactor

The effects of recycle of 9051- in IMFBRs (rows 3 and 4) are essen-
tially the same as those for a s;;l?stem of light water reactors. Inven-
teries of 90Sr are lower, howeve:},' because of the lower yield of 9051‘
from fission of plutonium. '

7.3.3 High Fiux Isotope Reactor

The effect of recycle of 9081‘ to a system of High Flux Isotope
Reactors is shown to indicate the relative change in inventory that
would result from the use of the meximum thermal neutron flux levels
that are available in present reactors (~ 2'x 1042 'n/cmg-sec with
targets in place). Even with these high xf‘s%lues of flux the effect of
recycling is to decresse the inventory asso‘éiated with the system by
only about 6C%.

This type of reactor would not be an economical source of electric

power, however, because of its small size, high refueling cost, and high

ne1l

ot

ron lszkage.

7.3.1t TPusion Reactors

A proposal by Steiner3

involves using the excess neutroas from
fusicn reactors. which in theory will provide a cheap and abundant
source of neutrons and has the advantage of not producing any long-
lived fission products. Considerakle tritium will be produced, of

course, but this presents z much less severe disposal problem. Steiner



estimates, on the basis of calculated tritium breeding ratios and antici-
pated tritium doubling times, a neutron excess of 20% end a thermal

neutron flux availeble for burnout of 3 x 1016. On this basis, a recycle
system from which 98% of the power is generated in IMFBRs and 2% is gen-
erated in & fusion burner reactor would have an order-of-magnitude lower

9031- inventory than a system of IMF3Rs.

In & recent paper by Wollktenhauer ,Ll' some aspects of the problems of
burning fission products in controlled thermonuelear reactors were con-
sidered in more detail. He concluded that if a D-T reactor with a tritium
breeding ratioc of 1.2 is used to transmuate the totel l3?Cs and 9081- from
a nuclear power economy, 8% of the generating capacity would have come
from CIR plants. Only 1% of the generation capacity would be reguired
if D-D reactors were used. Using the worth of neutrons for the produc-
tion of fissile plutonivm as & basis, it was estimagted that the cost of
transmting 13703 and 90Sr would be at least 10 times as sxpensive as
the estimated cost of storage of all fission products in deep salt
formations,

Regardless of any potential merits $¢ using controlled thermonuclear
reactors to burn fission products, such systems canrot be seriously con-
sidered at present since it is generally felt that the practical fusion

reactor is stili 30 years in the fubure.

7.3.5 Spallation Reactor

In an effort to devise a system with both a high neutron flux and a
high burnout ratio, Gregory and Ei'te::i::xberg2 have suggesied the use of a
spa_llation reactor. A typical spallation burner reactor would use a
1000-1W(e) nuclear reactor to power a high-energy accelerator; the
aceelerator, in turn, would produce a 500-MW beam of 10-BeV protons,
& neutron source of greater than 1020 neutrons/sec in a liguid uranium
target, and a thermal flux of about 2 x 107 n/crf.sec in en array of
D,0-moderated POgp targets. This apprcach would require extensive
development including, in particular, a method for copinz with the
potentially severe radiatiocn damage and heat transfer problems.,
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In this system one spallation reactor of capacity 1000 MW(e) would
be associated with each 900C MW(e) of power produced by IMFBRs. The
cost penalty would be spproximately 0.8 mill/kWhr(e) 5 primarily associ-
ated with the capital and operating costs of the spsllation reactor that
does not produce electricity for sale.
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8. ACTINIDE RECYCLING IN A PR

In this secticn the actinide recycling calculasbtions made wiih the
medified ORIGEN code are discussed and the pertinent results given. In
gddition, the chemical processing requirements are discussed in general
from a viewpoint of simplifying waste management end, more specifically,
as applied to actinide recycling.

8.1 Flowsheet

The generszl flowsheet assumed for these actinide recycling cal~u-
lations is shown in Fig., 1. For the calculations, it was assumed thai
chemical processing of the spent fuel occurred instantaznecusly at 150
days after discharge from the reactor. For simplification, the actinides
recycled were taken as those present at that time., In any actual recyecling
scheme, the recycle meterial would spend more time cut of the reactor.
However, because of the relatively long half-lives of the actinides
anithe very small buildup of daughters in any resscnhable time between
processing z=nd recycle, no significant differences in the results would
occor for holdup times of & factor of 2 or so longer.

In addition,it is quite possible that any recycling scheme would
include transursnium wastes {(from sweepings, sludge, scray metal, filters,

ion exckange resins, etc.) produced in the muclear industry. Although such
westes would be produced in large quantities, recycling them would not

ceuse significant difference in the results and conclusions of this
study.

Frae a caleculational standpoint, the method of ireluding the recycle
materisl with the fuel is immaterial since the calculations must assume
nomogeneity. The recycle material for each recycle celenlation was merely
considered as a wniform eddition to the normal loading of 3.3% enriched
ursnium fuel.
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? REACTOR
- DISCHARGE
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Fig. 1. Flowsheet for Actinide Recyeling.
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8.2 Chemical Processing for Waste Management Simplification

In any waste management system, and par‘bicﬁlarly if reeyeling of
the actinides is practiced, chemical processing plays a key role. ‘the
importance is such that the previously unpublished comments by Blomeke
19

and Leuze™” on separation of radiocactive materials into selected frac-

tions for improving waste management are given in this section.

One possiblé wey To simplify management of waste from nuclear fuel
reprocessing is to separate the radicactive materials into fractions
based vpon the Time they must be stored hefore release to the environ-
ment is allowed. An indication cof the magnitude of the problem when the
soluticn of the high-level waste management problem is approached by this
path can be gained from Tezble 10. The fission-product and actinide ele-
ments of greatest concern are listed, and the reguired degree of separa-
tion of each from high-level waste is given for various times of decay.
After the bulk waste bas been stored for 10 years, 12 fission-product
elements and 11 actinides (comstituting zbout 15 kg/ton of fuel charged
to the reactor) must be separated from the remeining fission products
{~ 2C kg/ton of fuel) and process reagent chemicals by factors ranging
from b (for ectinium) to 2 x 10+ (for strontium). The residuals would
then be of a nature that would permit their release under the present

Radiation Concentration Guides (one-third of the values given in ref. 8).

The separated Tission products and actinides should ideally be
further separated from eech cother, based on thelr retes of decay, into
at least three groups. The first group would contain ku, Sb, Ce, Pm,
and possibly H, and would require contaimment for several decades
{¢ 100 years). It is conceivable that this group could bes retained
on-site for this period of ftine.

The second group would be composed of {hose fission products
requiring storage cof the order of 1000 years, i.e., Sr, Eu, and
rossibly Sm. The remaining fission products with very long half-lives
are only feebly radioactive, and it mxy be reasonable to combine them
with the second group for 1000-year storage, or zlse they could be
separated and stored or recycled with the actinides.
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Table 10. Deccntamination Factors Required to Reduce Constituents
in Liquid Wast? to RCG Levels® at Various Times of Decay?

Time Following Reactor Discharsge (years)
Element 10 100 1000 107

Fission Products

Ru 4 x 107 - . -

Sh x 106 - - -

Ce 1 x 107 - - -

Pn 4 x 107 - - -

H 1 x 102 800 - -

Sy 2 x 1082 zx 108 - -

Ba 2 % 108 b x 108 - -

Sm 3x10§ 1x 108 1 x 103 -

Zr 2x10;  2x 100 2 x 103 2 x 108
Te 7 x 10° 7 x 10 7 x 10 7 x 10
I 6 x 105 6 x 107 6 x 10° 6 x 102
cs 5x102 5% 100 3 x 103 3 x 105

Heavy Elements

Ra 85 93 2 x 103 1x10°
Ac L 12 13 20
™ 100 00 300 5 % 105
Pa 3 % 103 3 x 105 4 x 103 b x 103
U 300 1x 103 2 x 103 2 x 109
Np 3 x 100 3 x 102 3 x 102 2 x 107
Pu 2x100 1 x3iol 2 % 100 1 x 100
Anm Lx 16 b x 10 1 x 107 2 x 108
cn 3 x 109 2 x 107 1 x 107 6 x 10°
Bk 120 - - -

ce 3 x 103 30 5 -

aThe Radiation Concentration Guide values are one-third of those given in
the CFRO (RCGs of ref. 6 were used for the unlisted nuclides), and should
result in a radiation dose to the genmeral public of less than 170 mrem/year.
(These values, however, ars based upon ingestion of the liguid effluents
and do not allow for reconcentration in the environmert.)

bWaste is generated in reprocessing spent PWR fuel initially enriched fo
3.3% 235U, =nd exposed to 33,000 MWd/metric ton at 30 MW/ton. The waste
consists of all the nongasecus fission products plus the actinides remain-
ing efter removal of 99,5% of the uranium and plutoniuvm following a post-
irradiation decay period of 150 days.



ALl of the actinides, except Bx and Cf, recuire containwent for a
period greater than 10,000 years; hence, they would comprise a third
group. It is reasonable that Bk and Cf sbkould be relegated to this
group since they would contribnte insignificantly to the bulk.

Fractionation of waste inte such groups for waste management entails
a number of 4ifficult chemical separations. A severe problem is caused
by hydrolysis of several materisls tc form colloids and precipitates.
When these are present, it is virtually impossible to lobtain the neces-
sary separations. In most cases, the extremely high decontamination
factors regquired have never heen demonstiated, Separation of the
trivaient actinides (americivm and curium) must be made from kilogram
quantities of the lanthanides, and the long-lived lanthanides (eurapium
and semerium) must be separated from the other lanthanides. These eie-
nents have very similar chemical behavior, and separations musﬂ be mede
by chromatographic lon exchange which requires close process control.
There is no practical process aveilable for removing tritium from large
volumes of squeous waste, and iodine removal with decomtamination factors
of 3.05 will be difficult. However, processes now under develcpment for
IMFER fuel should make it possible to remove these materisls btefore and
during feed adjustment for reprocessing of the fuel.

Difficuliizs have been encountered during chemica:l separations with
the hydrolysis of plutonium, thorium, protactinium, zand zirconium to form
colloidal material that does not behave well in saparations processes,
Most of the plutonium in agueous waste from the first Purex eyele is in
‘an inextractable form. Even exhaustive extraction will not remcve this
plutoniom vunless some treatment can be developed to convert it o a
soluble, ionic species. FExperience has shown that when significant
emounts of zirconium are present, it often hydrolyzes to form colloids
or precipitates, or both, which carry polyvalent icns such as americium
and curium, This greatly complicates the separations problems snd makes
it virtually impessible to remove quantitaetively the zircopium and asso-

cizted ions from a waste stream.

Although separations processes have been developed for essentially

all of the heavy elements and fission products, these processes are not
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directly applicable to the problem of quantitatively isolating these
materials into compact fracticns for waste menagement. The existing
processes were developed for the purpose of recovering significent
quantities of a particular element, and recoveries of 90 to 99% were
considered to be satisfactory, Furthermore, these processes usually
result in an ircrease in contaminafed waste instead of a decreass, since
process chemicals required sre discharged into waste streams along with
significent amounts of contamination. Modification of these processes
to give decontamination factors of 108 to 1070 without creating larger
volumes of waste from contaminated chemtgiﬁge_eéénjb_s will require a
major development program. Since the oversll fission preduet decon-
tamination factors usuwally attained over a single Purex cycle are only
agbout th, it cannot be expected that fully developed processes for
waste fractionation, even for elements that are well behaved chemically,
will give larger decontamination factors. Thus two, three, or even four
cycles will be reguired to give overall decontamination factors of 108
o 1010, '

Unfortunately, the optimum grouping of radicactive elements for
waste management does not correspond with natural groupings based upon
chemical behsvior. Processes for removing americium snd curium from
the waste stream will also remove all of the lenthanides and yttrium
(~ 11 kg/ton of fuel) with compsrsble decontamiration factors. About
10 xg/ton of fuel of these are either nonrasdicactive or have short
enotgh balf-lives so they can be released after less than 100 years
storage if they are adequately decontaminated from Eu, Sm, Am, and Cm
(see Table 10); znd the Eu and Sm must be stored about 1000 years if
they are adecuately decontaminated from Az and Cm. Thus, the separation
of Am, Cm, Sm, and Eu from the other waste products and into groups for
ease in waste management entails a considerable number of process steps,
each requiring close process control because of the chemical similarity

of these elements and very large decontawinetion factors required.

In summery, it can be concluded that the greatest contribution to
weste management through chemical separstions lies in separating the
actinide elements from all of the fission products for either storage
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or recycling, If not recycled, these elements require virtually permanent
containment and this could pfobably be acccmplished with greater ease in the
absence of the heat-generating fission products. A guantitative assessment
of the reduction in hazard achievable “rom actinide separations in excess

of those considered in the body of this report is presented in Appendix IIT.
There it is shown tnat, if separations processes can be developed to yield
an overall recovery of 99.999% of the uranium, 99,995% of the plutonium,
99.95% of the neptunium, and 99.9% of the americium and curium, the residual
wastes would have zbout the same ingestion hazard es naturally occurring

radioactive winerals after only a few hundred years.
8.3 Effect of Recycle on Reactivity and Flux

Tne average material k {neutron multiplication constant) or k. of the
recyclad actinides is lower than that for a normal reactor loading, but not
much lower, as shown in Tables 11 and 12. Table 11 shows the effest of

recyeling of 99.5% of the actinides up to 60 times equivalent to 180 years
" of resctor operation). The meximur average reactivity decrease is about
0.8% =nd is attained in about five cycles. This decrease can be counter-
acted by only about a 2% incresse in fissile material, which is not prohib-
itive since this can be accomplished by increasing the enrichment of the
fuel from 3.3 to 3.4%. Similer results are shown in Table 12 for recycling
of 99.9% of the actinides which, as co be expected, causes a slightly grester
reactivity decrease, Teble 13 shows that the effect of recycling of the
actinides (for either 99.9% or 99.5% to three significant figures) on the
thermel flux is sufficiently smell to be cf no significance to the reactor

operation.

8.4 Effect of Recycling on Hazard Measure

The effect of recycling of 99.5% of the actinides other than U or Pu
ozn the hazard measure of the weste from PWR spent-fuel processing at 150
days after resctor discharge is shown in Tsble 14 as a function of post-
irradiation decay time. Similar results are shown in Table 15 for 99.9%

extraction and recyeling of the actinides.

The ratio of water reguired for dilution of the waste to the RCG
for the standard case (no remeval of actinides other ther 99.5% of Pu

+ U, er 99.9% if the ratio is determined for the higher extraction
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Table 11, Effect on Reactivity from Recycle of 99.5%
Actinides Cther Tham U and Pu

Recycle Reactivity (ks) Reactivity Change (%)
Yo. Start? End Start End Average
0 1.2015 1.09391 0 0 o}

1 1.19252 1.68904 -0.743 -0.4hs -0.594
2 1.19029  1.08785 -0.929  ~0.555 -0.7%2
3 1.1896k 1.08754 -0.983 -0.583 -0.783
i 1.18945 1.08746 -0.999  -0.359C -0. 794
5 1.18040 1.08745 -1.003 -0.591 ~0.797
10 1.18938 1.08747 -1.005  -0.589 -0.797
i5 1.18937 ~  1.087L48 -1.C05 -0.588 -0.797
20 1.18937 1.08748 ~1.005 -0.588 -0.797
Lo 1.18937 1.08749 -1.005 -0.588 -0.797
60 1.18937 1.08749 -1.005 -0.588 -0.797

®at start of an irradietion pericd 1/3 of core loading has been
in rezctor for 2 years, 1/3 for 1 year, and the remainder is
new fuel.
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Table 12. Effect on Reactivity from Recycle of 99.9%
Actinides Other Than U and Pu

Reeyele Reactivity (k) Reactivity Change (%)
No. Start® End Start End Average
0 1.201k45 1,09391 0 0 ¢
1 1.19261 1.08902 -0.736 -0 k7 -0.592
2 1.19023 1.08782 -0.93k -0.557 -0.746
3 1.18958 1,08750 -0.988 -0.566 -0.787
L 1.18939 1.087h3 -1.00k -0.593 -0.7599
5 1.18933 1,08742 -1.009 -0.594 ~-0.801

10 1.18931 1.0874k -1.010 -0.592 -0.801

15 1.18931 1,.08745 ~1.01i1 -0.551 -0.801

20 1.18931 1.08745 -1,011 -0.591 -0.801
3C i

.18031 1.087L5 -1.011 -0.591 -0.801

®at start of an irrediation period 1/3 of core loading has been
in reactor for 2 years, 1/3 for 1 year, and the remainder is
new fuel.



L2

Table 13. Fffect of Recycling®on Thermel Neutron
Flux in a Typicali PWR

Thermal Neutron Flux x 10743 (n/cu’-sec
at Trradiation Times (days) of:

o

Recyele lo. 110 367 550 733 1100 Average
o} 2.58 2.64 2.51 3.03 RS 2.92
1 2.57 Z.64  2.81 3.02 3.b2 2.91
2 2.57 2.53 2.80 3.01 3. 2.91
3 2.57 2.63 2.80 3.01 3.50 2.90
L 2.57 2.63 2.80 3.00 3.ko 2.90
5 237 2.53 2.80 3.0: 3.%0 2.90

10 2.57 2.63 2.80 3.0U 3.50 2.90
20 2.57 2.63 z.79 3.00 ER -t 2.90
Lp 2.57 2.63 .79 3.00 3.40 2.90
60 2,57 2.83 Z.79 3.00 3¢ £.30

a 3 ~ R
Cne cycle represents 3 years of reactor overation.



Table ik. Effect of Recycle of 99.5% of Actinides Other Then U and Pu
on Hazard Measure of Waste® from PWR Spent-Fuel Processing

ver Bequired for Dilution to RC:G,b Ratio of Standa:rd;
to Recycle Case for Decay Times (years) of:

A 10° 10° 5x10' 100 100
(o] - To 12.3 15.3 18.5 22.8 27.9 52.3
1 22.5 9.30 12.4 13.h 16.0° 19.7 45,7
y: 19.3 8.20  10.0 10.8 14,5 18,0  43.6
3 17.5 7.57 8.43 9.29 k.2 7.k 42,8
L 16.5 7.15 7.35 8.25 14.0 17.1 42,5
5 15.8 6.77 6.57 T.53 14,0 7.0 k2.5

10 13.% 5.76 h 72 5.75 13.9 17.0 42,5
15 121 5.32 k.16 5.53 12.8 17.0 k2.5
20 1L 5.08 '3.78 4,89 13.8 17.0 42,5
25 11.0 k.95 3.63 4.73 13.8 i7.0 k2.5
30 10.7 L.89 3.56 %.63 13.6 17.0  h2.5
4o 10.5 4.83 3.h9 k.55 13.6 16.9 k2.5
50 10.3 4.80 3.46 4.39 13.6 15.9 k2.5
60 10.3 4,80 3.46 k.39 13.6 16.8 k2.5
£f., % 25.3  39.0 22.6 23.7 59.6 50.2  81.5

20.5% Pu and U sent to waste,

m‘. recommended default RCGs in tThe Code of Federa.;. Regulations
(ref. B) were used for unlisted nucliges.
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Table 15. Effect of Recycle of 99.9% of Actinides Other then U sad Py
on Hazard Measurs of Waste® from PWR Spent-Fuel Processing

Weter Required for Dilution to RCG,” Retio of Standard
to Recycle Case for Decay Times {years) of:

T T 1 105 10" 5x100 100 . 10°
0 195 57.5 73.1 83.8 110 137 256

1 116 43.7 58.9 64,2 77.7 95.9 22k

2 gk.8 38,k L7.7 51.6 70.8 87.3 213

3 85.8 35.5 Lo.1 4y 2z 68.4 8.k 210

L 80.7 33.k 34.8 29.3 67.5 83.4k 209

5 77.2  31.7 31.1 35.8 67.2 83.2 208
10 65.7 27.0 72.1 27.0 68.¢ 82.7 =207
15 58.7 24.7  19.1 23.7 66.4 82.3 =206
20 4.5 - 17.6 22.2 66.1 8z.1 206
25 52.0 - 16.8 21.4 66.0 82.1 206
30 50.6 - 16.5 20.9 65.8 82.1 206
e, % 25.4 - 22.6 23.5 59.8 9.9 80.5

20.19 5f all actinides sent to waste.

®Mhe recommended default RC3s in the Code of Federal Regulatioms
(ref. 8) were used for unlisted rnuclides.
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percentage) to that required for dilution of the waste after each
successive recycle is esn indication of the efficacy of recycling

from a potential hazard viewigoint. This retio is defined as the hazard
reduction factor (the higher the ratio, the gresater the hazard reduction).
Teble 16 shows a different method based on the activities in curies for
evaluating the efficacy of recycling.

Table 1it shows that the hazard reduction factors of the waste with
99.5% of the actinides extracted equilibrates at 42.5 for a decay time
of 106 years. Vhen the RCGs of refs. 6 and 9 are used for the unlisted
nuclides in place of the recommended defamlt values in the Code of Federal
Regulaticas, the hazard reduction factors become 6.5 and 10 respectively.
The ccrrasponding values for 99,9% extraction of the actinides are 28 and
49. Although it can be argued that the RCGs calculamted by ]'..t?ﬁi’erne9 are
more realistic than the more conservative recommended default values,
the Code of Federal Regulations must be followed in nuclear reactor
design and operation.

Note that the last row in both Tables 14 and 15 show recycle effi-
ciencies at each decay time. These efficiercies represent the percentage
of the maximum possible hazard reduction factor that is attainable after
effective equilibrium is reached in the recyeling process. The maximum
possible hazard reduction factor is the ratic of water required for
dilution of the standerd waste with only 99.5% of U + Pu removed {or
99.9%) to that required for the same waste when 99,5% (or 99.9%) of all
actinides are extracted at 150 days after discharge from the reactor.
This is precisely what is contained in Tebles 1l and 15 for zero recycle
or one pass through the reactor. These are cbviously the largest hazard
reduetion factors obtainable at a specified decay time since they are
based on the removal of 99.5% {or 99.9%) of all the actinides rather than
Just the U + Pu. ZEach additional recycle increases the hazard measure
of the discharged material in asymptotic fashion. Tke steady-state
reéyc"_e efficiencies shown are simply obteined by dividing the values
for 60 recycles (or 30 in Teble 15) by the values in the first row at
corresponding decay times. In a similar fashion, the recycle efficlency
can be calculated for each cycle by dividing the velue for the particular
cycle by that for the zero recycle.



Table 16. Effect of Recycle of 99.5% of Actinides Other Than U and Pu
on Activity of Waste® from PWR Spent~Fuel Frocessing Based on

Total Cuzries as a Hazard Measure

Relative Radioactivity, Ratio of Stanéard to Recycle

Recyele

Case for Decay Times (yesrs) of:

No. 10 108 10° 16° 5 x 10* 10° 10°
0 6.69  9.97 10.2 10,4 8.4 13.9 Lo.9
1 6.12 7.96 10.0 10.0 7.90 11.6 35.8
2 5.88  7.4h4 9.91 9.9L 7.75 11.0 3. b
3 5.78  7.25 2.85 9.83 7.69 10.8 33.9
i 5.7 7.18 $.83 9.79  7.66 10.7 33.7
5 571 T.15 9,80 9.7  7.66 10.7 33.6

10 5.70 7.13 9.73 9.70  7.6% 10.7 33.5

15 5.70  7.12 9.71 9.66  T.6h 10.6 33.5

20 5.70 7.12 9.68 9.62 7.64% 10.6 33.4

30 5.70  7.12 9.67 9.62 7.62 10.6 33.4

4o 570  7.12 9.66 9.62 7.62 10.6 33.4

50 5.70 7.12 9.66 9.62 7.62 10.6 33.h4

60 5.70  T.12 9.66 g.62 7.62 10.6 33.4

20.5% of all actinides sent to wacte.
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The results in Tables LL and 15 show that when rescycling is prac-
ticed, the hazard measure of the waste is approximately proportional to
the neptunium, americium, and curium sent to the waste since the hazard
reduction factor is about five times greater when 0.1% of the actinides
is sent tc the waste after each cycle than that for the 0.5¢ case. This
cbtains logically because the reactor discharce composition iIs 1ittle
affected by & change of only 0.4% of recycled actinides in the Ffeed
stream. The standard case is also little affected by whether 0.1% or
0.5% of U + Pu is present since the americium and curium predominate
at smeller decay times and neptunium after 105 vears. It 1s for similar
ressons that the cycle efficiencies are virtually independent of the
percentage of material that is recycled. It follows that if 99.93%
removal is effected, the hazard reducticn factors of Table 15 will
increase by about a Tactor of 10 to about 2000 at ].06 years, All
three tables show that the hazard reduetion factors decrease asymp-
toticelly with the number of recycles, which is a result of the buildup
of the higher transuranics, and that effective ecuilibrium is attained

in 20 cycles more or less depending on the decay bime.

Minime in the hazerd reduction factors of Tebles 14 and 15 as a
function of decay time occur at around 200 years in the first few
recycles with = gredusl shift to between 105 and 107 years for larger
numbers of recycles, The reasons for this behavior are rather involved
and include the relative change in toxicity as well as the change in

total sctivity of the varicus nuclides.

As @n gicd in understanding this and other phenomena, the relstive
contribution {(when > 0.01%) of each actinide by itself (regardless of
whether discherged from the reactor or generated by decay) and by each
of their daughters to the hazard measure of zerc recycles and 60 recycles'
are shows in Tables 17 and 18, respectively; the standard cese for 99.5% ex-
traction of U + Pu is shown in Teble 19. (See Appendix II for a listing
of activity in curies and the hazard meessure of all actinide nuclides
as a function of time after discharge.) Note that the basis for these
tebles is different from that of Tables 4 to € where the contribution

from sach actinide includes all of its daughters. Cbserve that in the



Table 17. Relative Contribution of Each Component of the Actinide
Waste® to the Hezard Measure After One Pass Through the Reactor

Portion of Total Water Reguired|tc Dilute Each Element
to Its RCG (%) for Decay Times (years) of:

Tlement 10 10° 100 10> 5x100 100 10
Tb nil nil 0.0L 1.0 .2 L2 1.7
Bi nil nil 0.03 k.o 17.9 19.5 16.6
Pc 0.05 0.04 0.05 7.5 32.2 34,2 2z.h
At nil nil nil 0.4k 3.8 5.1 10.5
Bn nil nil nil 0.11 0.35 0.35 0.36
Fr nil nil nil 0.44 3.8 5.1 10.5
Ra nil nil 0.02 3.9 17.6 19.2 16.3
Ac nil nil nii 0, Lk 3.8 5.1 10.5
Th nil nil 0.01 0.63 k.3 5.6 11.0
Np G.02 0.03 0.13 0.38 0.2% 0.16 0.10
Pu 62.3 3.7 ha.1 4.9 1.6 1.3 0.02
Am 21,7 63.h 54,0 1.6 0.03 nil nil
Cr 16.0 1.7 3.4 4.7 0.12 nil nil

%0.5% of all actinides sent to waste.
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Table 18. Relative Contribution of Fach Component of the Actinide
‘ Waste® to the Hazard Measure After 50 Recycles
Portion of Total Water Required ito Dilute Each Element
to Its RCG (%) for Decay Times (years) of:

Element 10  10° 109 100 5x1f 10 10°
Fb il nil nil 0.47 k.8 b9 1.9
Bi nil nil nil 1.7 19.1 20.3 16.8
Po 0.05 0.05 nil 3.h 35.8 37.3 23.1
At nil nil nil 0.13 2.7 3.6 10.2
Rn nil nil nil 0.03 0.21 0.21  0.30
Fx nil nil nil 0.13 2.7 3.6  10.2
Re nil nil nil 1.7 18.9 20.1  16.5
Ac nil nil nil 0.13 2.7 3.6 10.2
Th nil nil nil 0.19 3.1 k1  lo.7
ip nil 0.01 0.0k 0.11 0.18 0.11  0.10
Pu 20.6 27.3 10.0 18.L 7.1 1.2 0.0z
Am 5.6 24.9 2.4 0.55  0.03 nil nil
Cm 4.8 L35 75.9 73.0 2.7 0.95  0.19
or 22.9 4.3 1.6 pil  mil  @pil  nil

2. 5% of all actinides sent to waste.



50

Table 19. Relative Contribution of Each Component of the Actinide
Waste® with 99.5% of U and Pu Extracted
Portion of Total Water Regquired to Dilute Fach Flement
to Its RCG (%) for Decay Times (years) of:

Flement 10 10° 103 10" s5x100 100 10°
Pb nil nil nil 0.28 0.94 0.77 0.10
Bi ni nil 0.02 2.7 1.8 15.2 ik
Po nil nil 0,03 3.6 17.8 17.5 k.4
At nil nil nil 1.7 11.7 12.6 1hk.1
Rn nil nil nil 1.2 0.03 0.03 0.02
Fr nil nil nil 1.7 1.7 12.6 4.1
Ra nil nil nil 2.7 1.8 15.1 4.4
Ac nil nil nil 1.7 1.7 12.6 14,1
Th nil nil 0.01 1.8 1.8 12.7  1k.2
P nil nil 0.01 .ok 0,02 0.01  nil
U nil nil nil 0.02 0.02 c.02 0.01
Np 0.09 0.38 1.0 1.8 0,76 0.39 0.13
Pu 7.1 16.7 7.7 13.8 2.8 0.37 0.13
Am 13.8 55.2 L6, 7 17.1 0.30 nil nil
Cm 79.2 27.8 L. s k3.9 1.0 c.0L nil

aO.B% of U + Pu and 100% of other actinides sent to waste — standard

case.
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steanderd case (Table 19) the curium is 79% of the total after 10 years

decay and varies from 16 tc L2% during recycling (Tables 17 and 18). In
i

2+hCm (18-year helf-life), but

its fraction of the total curium content diminishes with recycling.

the standard case, the curium is mostly

Consequently, it is the relatively rapid decey .of the athm (the con-
trolling nuclide in the standard case) compared with the smaller effect

on the recycled waste that is responsible for the initial rapid drop in the
hazard reduction factors for the first 100 years cr so. The shift in the
location of the minima to larger decay time can be attributed to the
builaup of 2770k ans Z46cn

After the first few recycles, the hazard reduction factors rise to
gbout the same value, regardless of the number of recycles for long decaj
times. This reflects the fact that Np discharged from the reactor
controls the waste hazard at long times and that the concentration of
this nuelide rapidly reaches equilibrium, This is borre out by the
detailed dete which show the 233, decay chain (4n + 1 series), of which
237Np is s member, mzkes the dominant contribution. Table 20 shows the

z237

neptunium (aimost ell Np) discharged from the reactor attains a

constant value after five recycles.

Recyecling of the actinides and achieving a 99.9% extraction effi-
ciency reduce the hazard measure of the actinides at equilibrium to the
same order as that of the long-lived fission products (1291, 93Zr, 93mNb,
99Tc, and 13503) for the longer decay times, the hazard measures of the
actinides being about twice that of the long-lived fission products at
1000 years and dropping to shout one-half of the fission product value
at 106 yeérs. However, if 129I is eliminated as & hazard by isotopic
dilution (or separate storage), the actinides would still control the
total waste hazard. An actinide extraction efficiency of 99.999+% =long
with the recycling is required before the hazard measure of the total

waste hazard is controlled by the long-lived fission products other {than
129
I.

Figures 2 and 3 were prepared from the ORIGEN output to show the
rate of accumulation of the potentisl hazard of the actinide waste from
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Fig. 2. Short-Term Cumulative Hazard of Actinide Weste from 60-Year
Operation of =z Typical PUWR.
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one typical PWR operating at 1000 MWe with an 0.8 plant factor and an
annual average discharge of about 23 tons/yesr of spent fuel. Also shown
is the effeet of recycling on the hazard reduction for ax actinide extrac-
tion efficiency of 99\5%. These plots represent the waste hazard accumu-
lation per reactor for €0 years of operation when disposal or permanent
storage occurs after 10 years. This cperation time span seems sufficient
to cover the lifetime of a PWR nuclear power industry. Figure 2 shows
the cumulative hazard from 10 te 7O years afier discharge. The hazard
reducticn Factor (ratic of the standard case to the recycle case at any
indicated decay time) achieved by recyeling starts at about 40, rapidly
drcpslto 20 in 10 years, and slowly diops to about 10 by 70 years after
discharge. Figure 3 shows the same resulis for decay times between 500
and 10" years for which decreases are shown initially in the cumulative
hazard because the reactor was considered shut down at 60 years of
operation with no further additions to the waste. IAr later decay times
the cumulative hazard increases because of the buildup of 229Th and its

23’Np. This increase would be much

daughters as the result of decay of
smaller if RCGs of ref., 8 were used and the curve would flatten out with
the RCGs of ref. & (see Table 5). For the long-term decay pericd shown
in Fig. 3, the hazard reduction factor has dropped initially to a little
below 10, but after 1011L years builds back up to a little over 40. At
these longer times the hazard reduction factor can be simply obtained by
averaging the values for the first 30 recycles (60 years of operation)
shown in Table 1L because essenbially all the hazard comes from actinides

Wwith lone half-lives, the shortest being 458 years for 2'iAm with the

others having half-lives measured in thousands of years. TFor such a
condition, it mekes little difference that the first discherge is 60
years older than the last one; each discharge contributes aboué the same
to the cumulative hazard for times greater than 500 years. This is, of
course, not true for the shorter times, which is the reason for the gap
between 60 and 500 years when the hand caleulations using the normal

ORIGEN output become t00 long to be practical.
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8.5 Effect of Recycling on the Hazards |of
Chemical Processing and Fuel! Fabrication

Recvnl_ng of remactor actinide waste will 1ncrea%e the radiation
problem associated with ckemics&l processing and fuellfabrication because
of the increased radicactivity of the rezctor feed and discharge streams,
In this section these problems are examined somewhst {and the effect on

chemical processing 1s discussed.

Table 20 shows the recycle effect on the buildup|of each actinide
in the reactor discharge streem after cooling 15C days\ and before any
cherical processing, The table also indicates the atthinment of effec-
tive equilibrium. True egquilibrium cannot be etiained \in practical
irrediation times becesuse of the small removal cross sedtions (decay +

250

o
capture + fission) of “hSCm and Cm. The small changes in the actinides

that are still occurring after 60 recycles can be traced prmar:.}.y to
2"['BCm the emount of 250 Cm present is too small to have é noticesble
effect, From a purely chemical separations viewpoint, thé changes in
compositions are not significant. Handling problems; hewéver, are
increased by the buildup of nuclides that undergo spontaneous fission.
The slight increase of sbout 3% in the gamme activity thet occurred as

the result of recycling is of no conseqguernce.

The Purex separations process now in use removes conly Pu and U from

the waste stream (see Sect. 8.2 for a more detailed discussion on chemical
processing). For.xgcycling, the other actinides must also be extracted from
this waste strzam containing the {issicn produects., It is generalli felt that
the process can be adjusted to permit 99.9% extraction of the U + Fu. By
mell changes in the process, neptunium could 2lso be extracted. Removal

of the Am and Cm is pot as =asy sirce soma of the rere-esrth fission
products have similar chemistry. The separation would not have to be

toc clean mi contarination with r»are earths with high neutron cross
zzctions shouid be large enough to degrade the neutron economy of ﬁpe
reactor when recycied. Whether the Ac, Th, and Pa are removed or sent
to waste is not important zince their effect on the hazard is negligible

(see Sect. 5). The effect of Bk, Cf, and Es produced in one pass through
P P
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the reactor slso has a negligible effect on the waste hazard, bus the
buildup of Cf and Cm seriously increases the neuiron emission rate by
¢,n reactions and by spontanesus fission, with the latter dominating.
Table 21 shows that the source of neutrons in the material recycled is
mostly curium (primerily 2 icm and 2%%Cm) after two cycles, but thab the
Cf {primazily 25 2Cf‘) rei-;i_dly becomes controlling after a few recycles.
This inereased neutron activity due to recycling should cause no
real prcblem in chemical processing since the thick concrete walls
required for gamme shielding should alsc be adeguate for the neutrons,
A potential problem arises in fuel fsbrication and handling, regardless
Iof whether the racycle materiasl is mixed with new fuel or made into
separéte elements. The same pro'bleni alsc exists fdr fabricsting fuel
elements from recycied plutonium, Bell and Nichols?® estimate that the
neutren source for recyeled plutonium builds up to aboul 109 n/sec ver
metric ton of piutonium. Table 21 shows that if the californium is
removed, the curium would control and the neutron source would only be
reduced by a factor of 300. The curium produced along with the associ-
ated neptunium and americium would generaste comsiderably more neutrons
i:er uwit weight (3.6 x 10%

by spontaneous fizsion ard &,n reactions than would plutonium., The

per metric ton of the mixture at eguilibrium)

quentities involved, however, are smaller than in the case of plutonium
recyele., Tt seems that actinide recycle materizl could be handled withe
out too mach change in the way of design or handling procedures develcoped
for plutonium recycle fuel ever if the neutron source strengtn is somewhat

_ _ o
larger. Removal of the neutron source, 252

Cf, can be accomplished by not
recycling Cf even though there fs an increese in the Cf production with
curium buildup. Sigrificant 2o 2Cf buildup occurs from svecessive aeutron

250

)
captures starting with 2490f and €f, where precurscers are 2h9Bk and

30 Bk. The diffizuliy involwved in the efficient extraction of Am and .

Cm from fission products was pointed out in Sect, 7 2. In all processes for
removal of Am and Cm, Cf and Bk are alsc removed. Consequently, addi~
tional complicetions to the fiowsheet would be required o keep these |

elements separate from the extracted Am and Cm.
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Recyeling of waste through a reactor does add to the inventory of
hazerdous materials in process which could increase the severity of an
accidental release of radioactive material. The hazard measure of the
ectinide waste based on ingestion was increased by only 12% after 60
recyeles. The total is about one-tenth of that for the fission produchs.
If the hazard measui‘e is based on inhalsflon, recycling increases the
potential hazard by a tactor of 2 at discharge (see Table 21) with the
average in the reactor being significantly higher. Since the fission
products produce an inhalation hazard measure of only 3.7 ¥ 1016 m3/metric
ton of fuel ccmpared to & value up to 2.5 X 3.017 for the actinides, it
would seem that the potential hazard of an operating reactor would be
inereased by recyeling of the actinides. . However, actinide concentra-

"maximm credible

tion ir a rescvior is not significant in analyzing the
sceident” (MCA) since the actinide compounds are not vclaetile and cannot
be significantly dispersed into the atmosphere by any credible resctor
aecident, Transmutation of fission products in burner reachors would,
of course, add to the potential hazard of the MCA because the volatile’

fission products are conbrolling in an accident analysis.
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9. CONCLUSIONS AND RECOMMENDATIONS

90

sr, 137

Elimination of the fission products, Cs, and 85Kr, by
neutron-induced transmutation as a result of recyeling in existing or
projected designs of power reactors is not possible since the neutron
fluxes are not high enough to lower the effective half-lives of these
nuclides by a significant amount. Special burner reactors with neutron
fluxes in the order of 10%7 n/cme-sec are required for that purpose.
Spallation reactors and fusion reactcrs are possibilities,but the latter
is certainly not feasible with current technclogy. The former, at best,
would require an extensive development program including, in particular,
a method for coping with the potentially severe radialion damage and heat
transfer problems., It seems that nlitimate storage in deep geoclogical
formetions of Xnown cnaracteristics (such as salt mines) remains the
best method for fissicn product disposal since less than 1000 years is
required to reducsz the activity to an innocuous level. Assurance of
tectonic stability for 1000 years with a very high degree ¢f confidence
is quite possible in some geological formaticns. The actinides and their
danghters, of course, with half-lives measured In many thousands of years
should be esxcluded from the biosphere for a length of time for which
tectonic stability can be assured with a lesser confidence level. There
is, therefore, a stronger motive for disposal or reduction in the accumu-
lation of the actinides by scme other method such as by transmutation in

nuclear resctors.

When over 99% of the pilutonium and uranium has been extracted,
significant further reductiorn in the potential long-term hazerd of the
waste from PWRs (and undcubtedly other types) can only be achieved by similar
removal of the neptunium, americium, and curium. Consequently, if the
actinides are to be disposed of separately from the fission products, it
peys from a waste hazards viewpoint fo concenirate on developing economic
chemical processes for removal of the latifer three actinides from the

fission products.

Recycling these actinides through the reactors producing them has
promise for reducing the lcng-term waste hazard, perticularly if 99.9%
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extraction of neptunium, americiwm, and curium is achieved, an extraction
efficiency that already appears feasible for pivtonivm and uranium. The
results of this study indicate that long-term hazard reduction factors

up to abcut 200 are possible with a 99.9% actinide extraction efficiency
with subsequent recycling of the neptunium, americium, and evrium, Lé!rgér
hazard redvcetion factors are possible with higher efficiencies, and the
hazard reduction factors are approximately proporticnal to the quantities

of the zetinides sent to the waste.

Recycle of actinides in the LMFBRs shcould produce sven higher hazard
reduction factors since the average fission-to-capture .atio of the acti-
nides should be higher in a fast reactor than in a thermal one. Fast
cross-section sets for the higher actinides should be developed so that
recyeling studies can be made for the LMFERs.

It also eppears that recycling of the actinides is particularly suited
for a fluié fuel reactor such as the MSBR.EJ' A processing scheme has been
visualized that reseyeles essentielly all the uranium, neptunium, thorium,
and most of the other actinides. Considerably less americium and curium
are produced compared to a PWR, which consideraebly siwmpiifies the weste
disposal problem, In addition, being a fluid fuel remctor, the problems
arising from fabrication and handling of heavy neutron-emitting fuel
elements are eliminated., A study similar to this one should be made for
the MSER using chemical processing that minimizes the actinide content

of the waste streams.

Official or standard values for the RCGs for nuclides appesring in
the waste that ere unlisted in the Code of Federal Regulations should be
established since using the recommended default wvalues seems too donserva.—
tive for decey times beyond 10,000 years.

Some consideratiorn should be given to other methods of evaluating
the potential hazard of the waste from chemical processing and possibly
a standard developed that considers the probability of discharge into the
biosphere. In particular, scenariocs of possible interaction with the
enviromment and pétential pathways to the biosphere should be evaluated
as part of the conceptuasl design and site selection process for waste

repositories.
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APPENDIX I: A COMPARISON OF RCGs CALCULATED BY LaVERNE (REF. ¢)
WITH THOSE IN THE CODE OF FEDERAL REGUIATICHS (REF. 8)
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Tekle 2. Compariscn of RCGs from Ref. 8 and Ref. 9
sical Inhalation RCG Critical _Ingesticn RCG .
e £ Ref. O Ref.
Nuclide Orgen Ref. 9 Ref. 8§ Jdrgan
&
i -1l 6T (LLI) 5 x 10 -
225 . ﬁm :é fc ig'll' & x 10*  Bone 2 x 107 g x }g_g
2 ne - " x
223:2 Eone 2x10% 3x107? &I (ULI) 2 x 10 . 9 -
3 -13 -3 B % x 107 % x 107
G, Dne e faidn Zxlohy o brlos wrie
%‘ZAm ifﬁiz’- wdney 1 : 10'93 1x 10'2 3 GI{ULI, ILI) i x ig_ P t ; ]1.8'5
i -1 "~ Bone x a
ZEM one? ey xlT . X ig"f GI (8) 2 x 1073 5 x10°3
2% Bone, kidney 1x 10_7 1 o (Uf,:[) 2x 10_3 x
245 GI (ULI) 3 x 10 -
; -1
. 0 )
27,4 Ovary, thyroid 9 x 1077 - Ovary, thyroid 6 x 1
- 4 x lO'h‘ -
2h9 2 %1001 3x10°11  er (i) n
Hi Rone - - i 3§
250w Eone 5x 102  5x10 &I (ULI) 3x 5
-10 -10 % x 105 L x 10-
2}1 . Xidney 2 x lg_% 2 x 10 gi E%I) 3z 08 20
gﬁ B ey o }0'9 3x1009  6I () by 1o-t b x 107
133; Erpncd X X109 - GI (s) 5 x 107} -
2‘ Kidney -8 a1 (8) € x 10 -
2ihpy Kidney 1x 10 - ) y
-1k 10-%  Bone Lx10% k4 x10
5o Zone 7% 18'13 g X 18'13 Bone 1 x 10'2 1x 1072
gssggf chnz sx10¥ Ex10  Bome b0 bx10?
2520s 2x1013 7x1013 @I (in)* 7Tx 107 2x 1077
2530 mone 3x 107l 3x101 a1 (m1) 1x107%  1x107;
L Dome r 10713 3x10Y3 a1 (111) 3x1077  1x10
25%ce Bone 2x1 5 )
; -12 01 Gr'(ri1) 2x 1077  2x107
e 23301 2 ri0l] e 5x10°¢  5x10°
b one 3210713 3x10 Boae 7Tx 1070 7 x 107
2ks 2x107+3 2 x1013  Bone bx1072  bx 107
2o hene 2x1023 2x10%3  Bone 3x1078  4x10%
27 B 2x10"13 2 x1013  Bone hx 10T, 4207
Zhacm Bone 3Ix 10'1}" 2 x 10 Bone 6 x 10 3 4 x 10_3
29T Tove -7 kx107  Gr(s) 2x103 2 x10
Iom  Liver 2% 1077, 61 ( 2x 103 x
2%m  Bone 3 x 10 - 5 5
- ) - 2 x 107
253s  Bone z2x10  3x10 6r (L) 2 x 10 x
o7 - Body 8 x 10‘}}‘ -
221ps Body 1x 107} zody 0 x 10 -
223n.  Bedy 4 x 10
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Table 22 (continued)

) Critical Inhalation RCG
Nuclide Orgen Ref. 3 Rer. 8 Critical Iogestion RCG
- Organ Ref. 9 Ref. 8
209
P GI (ULI) -7
21 ! 2 x 10 -
2109, xidmey )y x 10712 4, GI(S, LI  3x1073 |
21l : b x 10 b x 107t Eems i 1 -
lebb Kidney 1x1i -8 _ i e, kidney 2 x 10'1 1 x 10'7
by ey Ex1010 6321010  Frame 4 x 10 -
dney 1 x 10" _ Kidney 2x lO'Z 2 x 1077
236 Bone 9 &y 5 x 107 _
23 2 x 107 - -
2B e 1x 1073 1x 1073 el e 102 - 106
y 2 N x 107 -
239Np er (1o X 10_8 - 3 61 [1iI) .5 3x 10
Z“O‘"Np o1 2 x 10 3 x 10 CI (11T 5 %10 -
20, () 8 x 10~7 N T (IL1) 8x10% 1x10%
G1 (s) 5 x 10-7 : ¢1 (8) b x 10°3 -
236?11 Bone é 13 = 9) 21073 )
238 . x 107
Pu a - GI _
EggPu ggge Z x 10 th 7 x ].D-l’+ BOﬂiLLI) 3x10 g -
2¥0py " 5 x 10t 6x10% 3 sx10, ox 1078
zh}Pu ge 6 x 10—-1’1- 8 x 10-1}-6- 3022 5 x 107 g 5 x 10“6
2Lz Bone 3x 20712 3x1032  Bone pxl0, 2= 103
eb3,, ar ?UI.]‘ 6x10% €x10l%  Bone £ x 10 2x10
2uli o ) 9 x 10-% g x 10-8 6T (ULT) 5x 10 5 x 1G”
2455, ne 6 x 10” 6 x 10-11(- 4 x 10” 3 x 104
T 6T (5L1) 1 % 1078 X Bone 5x10%6  kx100
20, gean § - &1 (1LI) 6 x 107 -
1dney, Sp_een 2 x 107 -11
%lagg Kidney, spleen 9 x 1077 xao ;%dr('ey 8x107  Tx10T
213?(: %gzlh Spieen 1x lgi - ;I (S; E X 105 -
23L5C Yy, Spleen 1 x 10 -
z:}l‘Po Kidney, spleen 2 x 102 - ¢1 (8) 3 x 103 -
ZjfPo  Kiduey, spleen 1x 1072 - GI (s) 7 x 103 -
Po  Kidney, spleen 2 x 107% 61 (5) 3 x 102 -
218 - Kidney, spleen 7 x lOo -
Po Kidney, spleen 1 x 1077 ) GI (ULI)
23, Be 1 I w e bx 207 )
232 cne 4 x 10° L x 107F
23 Pa Liver 7x 3072 - - Bore 9 x 10”7 9 x 10'7
23k Kidney Price zri0®  a (o) 6 x 1077 -
21, 6T (8) b x 108 - {LLI) 110 1x10"°
Pa  GT (ULI) 3 x 1075 - GI (8 2 x 1072 -
22 o . 11 I {(ULI) 1x 107" -
22k e x 107 6 x 107
zzsﬁ ggne 2 x 20730 2 x 10710 WBQ;: Tx 10'2 7x 10:%
226 ne sz . Bone 2x107, 2x10
2oghe  Bone 1x20%2 3x2077  Bome 2x wl - g
2 x2072 2 x 10712 lx100g 3x10
_ Bone 3x10? 3 1578
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Tavle 22 {ccntinued)

Critical Inhalation RCG Critical Ingestion RCG
Naclide Organ Ref. 9 Ref. 8 Organ Ref, 9§ Rer. B
|

20T oI (S} 2 x 1072 . GI (5) 8 x 1072

208 1 () 1 x 1076 : 61 (83 5 x 163

2097y Gz (s 2 x 1070 o1 (s) 1x 102

22Tm, Boue 1008 GI (iLI) 2 x 1072

228, Bone 3x10%3  3x1013 Bemie 7 % 107 7 x 106
229y, Bone 2 x 16714 : Bone % % 1077 P
230my, Bene T x 10'1!" 8 = lo"lh Bone 2 %107 2 % 107
2Ly, GI (ILT) & x 10 i 61 (LI} 2 x 107% P
232m, Bone 7z 10 1 x 30712 Bove 2 x 10 2 x 10
233q, ¢t (s) 5 x 107 I (8) 2 x 1003

a3k, Eone 2 x 1079 2 x 1072 6I (1) 2 x 10[7 2 x 1072
232y Fone bx1072 3 x 107k GI (LiI) 3 x 1007 3 x 1075
23% Baze 2z10° 2xa0H 6I (3I) . 3x10¢ 3 x 1072
234 Bone 2x10°2 2 xR g1 (ILI) 3 x 10 3 x 1072
23% Bone 2x1008 2 1078 6I {1LI) 3 =x10° 3 x 1077
236y Bone 2x10"t 2 x10H GI (LLI) 3 x 107 3 x 1077
237y GI (LiI) 3 x 1078 6I (L) 1 x 10°¥

238y Bone z2x100% 3 x10712 GI (1LI) 3 x 1075 i x 1075
3% GI (S) 5 x 107 I (8) 2 x 1073

240y G (1) 9 x 1079 8 x 1079 GI (LLI) & x 1072

\ Ix 10-5
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APFENDIX IT: RADTOACTIVITY AND HAZARD MEASURE OF ZACH ACTINIDE
RUCLIDE AS A FUNCTIONW OF TIME AFTER DISCHARGE FCR
THE STANDARD CASE AND APTER THE €0th HECYCLE
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Table 23. Radicactivity of Each Nueclide as a Fumctlon of Time
After Discherge from a Typical PWR

Radiosctivity” {Ci/metric ton of fuel) arter Decay Times (yr) of:

Fuciide 0 I 10° 10° 10° 10° 10°
e3¢ 1.93-7% L.15-8 7.2%7  6.94%-5  5.54-3  1,17-1  2.90-1
2275 9.70-7 7.47-6 2.38-5 2.£0-5 3.90-5 2.38-4 3.31-4
228, 2.73-12 2.14%-11 3.78-11 1.08-10 1.22-9  1.86-8  1.95-T
27y, 9.0-7  7.37-6 2.35-5 2.56-5 3.85-5 2.35.4  3.27-h
228y, 1.49-3  1.48-% 4.03-5 7.06-9 1.22-9  1.86-8  1.95.7
229, 3.32-8  4.15-8 7.24.7 6.94%-5  5.54-3  1.17-1  2.90-i
230, 1.78=5  2.09-5 3.45-5 3.71-%  3.79-3 2.32-2  5.59-3
g, 7.93-1  8.56-5 8.58-5 8.74-5 1164  3.12-4 3.3k
232, .55-11  3,20-11 3.85-11 1.08-10 1.22-9  1.86-8  1.95-7
233m, 1.83-2 0 0 o o ) 0

23, 3.24-1  1.57-3 1.57-3 1.57-3  1.57-2  1.57-3  1.57-3
LN 2.44-5  2.47-5 2.48-5 2.60-5 3.90-5 2.38-h  3.31-%
232py 3.57-1 0 o 0 ¢ 0 0

233pg 3.23-1  3.40-1  3.45-1  3.68-1  3.74-1  3.64%-1  2.72-1
23hmy, 3.15-1  1.57-3 1.57-3 1.57-3  1.57-3  1.57-3  1.57-3
23hpy 1.25-2  1.57-6 1.57-6 1.57-6 1.57-6 1.57-6 1.57-6
232y 6.07-3 B.69-5 3.92-5 6.77-9 O o 0

233y 8.55-5  1.42.5 1,464 1.53-3  1.56-2  1.29-1  2.89-1
23k 7.52-1  6.71-3 2.60-2 4.65-2  L.5%-2  3.56-2  4,3G-3
€35 1.71-2  3.56-5 8.58-5 8.7-5 1.16-h 3125 3.3h
235, 2.88-1  1.44-3  1.46-3 1.69-3  3.10-3  4.93-3  3.92-3
23ty 8.65+5 0 0 0 0 a o

238 3.14-1  1.57-3  1.57-3  1.57-3  1.57-3  1.57-3  1.57-3
33?3 1.86+7 0 0 c 0 0 0

ahE’U 1.69-15 5.80-1k 6.12-13 6.13-12 6.08-11 5.57-10 2.67-9
2%y, 2.91 0 0 0 0 0 0

BTy 3.3241  3.h0-1  3.45-1  3.68-1  3.7H-1 3.64-1  z2.72-1
238@ 3,96+5 0 0 0 0 0 0

230 1.85+7  1.77#L 1.75+41L 1.61+1 7.1k 2.05-2  2.37-T
2homy - 1.60-15  5.89+1% 6.12-13 6.13-12 6.08-11 5.57-10 2.67-9
Zkoﬂp 3.30+4 ¢ 0 C ¢ o 0
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Table 23 {contimed)

Radicactivity® (Ci/metric tor of fuel) after Decay Times of:
A *‘E——“—SELF

Muclide o 10 10 10° 10 107 10
2%p, 3.9 1.54-% L.79-14 ¢© 0 o 0
23‘8&1 2.7h+3 1,05+2  5,36+1  1,29-1  1.28-19 0 0
239, 3.18+2 1.62  1.67  2.05 %.03 5.651  2.37-7
21‘°?u L7+ bN7 8,9 8.30 3.30 3.24-4  2,67-9
H 1.05+5  3.27+2 4.B8  3.08-1 1.45-1  7.62-5  1.25-37
2htoy 1.38 6.91-3 7.02-3 7.29-3  7.70-3  6.70-3  1.29-3
23, 3.50+5  2.47-7 2.47-7 2.47-7 2477 2.46-7  2.37-T
2hhe 3.69-15 5.90-14 6.12-13 6.1h-12 6.09-11 5.58-20 2.67-9
Mooy 2.23-16 0 0 0 o 0 o
2y, 8.5041  1.58+2 1.hT+2 3.5+ 1.45-1  T7.62-5 0
™ 4,12 3.93  2.60 k4302 6.43-20 o© s
T 7.01+4  3.93 2.6  h.m.z  6.43-20 0O o
3 17621 L7741 L7541 1.61+1  T.1b 2.05-3  2.37-7
Merm 1.30+5  7.67-17 7.96-16 7.98-15 T.92-l% 7.25-13 3.47-12
8%5am 5.47-8  1.72-1L 0 0 0 0 o
252 3705 323 B.s 3,53-2  5.29-20 0 o
A3 5.62 %.53 6,441 2.19-9 0 ¢ 0
25 oo 2.58+3  1.76+3  5.60+41 6.80-14 7.91-1k  7.25-13  3.47-12
zhsm 3341 3.3%-1  3.30-% 3.07-1 1.4kl 7.61-5 0
6y 6.70-2  6.59-2 6.60-2 S.fB-2  1.5k-2  2.73-8  6.35-31
Mo, 2UT-T 277 2MT 27T 2MTT 2467 2,377
2By 8.01-7  8.00-7 8.01-7 8.00-7 7.86-7 6.58-7  1.12-7
290, 2.60-2 0 0 0 0 ) 0
2O 9.35-18  9.35-1% 9.32-1% B8.99-14 6.28-1% 1.74-15 %.66-31
2k93k 3.63-3 1.1k-6 Q 0 o} o 0
&0y 6.50-3  9.35-14 9.32-1% 8.99-1k 6.28-2%  1.7%-15 4.66-31
249¢, 1.09-6  9.79-6 8.20-6 1.39-6 2,804 0 n
20¢ce 3.89-5 2.30-5 1.95-7 B.99-1% 6.28-14 1.74-15 L4.57-31
2her 2.84-7  2,82-7 2.63-7 1.33-7 1.28-100 O 0
e 5.88-5  3.55-6 2.01-16 o© 0 0 0
253ce k,00-5 0 0 0 o o 0
e 1089 798 O 0 0 0 0
253ps 2.90-6 2.60-58 © 0 o 0 0
Total 3.91+7 24143 3.16+2 T7.93+1 2.30+1 2.65+0 3.23+0

®Read as 1.93 x 1077,

PAt 150 days after discherge, 99.5% of U + Pu was extracted.



Table 24,

Hezord Mezasure of Each Actinide Nuclide
After Discharge from a Typical PWR

Hazard Measurel (m3 of HpOfmetric ton of fuel)
after Decey Times (yr) of:

Muclide 0 10 10° 103 20° 10° 1®
2858c 6.43 1.8 2411 2.3e3 1,855 35146 9.67+6
22T p¢ 5.85-1% 3,74 Lo+l 1.30¢1 19541 L.1ge2  1.66+2
228y, 3.04-8  2.38-7 k.20-7 1.20-6  1.35-5  2.07-%  2.16-3
22T, 30141 2.46+2  7.82+2  8.532  1.28+3  7.83+3  1.00+k
228111 2.13+2 2.1+ 5.76 1.01-3  i.7B-b  2.66-3 2,73-2
229, 1.10 .38 2.M41 2.31+43  1.B5%5  3.914+3  9.67+6
230q, 8.58 1,08 17241 1.86+2  1.90+3  1.16+h  2.79+3
B3y, 2.6k45  2.85+1 2.86+1 2.91+1  3.B7+1 1.0z 1.10+2
2%m 1.28-5  1.60-5 1.92-5 5.41-5 6.08-%  9.31-3  9.73-2
e33m, 1.83-2 ) 0 0 0 0 0
zzzm 1.57+k  7.85+1 7.85t1 T7.85¢1  T.8541 7.8+l  7.8641

Pa 2.71+1 2.7+1  2.75+1 2.88+1 L3411 26542 3.68+2
232py 1.15+5 0 0 0 0 0 0
:;31;& 3.23+3  3.40+3 304543 3.68+3  3.7M3  3.6443  2.7243

Uy 3.15-1  1.57-3 1.57-3 1.57-3 1.57-3 1.57-3  1.57-3
=L §.16+3  S.2h-1  5.2h-1 5,241 5.241 5241 5.2h-1
232y 2.02+2  2.90  1.31.  2.26-4 0 0 0
zzzu - L52 4.73-1 BT 55,0841 5.20+2  L4.28+3  9.82+3
o3 U - 2.51+k 2.242  B.6B+2  1.55+3  1.50%3 1.19+3 1.h3+2
236511 5.7142 2,85 2.86  2.91 3.87 1.0641 1.0+

1] 9.61+43  L.Bl«1 L.B7+l  5.63x1  1.03#2  1.34+2  1.31+%
23Ty 2.8811 0 0 0 0 0 0
238y TB5+3 39341 3.9341  3.93+1  3.931  3.931  3.9341
239 1.86+7 o o 0 o o o
2hoy 5.64-11 1.96-9 2.04-8 2.04-7 2.02-6 1.86-5  B8.89-5
&3y » 9.6%¢5  © 0 0 o 0
237 1.11+5  1.23+5  1.35+5 1.23+5  1.25+5 1,21+5  9.06+k
2381"1: 1.33+11 0 ¢ 0 0 0 0
:39 185411 1.TT+5  1.75+5 1.61+5  T.1L+h 2.05+1 2.37-3
e 1.69-15 5.89-1k 6.33-13 6.13-12 6.08-11 5.57-10 2.67-9

o 2.30+4 0 0 0 0 0 0
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Table 24 {continued)

Hazard Measnreb (m3 of H,O/metric ton of fuel)
after Decay Tifies (yr) of:

Nuclide 0 10 10° 163 10" 10 2P
236?1.1 1.16+7  5.13+3  1.60-6 c 0 " 0
238, 5848  2.1147 1.07+7 2.58+%  2.55-14 0 0
239py 6.36+7  3.2845  3.335 b.10+5  8,07+5  1.aB5  k7he2
2hop,, 9.5447  B.0k+5  1.79+6 1.66+6  6.60+5  6.4841  5.3h-k
Zhlpu 5.25+8 1.63+6 2.4b+h 1.54+3 7.23+2 3.81-1 £.27-3h
ZkzPu 2.76+5  1,38+3  1.4o#3  1.46+3 1.54+3  1.38+3 2.58+2
23y, 1.20¢9 8.2k  8.2hb  S.2bk  S.24%  B.21.h  7.904
by, 5.65-8  1,97-6 2.0k-5 2,05-4  2,03-3 1.86-2 8.91-2
2455y 7.42-5 0 ) o o o 0
zl‘lAm 2,157 3.95+7  3.67+7 B.75+6 3.62+4 1.90+1 0
ehzmy 1.03+6  9.83:+5 6.52+5 1.08:k  1.61-1%  0© 0
hzy, 2.38+10  1.31+6 ' 8.7¢+5 L.l z.ibak 0 0
230, BA1+6 B4146 K386 40346 L.7BS 5.2 5.92.2
ey 2,6047  1.53-14 1.59-13 1.60-12 1.58-11 1.45-10 5.95-10
245an 1.82-3 5727 © 0 0 0 o
Ekzcm 1.85+9  1.6245 1.07+5 L.77+3  2.64.15 0 o]
21‘3@; - 1.12+6  9.05+5 1.29+5 4. 38-L 0 0 0
2hhe 3.68+48  2.5148 8,006 9.71-  1.13-68  1.04-7 4,967
5 1.11+7  1.1147  1.10+7  1.02+7  k.81+6  2.54+3 0
thCH 2,23+6 2,236 2.20+6 1,936 5.13+5 9.10-1 2.12-23
Ty 8.24 5.24 /A 8.24% a.24 8.21 7.90
Bh8cm 2.67+1 2,674 2.67+1 2.67+1 2.6241 2.19+1 3.73
29y, 2.60-2 ‘0 0 e 0 0 0
2500m 3.12-6  3.12-6 3.11-6 3.00-6 2.09-6 5.80-8  1.55-23
2hog 1.2142  3.81-2 0 0 0 0 0
250g, 2.17+2  3.12-9 3.11-9 3.00-9 2.09-9 5.80-11 O
k3, 3.63+1  3.26+2  2.73+2 L6541 9.32.7 o 0
250¢p 1.30+3 7.67+2 6.50  3.006  2.06-€ 5.80-8  1.55-23
51ce 9.16 9.3  8.76 L3 4. 27-3 0 0
2520p 1.63+3  1.18+2 6.81-9 © 0 o )
2530¢ 1.33+2 0 0 ¢ 0 0 )
25k0e 3.59-2  2.50-20 0 0 0 o 0
2535, 9.68+1° 0 o 0 o 0 0
Total 6.35+11  3.36+8 T7.27+7  2.TW+T  1.05+7  3.10+7 6.85+7

®Read as k.85 x 107L,
bag 150 days after dischaige,99.5% of Pu + U was extracted,



Tabie 25. Activity of Each Muclide as a Function of Time
After Discnarge After the 60th Recycle

Redicectivity? (Ci/metric ton of fuel) after Decay Times {yr) of:

Faclide 0 10 10° 10 10t 10° 10°

229, 1.77-5% 7.66-8  8.%37-8 B8.74-7  8.93-5  2.00-3 %.96-3
82Ty 1.00-%  5.12-7  6.50-7 2.%-6  1.85-5  1.17-4 1.hh-h
228, $.13-11 3.90-11 8.11-12 7.h2-11 8.%3-10 1.03-8 1.05-7
22T m, 9.9%-5  5.06-7  6.42.07 2.32-6  1.83-5  1.15% 1.42-%
228y, 1.95-2  3.12-h 1,50k 2.60-8  8.43-10 1.03-8 1.05-7
225, 1.53-5 7.66-8 8.37-8  B.74-7  8.93-5  2.00-3 4.96-3
230, 3.10-5  5.37-7  7.19-6  1.38-% 1,443  8.9h-3 3.02-3
23, 1.35-5 8.66-5 8.68-5 8.82-5 1.,00-k 1.1k 1,443
23 m 3.11-10 2.h1-12  8.79-12  T.M2-11  8.43-10 1.03-8  2.07-7
23q 2,411 0 0 0 0 0 0

23y ' 3.15-1  1.57-3  1.57-3  1.57-3  1.57-3  1.57-3 1.57-3
231, 1.05-4 5417  7.06-7 2,36-6  1.85-5 1.16-% 1.hh4-h
232p, 1.50 0 0 0 ) 0 o

233p, 7.31-1  2.67-3  3.10-3  5.58-3  6.37-3  6.22-3 3.36-3
33‘“”1:& 3.16-1  1.57-3  1.57-3  1.57-3  1.57-3  1.57-3 1.57-3
“pg 2.75-2  1.57-6  1.57-6 1.57-6 1.57-6 1.57-6 1.57-6
23y 3.69-2  3.30-%  1.46-L  2.52-8 o 0 0

@33y 5.05-5  3.67-7 1.57-6  1.93-5 2.57-%  2.19-3 3.63-3
23k 7.77-1  %.93-3 L.z  1.77-2  1.73-2  1.38-2  1.63-3
235 1.73-2  B.66-5 8.68-5 8.82-5  1.0l-k  1.M1-% 1Mk
2% 2.87-1 L.4L-3 1443 1.51-3  1.61-3  2.16-3  2.05.3
237?: 8.51+5 0 0 0 0 [¢] 0

238, 3041 1.57-3  L.57-3  1.57-3  1.57=3  1.57-3 1.57-3
23% 1.83+7 0 0 0 0 0 0

3"‘°q 2.84-9  6,22-11 4.97-10 L.8%-9  L4.78-8  4.38-7 2.37-6
236y, k.53 c 0 0 0 o 0

&3y 5.25-1  2.67-3  3.10-3  5.8-3  &.37-3 6.22-3 3.36-3
238y, 6.21+5 o 0 a o 0 0

3%, 1.83+7  1.06-1  1.09-1  1.00-1 k.L32  1.62-5 3.25-6
;‘0 2.84-9  6.22-11 4.97-10 L.BL-9  4.78-8  L4.38-7 2,%7-6

Np 3.21+4 0 o o] 0 0 0
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Teble 25 (continued)

Radicactivity® (Ci/metric ton of fuel) afier Decay Times (yr) of:

Naclide 0 10 10° 109 10% 10” 10°
2%, 9.57-1  L.2l-%  1.31-13 O 0 0 o
2385, 743 3571 L7+l L.64-2 6.91-22 0 0
230y 3.22¢2  1.63 1.63 1.59 1.25 9.33-2  3.39-6
zf‘oPu LBz 2,46 2.56 2.3 9.30-1  9.17-5 2.10-6
24, 1.05¢5  3.28:2 k.59 1.70-2  8.08-3  k.26-6 0
M2y 1.38 6.93-3  6.96-3  T.23-3  8.58-3  T.74-3 1.49-3
2435, 3.5645  3.45-6  3.46.6  3.50-6  3.546  3.52-6 3.39-6
3‘*1’91: 2.85+9 6.22-11 4.97-10 %.8s.7 L.79-8  L.39-7 2.10-6
k5o, 3.69-k 0 0 0 c 0 0
Zhlﬁm 9. 1141 7.11 1.59+1 3.82 8.09-3  L.26-5% 0
zl‘a"‘m L.46 2.13-2 1l.,b1-2  2.33-%  3.48-22 v 0
ey 7.3%+h  2.13-2  1.li-2  2.33-% 34822 o0 0
2h3Am 2.16+1 1.09-1 1.09-1 1.00-1 L. 432 1.62-5 3.39-6
zmAm 1.56+5 8.09-1% 6.46-13 6.30-12 6.22-11 5.70-10 2.73-9
25y 2.17-2  3.36-8 0 o ¢ 0 0
2h20 4484 1.75-2  1.16-2  1.91-k  2.87-22 0 )
2430, 17241 6.6h-2  9.88-3  3.3h-11  ¢© o 0
23‘“‘(:::1 1.35+h L 72+1 1.50 6.30-12 6,22-12  5.70-10 2.73-9
50 3.53 1.77-2  1.77-2  1.70-2  8,07-3 k.25-6 O
Wog, 3.75+1  1.88-1  1.85-1 1.62-1 4.32-2  7.68-8 6.62-26
A 6.91-k 3456 3466  2.50-6  3.54-6  3.52-6 3.39-6
28 121 6.20-% 6,304 6.29-5  6.18-hk  5.17-%  8.79-5
ey, 3.96+3 0o 0 0 0 0 0
#50cn 1.95-6  9.74-9  9.71-9  9.37-9  6.55-9  1.81-10 4.86.26
249g 1.42+3  2.24-3 0 o o ) 0
250m, 2.51+3  9.73-9  6.71-9  9.37-9  6.55-5  1.81-10 %.86-26
s 1.02 2.21-2  1.85-2  3,15-3 6,321l © 0
2% 2.69+1  7.9%-2 6.4k 9.37-9  6.55-0  1.81-10 4.86-26
les 3.03-1  1.50-3  1.k0-3  7.01-%  6.85-7 0 o
252er 3.3142  1.21-1  6.9k12 0O o 5 0
253as 3.4541 0 0 0 0 0 o
25kog 1.7%-2  5.82-23  0© 0 0 0 o
€53gs 3.k141 ) 0 o) o] 0 o
Total 3.80+7  L.32+2 ki1  Bl21 2.39 2,45-1  9.66-2

3pead as 1.77 x 10°°.

Ppt 150 days after discharge, 99.5% of Pu + U was extracted,
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Table 26, Hazard of Each Actinide Nuclide as a Functicz of Time

After Discharge After the 60th Recycle

4

Fazard Measure” (m3 of %O/metric ton of fuel}
After Decay Times (yr) of:

Nuelide o 10 10° 10° 16" 10° 1°
ezsp_c 5.88+2 2 L. 55 2.79 2.91+1 2.98+3 6.66+4  1.65+5
B2 e 5.0441  2.5-1  3.25-1 1.18 9.26 5831  7.19+1
228, 1,606 b7 9.01-8 B.2%7 9.37-6  1.15-h 1.16-3
22T, 1,343 16941 2.1h+1 T2+ 6.0942 3833 57343
228, 2.79+3  bL.46e«l 2.3kl 3.71-3 1.20-F 1.47-3  L.50-2
229 5.00+2 2,55 2.79 2.91+1 2.96+3 6,66+  1.65+5
2300y, 1.55+1 2.63-1 3.60 6.50+1 7.22+2 L b7+3  1.51+3
23lm, L.50+5 2.89+1 2.80+1 2.G4+1 3.35+1 L6+l ko7ol
232qy, 1.71-k 1.236 L ko6 3.72-5 L zak 5.15-3 5.24-2
233m, 2,431 0 0 o ) 0 2
23, 1.57+k  7.86+1  7.86+1  T7.86+41  7.86+1  7.86+1 T.86+1
23lp, 1.16+2  6.01.1  T7.85-1 =2.62 2.06¢1  1.20+2 1.60+2
?3pg 5.02+5 ) o 0 ) o 0
£33ps 7.31+3  2.6751 3.10+1 5.58+41 6.37+41  6.22+1  L4.65+1
23y 3162 1.57-3  1.57-3 1.57-3 1.57-3 1.57-3 1.57-3
23hp, 9.16+3  5.24-1 5,241 5.24-1  5.24-1 5,241 5.24-1
232y 1.23+3  1.10+1  h.87 8.40-4 0 0 o
233 1.68 1222 &.gl-2  6.h2-1  B.ST 73041 1642
234y 2.50+h  1.64+2  3.80+2  5.91+2  S5.78+2 L 61+  B.50+1
235 5.77+2 2.89 2.89 2.94 3.35 k.69 k.79
236y 6.58+3  h.7o+l B.B24l 5,031 6.36+1  7.22+1  T.03+1
23y 28411 0 o 0 0 o 0
238y 7.86¢3  3.9341  3.931  3.934L 3931 1931  3.9%1
239 1.83+7 0 ) ) 0 o Q
2y 9.48-5  2.07-6 1.66-5 1.61h  1.59-3 1.46-2 6.99-2
2%y, 1.51+6 0 0 ) 0 o 0
ZB?NP 1.75+5  B.92+2  1.03+3  1.B6+3  2.12+43  2,07+3 1.55+3
238y, 2.07+11 0 0 0 0 0 c
23y 1.83+21  1.09+3  1.09+3  1.00+3  L.h3+2  1.62-1  3.39-2
2 2.84-¢  .22-11 U.97-10 %.8k9 L 788 L. PB-7 2.10-6
20y 3214k 0 0 0: 0 0 0



Tatle 26 (continned)

Hezerd Messure® (m3 of H,0/metric ton of fuel)
After Decay Tizes (yr) of:

Nuclide 0 10 10° 10° 1c? 10 10°
2365, 3.19+7  1.ho+h L. 37-6 0 0 0 0
238p, 1.ho+g 7.1+ 3.54+6  3.28+3 1,38-1€ 0 c
23%,y 6.7 3.27eE 3.26+5  3.18+5  2.40+5  1.97+k  6.78-1
2hoy, 9.63:17  %.93+5  5.12+5  L4.66+5  1.85+5  1.83+1 4.20-1
zf‘lPu 5.27+8 1.64+6 2.29+%  8.5241 5.oh+1 2.13-2 ¢
232py 2.77¢45  1.39+3  1.39+3  1.45+3  1.72+3  1.55+3 2.98+2
23, 12949 1.15-2  1.15-2  1.17-2  1.18-2  1.17-2 .13-2
2k 9.59-2  2.07-3  1.66-2  1.61-1  1.60 LU+ 7.00+1
245y, 1.232 0 0 o 0 0 0
2, 2.2847  1.7816  3.9846  Q.5h+5  2.0243 1,06 )
Q_L‘z"Am 11246 5.33%2  3.58+3  5.81  B.72-17 O 0
22 245410 7.1143  B.71#3  7.78+#1  1.26-16 O 0

2k 3t 5. L7+6 2,74k B.Tevh Z.50+k .1+ 406 8.48-1
ZMAm 3.18+7  1.62-11  1.26-10 1.26-9  1.24-8  1.14-7 5.46-7
T 7.22+2  1.12-3 ) 0 0 0 )
k2, 2.2440  B.76+2  5.80+42  9.57 1.53a7 0 0
23 3.45+6  1.3g+h  1.98+3  6.68-6 o 0 0
2l 1.98+0  6.75+6  2.15¢5  9.00-7 B8.89-6  8.15-5 3.90-h
W50, 1.18+8  5.85+5  5.80+5  5.67+5 z.60+5 l.kzez  ©
60, 1.25+9  6.25¢6 6.18+46 5.11+6 1.6 2.5  2.21-18
2KTh, 2.30¢h 11242 1.15+2  L.T2 LBtz LTz 1.13+2
e, b.1z+6 2,10+ 2.0+ 2,00k 2,064k L.7e+k 2,933
2490n 3.96+3 0 0 0 0 0 0
2500 6.50+1  3.25-1  3,2b-1  3,12-1 2.18-1  6.05-3 1.62-18
Cacr B.73+T  T.ATHL o 0 0 ) 0
2505, 8.36+7  3.25-h  3.2h-h 3.12.%  2.18-k  6.05-6 1.6e-21
2h9cs U147 7.37+5 60745 1.05+5  2.11-3 ) 0
250, 8.¢7+8  2.65+6  2.25+%  3.12-1  2.18-1  6.05-3 1.62-18
elee 1.0:+7  5.01+%  L.68+h 2.3k 2,284 1.79-29 0O
2520p 1.10410  k.0246 2,31k 0 0 o 0
&53c¢ 1.15+9 0 0 ) ) 0 )
25’*0:’ 5.81+5 1.94-15 0 o] G 0 0
253gs 1,149 0 0 0 0 0 )
Totel T.22+11  3,25+7 1.61+7 7.91+6 2.39+6 1.84+6 1.61+6

%Read as 5.88 x 102.

b

At 150 deys aftey discharge, 99.5% of Pu + U was extracted.
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LAPPENDIX III; HAZARD REDUCTION ACEIEVABLE BY ENHANCED
REMOVAL OF ACTINILE ELEMENTS (REF. 19)

On the basis of the duration of the long-term hazsrd, there is
potential merit in the use of separations processes that will greatly
reduce the losses of uranium and plutonium to the high-level waste and
separate the high-level waste into fission product and actinide fractionms.
The reguired separations processes have not yet heen developed, but it
does appear that secondary trzatment processes can be developed that will
permit overall recovery of perhaps 99.999% of the wranium, 99.995% of the
plutonium, 299. 95% of the neptunium, and 99.9% of the awericivm ané curium.
Also, approximately 99.9% of the iodine., containing the long-lived -isotope
1291 ; can potentially be separated {rom the remaining fission products on

the basis of its high relative volatility.

Figure 4 and Teble 27 illustrate the possible merits of these separ-
ations by comparing the hazard index* and the hezard measure, respectively,
of the wastes from conventional processing of fuel from a typical light
water power reactor with those resulting from the postulated secondszy
treatment. For reference, Fig. 4 also shcows the hazerd index that mey
be associated with the mi_perai pitchblende (which occurs naturally as
pebbles and rocks in Africe and Canada) and a uranium cre containing 0.2%
U308 (which is typical of the large deposits that cccur in the Colorado
Plateau). The hazard index of the waste from conventional reprocessing
decreases rapidly over the first 1000 years {due to the decay of 9081-
and *37Cs) but remeins greater then that of pitchblende for periods
exceeding one million years. The waste resulting from secondary treat-
ment, however, has a kazard index that falls within the ra:nge"qf zaturelly
occurring radiocactive materials after only several hundred years, & time
span for which it is possible to make reliable extrapolations of the
effects of geologice, elimatic, and other natural phencmena. As can be
seen from Fig. 5 and Table 2B, similar conclusions can be drawn if these
separations are applied to wastes Irom reprocessing IMFBER fuels. In each
case, the RCGs calcenlated by LaVerne9 were used in place of the default

values recommended in 10 CFR 20.8

¥
Tre hazard index is based on 2 unit volume of waste. This permits a

direct comparison with the potential hazerd of uranium ores on an
in-situ basis.
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Waile the indicated separations of actinides and fission products
appear to be feasible, i{ is apparent that s large development progrem
would be recuired to reduce these concepts to practice. Separations
vrocesses that are used Ccurrently, wkich utilize solvent extraction and
ion exchange for recovery of small quantities of certain velushle acti-~
nides (zhhcm, 252

given smericium, curimm, and neptunium recoveries in the range of 90

Cf, ete.) from speciaily irradisted materiale, heve

to 99% and plutonivm recoveries of akout 99.5%. Since these processes
were origipally interded for recovery of tne actinide vealues end not
for alileviation of the high-lewel wasie prublem, litile or no effort
was xade to achieve higher recoveries or to reguiste the amounts and
types of chemical reagenis for cptimm waste handlipg,

In order tc evaluate the practicality of such 2 waste management
system, a comprehensive development progras is needed (1) to solve
problems that are obviscus frum past experience, (2} to increase the
repoval of these actinides to the desired level, {3) to determine the
most deslirable method to integrate the needed process ¢ycles inte cnre
overall system, (4) to choose chemicel processes and reagents that
minimize high-lev2) waste problems, sud (5) tc Getermine the ccmposi-
tion of intermediate-level waste stresms thet will be generated and
wgys to recycle these streams.



