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ABSTRACT

The time evolution of radiotoxicities of spent fuels
and high~level wastes have been calculated up to 107
years, in the framewark of the racent I.C.R.P.-48
guideline, in which the ratioc dose/ingeasted-activity bhae
been divided by 10 for Fp, multiplied by 10 for Pu and by
2 for Am, Cnm 'and. Cf, with respect to the previous
I.C.R.P.-30 values. In the case of burn-up extension of
the standard 383,000 MVd/t enriched uranium fuel, and in
the case of plutonium recycle in light-water reactors,; one
shows that the spent fuel radiotoxicity is now dominated
by its plutonium content, most of the time up to about 10%
years. Possible incineration effects are discussed within

these twao fuel cycle options



1, Introduction

For many years, oxtensive work has been done on
radiocactive material.s decay characteristics, such as
igsotopes and chemical icventories, heat emission and
radiotoxicity. Most studies refer to milling wastes, spent
irradiated fuels and reprocessing wastes related to thg
use of light water reactors with no recycle of uranium and
piutanium, and to a less extent, with recycle, as well as
to those wastes coming from other types of reactor (fast
neutron breeder, Magnox and Candu ) (see e.g ref.l-4).
Moreover, most of the radiotoxicities were calculated in
the framework of the first ‘I.C.R.PA—2/6 guideline
(refs.5,6>, published by the International Commission on
Radiological Protection, and in a few cases (refs.7-9> in
the framework of +the recent I.C.R.P.-30 guideline
(r@f.10), In a near future, the latter one will be taken
ags the basis for nuclear safety and radioprotection
regulations.

The present study has been initiated during the work of
the so-called *"Castaing Commiseion” <(refs.11,12), " an
official panel of experts of varicus origins. chairad by
Professor R. Castaing, which acted during the period 1981-
1984 as an advisory committee for the "Conseil Supérieur
de Sireté FNucléaire” (C.S; S. ¥ on the subject of
irradiated fuels and radiocactive wastes management. At
that time the study wae conducted in arder to assess the
impact of various -gschemes of mninor actinides extraction

(neptunium, americium and curium), on the long-term




radiotoxicity of the resulting high level wastes (ref.12).
A caomparison was maxde between the standard pressurized
water and the fast neutron reactors at an average burn-up
of 33,000 and 75,000 MVWd/t* respectively. The present
wark** deals now with the characterization of the
radiotoxicity of high level wastes (HLW) and spent fuels
praduced: .

- first in the case 0f the use of fresh enriched uranium
in a pressurized 1light water reactor at an extended
average burn—up of 45,000 Mwd/t.

- secondly in the case of the first recycle of
plutoniun, that is to say the use of mixed oxide fuels
{NOX fuel: UOz2 - PuDa), in the same type of reactor and at
the same average burn-up.

As a matter of fact, since the U.S. decision in 1976 to
defer reprocessing 1ndef1ni€e1y, there has been a
continuous incentive to extend the average discharge
burn-up to values higher than the current one of 33,000

MWd/t, Whereas at that time, saving uranium was probably

() ; MWa/t (Magawatt (thermal)#*day per metric ton of
heavy metal) is the usual unit of burn-up of a discharged
fuel.

(##) : This work is part of a scientific program on
reprocessing and radioactive waste management, supported
by the Centre National de 1la Recherche Scientifique

(C.F.R.8.).



the basic reason for such an extension, it appaars‘naw,
with the decrease of uranium price since 1981, that the
major incentives are reactor availability and operationnal
caost as wall as psersonnal exposure decrease, through'
larger raactor c¢ycle lengths (see e.g. refs.13,14). FV:Lth
an average burn-up o.f 45,000 MVdst, contemplated now by
the French electrical utility, Electricité de France
(E.D.F), for some of its reactors (ref.l15), the cycle
length could in principle be increased from 12 to 18
months.

On the other hand, the use of plut.:nn:l.um as fisesile
material in therm'al reactors has been considered since the
1950's, 1.e since the 1launching of this reacfor line.
Videly and openly discussed during the 70's in the U.S.
with the G.E.S.M.0. exercise (ref.16), plutonium recycle
~remained since at an experimental and marginal stage, due,
in particular, to lack of reprocessing facilities and also
because of the generally accepted view that plutonium
should be used in fast neutron re.actors, in a much more
efficient way. It appears that this situation might now
evolve (see e.g refs.14,17), at least outside the U.S.,
with the recent success, as far plutonium production is
concerned, of the reprocessing plant UP2-400 at La Hague
(France) and the prospect of large facilities in various
countries such as the U.H. (Thorp), France (UP3), the
F.R.G. (Vackersdorf) and Japan (Aomori). Vith the expected
availability of significant quantities of plutonium at a
time when there is a general slowing-down of fast breeder

programe <(see e.g. ref.17), including in France, some



electrical utilities, in Europe and Japan, consider now
using mixed oxide fuels, to a limited axtent, as partial
substitute to U-235 in their actual fuel assemblies.

The present study aims at svaluating thae long~term
radiological impact associated with these fuel cycle
options, which very likely will. reach an industrial stage
in a near future. The waste fruducts of high activity,
generated in these two options, are aof two types: spent
fuels in the case of an open cycle, and high level wastes
(ultimately in the form of vitrified glasses) in the case
of reprocessing, the difference being that, in the latter
option, practically all fhe uranium and plutonium have
bees removed. The amount of waste products -0of each type
will depend on many factors: decision to reprocess high
burn-up fuels in order to recover the plutonium content,
decision to proceed with further plutonium recycle in
light-water reactors <(use of the second generation
plutonium) or to use 1t for a fast breeder program.
Although for the time being, 1t appears that spent HOX
fuels will ©be stored after one recycle without
reprocessing, radiotoxicity decays of both spent fuels and
high level wastes will be presented in this work.

Vhereas most previous calculations used earlier
radiological data (refs.5,6?, this work takes intg account
the last I.C.R.P.-48 values <(ref,18), which include
subastantial changes ,with respect to the I.C.R.P.-30

(ref.10), for evary trapsuranians radiotoxicity.



2, Nuclear waste radiotoxicity and the

I1,C.R,P, recommandations

The laong-term radiological risk is associated with the
possible release into +the biasphere of radiocactive
substances which have been dumped in a final disposal
site. Thé world-wide adopted solution for <the nuclear
wastes generated during post-fissiaon aperatiomns, lies in
the <final subgsurface and deep ‘geological disposal of
either the spent fuels or all the wastes produced first
during the reprocessing of these spent fuels (vitrified
glasses, low and medium active wastes) and secondly during
the possible subsequent use of the extracted plutonium and
uranium.

"Two types of risk are usually considered:

- the potential or maximum.risk directly associated with
the possible ingestion, by a group of persogs, of the
entire content of +the wastes, mainly through drinking
watar. -

= the real or residual risk which takes into account all
the artificial and geological barriers which, to a large
extent, can reduce the amount of radionucleides reaching
human beings at various times of the future.

The . potential risk is a useful caoncept, when one wants
to compare long-term radiclogical risks for different
reprocessing parameters (2.8. cooling times  before
reprocesaling, axtraction performances of certain
radionucleides such as long—-lived alpha-emitters), or for

different fuel c¢ycle options, as in the case of the



present work. We therefore have calculated the potential
risk of the two types of wastes produced in the *two
options mentioned abova, as well as in the standard rcase-
at 33,000 MWd/t.

Vhereas real risk estimations finally depend on many
geological, geophysical and geochemical parameters, as
well as on transfer models, the potential risk results
from the knowledge of the waste inventories and of the
radiological impact of each radionuclelde after ingestion,

The latter can be easly deduced from the annual limit
of intake by ingestion (A.L.I.> of each radionucleide.
These limits, published in the recent I.C.R.P.-30
guldeline <ref.1Q), concern the people working in the
nuclear industry and therefore correspond to an annual
equivalent dose limit of 5C mSv (1 Sievert= 100 rems).
With respect ta the previous A.L.I. given in the
I.C.R.P.-30 (ref.10>, important modifications concerning
all the transuranians have now been introduced. From
recent metabolic studies, it has been proposed, in the
I.C.R.P.-48, that the fractional absorption from the
gastrointestinal tract for population exposure to all
compounds, should be taken equal to f1 =10-2 for Np, Pu,
Am, Cm and Cf. This £fallows from the Iact that the
radiological impact of neptunium was largely
averestimated, in the previous I.C.R.P.-30, by roughly a
factor of 10. The inverse situation was found for
plutonium for which an increase of severity by a factor of

10 has been adopted. On the other hand, the radiotoxicity
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increases by a factor 2, for americium, curium and
californium.

Because one is dealing here with lohg-term risks, one
has to divida.by 10 these A.L.I. values, in order to take
into account the 5 mSv annual limit for the public. Some
values of A.L.I.,together with half-lives, are reported in
‘table 1.

The radioctoxicity T. of a radionucleide i of activity
Ay can then be expressed b}" Ta = Aa/CA.L.I.>2 . The total
radiotoxicity T(t) of a waste containing various
radionucleides 1 of activity A.(t) at time t, is therefore
obtained by summing over all the ilsotopes 1i:

'i‘(t> = La As(t)/CA L. 1)
where the A.L.I. coefficients refer to the public.

Since the final goal of power reactors is to produce
electricity, all these quantities have been divided by the
amount Q of electricity produced (in units of GV(e)#yaear,
which corresponds to the annual production of a 1000 NW(e>
reactor operating at 100 %>. The energy conversion
efficiency of the reactor has been taken equal to 1/3.
Noreover, this normalization seems a proper way to compare
different fuel cycles or different parameters within a
certain fuel cycls, with respect to long~term
radiotoxicity., We bhave given the total radiotoxicity
R=T/Q, normalized in this way, together with the partial
radiotoxicity of the chemical elémants which are the major
contributors through one or more of their isotopes. As
pointed out by W.Bocola (ref.19), +thig approach 1isg

Justified by the fact that transfer properties through
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artificial and geological barriers depend directly on the

chemical elements inventory.

3, The computer program for decay studias
of radioactivity and radiotoxicity, arnd the

input data

A computer program called ISODEC has been written for
the Univac-1100/92 computer of the Univeraity of Paris-
Sud. I+t solves the Bateman's equations (ref.20), which
govern the radioactive decay of a set of nuclei coupled by
radioactive decays. The aexact solution of these equations
can easly be obtained using +he Laplace transform, a
well—known'method which turns out to be well suited for
computer writing. Because one is interested in the
long-term radiotoxicity, all the nuclel from californium
to bismuth have been included, as wall as those fission
products which have a long lifetims (Tc-99, I-129 and Cs-
135). Moreover, the isotopas Sr-90 and Cs-137 have alao
been considered because of their important contribution to
the short term radiotoxicity., A special subroutine
determines all the decay chains involving each of the
tranauranic nuclai, by firset eselecting those which are the
beginning of one of these chains. For each isotope and
chemical element, constituting the waste, the program
calculatas the activity, the number of nuclei, and the
radiétuzicity as function of tiwe, up to 10" years. The

progran takes aleo into account the reprocessing that may



take place at a certain date, and therefore it can handle
various types of wastes (spent fuels, HLV, low and mediun
active wastes). Finally, a few other features have been
built in the program, such as the possibility of making
direct comparisons of the studied type of waste with a
standard type (e.g. the 33,000 MVWd/t fuel cycle).

The input data, i.e, the isotopic composition af the
discharged fuel, have been taken from {ntermnal reports of
the Commissariat a 1'Energle Atomique (C.E.AD
(refs.21-25). In these reports, the evolution af the
iscotopic composition of a fuel during its irradiation in
the reactor is calculated with the computer codes APOLLO
(for +the +transuranians) and PEPIN <(for the <fission
products). The fuel parameters taken in these reparts are
those af realistic fuels that E.D.F. plan to use in the
near future, Thése codes have been developed by the C.E.A.
{refs.26,27). The other data <half-lives and

radiotoxiéities) have been taken from refs.10,18 and 28.

4, General results and remarks

The three types of irradiated fuels, studied in this
work under the labal A,B,C, are or will be discharged from
the pressurized water reactors currently aperating ip
France. Fuels A and B use anriched fresh uranium, and
correspond respectively to the standard average burwL -up of
33,000 NWd/t, and to an extended average burn-up at 45,000

MVd/t. Fuel C uses mixed oxide at an average burn-up of



45,000 MWd/t. The plutonium laoaded in the latter is
extracted during +the reprocessing af Juel A, The
reprucessing parameters (a cooling time of 3 years and a
removal efficiency of 99.9, 2.3 and 99.6 % for uranium,
neptunium and plutanium respectively) ara the expected ane
for the future plant UP-3 at La Hague <(France)> <(ref.12).
No further recycle of the plutonium has been taken into
account, =ince one recycle only is contemplated at the
present time 1in the Freanck program. . The isotopic
composition of these three types of fuel, when thay are
being loaded in the reactor, is given in table 2.

Concerning the radiotoxicity decay of the 3 types of
spant fuels A,B and C, three different time periods can be
considered on figs.la to 3a: the first one, the short
range period lasts about 500 years; the second one, the
Qedium range period, lasts from about 500 years to 500,000
years; the third one, the long range period 1s. beyond
500,000 years.

" Up to 500,000 years, and for the three types of fuels,
the radiaotoxicity is dominated by the various plutonium
isotopes (Pu-241 and Pu-238 for the first few hundred
years and then Pu-23% and Pu~-240>. The relatively lang
lifetime fission products do not contribute significantly
to the radiotoxicity of the spent Iuels.

Beside the major contribution of plutonium, the
radiotoxicity, during the first short term range, is
dominated by Sr-90 and then by Am241 in the case of fuels
A and B. In contrast, the radioctoxicity of fuel C is

dominated by curium and americium, because of much larger
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capture effects on the initial plutonium content of the
fuel and of a lower strontium thermal neutron fission
yield with Pu-239/241 as compared with U-238.

During the medium term range and after a certain period
of time over which americium dominates or is equivalent to
plutonium, this latter element dominates completly the
radiotaxiciy of the fuel. '

Afterwafds, anebobéérves the increasing contribution of
neptunium (produced essentially by Am-241 o-decay) and of
the various ather decay products (Pb, Ra, Th and Pa) of
the transuranic nuclei.

The plcture is of course completly different for the
HLW (figs 1b to 3b), for which four periods of time can be
observed: the {first ome, up to few hundred years, is
dominated by strontium, the nexf ones by americium (few
10% - 10® years), plutonium <{few 102 - 10%® years) and

neptunium ¢ after few 10% years)
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S, Discussion on the radioclogical impact of

the two fuel cycle options B and C

5.1 The case of extended burn-up

The impact on the radiotoxicity of the burn-up
extension can be geen on fig. 4, which represents the time
variation of the ratio:

Fo,a{t)= Rult)/Ralt)

of the normalized radiotoxicities Re(t)> and Ra¢t) in the
case of an open cycle {(spent fuels) and in the case of
repracesaing (vitrified glﬁsses?. One eees (fig.4> that at
short term, the radiotoxicity of the discharged spent fuel
of type B is approximately 20% higher than that of type A.
Afterwards the difference decreases, vanishing after about
300 years; +the radiotoxicity of +type A then becomes
slightly larger. This can be explained in the following
manner: +the high burn-up produces larger quantitieés of
heavier isotopes (Pu-241, .Cm—-242, Cm-244> of relatively
shorter half-lives. HNoreover, there 1is an effect on the
increase o: radiotoxicity, due to the a-~decay of Cm-242 to
Pu-238 <(see the A.L.I. walues in tab.1). Beside, the
presance of curium bhas a short term effect on
occupationnal exposure <(see e.g. ref.29). When these
affects disappear, the radiotoxicity is due .tu the
isotopes Pu-239/240, which are siightly higher under low
burn-up conditions. After a long period of +time, the
radiotoxicity of fuels A and B fluctusies according to the

presence of the lighter elements in the different chains.



In the case of vitrified glasses (fig. 4), the
conclusions are different. Because plutonium is now
removed, the radiotoxicity of fuel B remains always
higher, due to larger gquantites of ericium and curium
at the time of discharge. These relatively short-life
nuclel are responsible for the long-term and very
long-term radiotoxicity . tbrough their decay products

(essentially neptunium and plutonium’.

5.2 The case of the uce of mixed oxide

There are two approaches in assessing the long-term
radiological impact of the utilization of plutonium oxide
as a fuel instead of wuranium oxide in light-water
reactors. The first one considers an open fuel cycle
option, without reprocessing, for the fuel A, and
therefore the C option as independent of A. In the szcond
one, the two options are treated together in the sense
that reprocessing of the spent fuels A producés the
plutonium partly consumed in the fuel cycle C. '

In the first approach, the comparison between the two
fuel options A or B without recycle is represented by the
time variation of the ratio:

Fe,s{t)= Rc(t)/Rult)
where one hAs taken the fuel B as refereace in order to
make the comparison at the same average burn—up of 45,000
MWd/t. This ratio is represented on fig.5. Because of a
large plutonium content in the fuel C when loaded in ~ the
reactor, the radictoxicity of the MOX spant fuel remains

larger by a factor varying between 3.3 and 4.6, up to 10%
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years. This enhancement i& even more important if one
compares HLV in the same way. As in the previous case of
§5.1, this is directly related, through their decay
products, to the larger quantities of curium and americium
which are not ;‘omvod during reprocessing.

In the second approach, one takes into consideration
. the incineration effect introduced by the use of mixed’
oxide. B

One can first wonder wether recycling plutonium in a
light-water reactor has a direct incineration effect, as
far as radiotoxicity is concerned. For this purpose, one
considers the time variation of the rat;u. of the
‘radiotoxicity of the spent fuel C to the radiotoxicity of
the same non irradiated fuel Co, radiotoxicity which is
largely dominated by the initial plutonium content
(fig. 6):

Fec.colt)= Re(t)/Reolt)

One sees the influence of shart lifetiﬁe isotopes (Cm—
244s242, Pu—-241/238) during the first short term period,
responsible for an increase of the radictoxicity of the
spent fuel C with respect to that of the non irradiated
fuel Co. The 1incineration effect becomes slightly
beneficialh between few 100 years and about 10®. This is
due of cource to the long—period 'plutanium isotopes
incineratiaon. After 10%, the relative radiotoxicity
increase is due to neptunium ant?l the end chain products,
which are more important in the spent fuel. However at
this time of +the future, the radiotoxicity has been

reduced by some order of magnitudes. One can hardly speak
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of an important incineration aeffect. Thig is not
surprising, considering the short irradiation +time (3
years). As it is known, nmuch longer irradiation timas are
needed to obgerve a significant incineration effect, which
means in practice the need for more than one recycle.

Secondly one can even .onsider the whole operation of
fuel cycles A and C. Indeed, one notices that the amount
of plutonium needed for one metric ton <(Mt)> of fuel C
comes from the reprocessing of approximately 6.8 Mt of
spent fuel A, One has naglected the elapsed time, of the
order of 2 years (rcfs.24.25), batwaen the sepa.rat:l.m-a of
that plutonium and its uﬁilization, as well as the time of
irradiation in the reactor (3 years), because one is here
concerned with long term effects. By coupling both fuel
cycles, the normalized radiotoxicity Rea(t> can be
expressed by the following relationship:

Rea{t)= Teal(t)/Qca
where Tem(t) represents the net "production” of
radiotoxicity during the operation of 6.8 cycles A to
produce the needed plutonium and one cycle C, and Qea the
total amount of electricity produced.
Tea(t)= 6.83Ta (L) +[ T (t)«Tecol:)1
Qea= 6, 88Qa+Qc

As in the case of extended burn-up, one can now compare
this closed fuel cycle (A+C), with only one recycle, to
the open fuel cycle (A), using the time variation of the
ratio

Fewm,a(t?= Rea(t)/Ralt)
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This ratio (fig.7) evolves over time in a way similar

the extended burn~up <(fig.4>. The

to the ome of
after 100 years can be

incineration eifect observed

explained in the same way.
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€, Sonclusion

Taking oply into account potential riske expressed by
the number of A,L.I., content of a waste, associated with
the production of a certain quantity of electricity, soma
general conclugions can be drawn.

The radiotoxicity of the three types of spent fuels
considered in this work, is now completly dominated ‘by the
plutonium up to some 10* years. Thie, of course, is due to
the recent anhancemant by a factor 10 of the plutoniunm
AL/ I.. Ae a matter of fact there has been a continuous
increase of severity for plutonium from +the first
I.C,R.P.-2/6 to the recent I1.C.R.P.-48. On the other hand,
neptunium, whose impact was largely overestimated in the
I.é.R.P.-SO, "has a significant contribution to the total
radiotoxicity only after 10€ years, and at that time it
becomes equivalent to that of the end chain products.

Burn-up extension without reprocessing, shows a slight
increase of radiotoxicity up to about 300 years and then a
beneficial effact on long—term radioctoxicity.

Aa far as MOX fuel is concerned, the radiot‘oxicity o:é
spent fuels <(per ton or per GW(e)#year) produced wi;th
.plutonium firat recycle 1s higher than the corresponding
values of the 45,000 MWd/t UDa fuel cycle, by a
substantial factor of the order of 4. A <factor even
higher, of the order of 10, is obtained if one campares
HLV in the same way. Thi& points out the interest of
removing minor actinidee in the reprocessing of MOX spent

fusls (see e.g. ref.12>. Nevertheless one can consider
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that, using plutonium in MOX fuel, has an effect on
reducing the radiotoxicity. With respect to this poin*
two scenarios can be examined: ' .

In the first scenario, nne considers that large amounts
uf plutonium are available as nuclear wastes of high
radiotaoxicity and that the aim of using them is, among
others, to destroy-a part of their radiotoxicity. If a
large amount of radiotoxicity 1s effectively present in
MOX spent fuels, this is partially due to ther initially
loaded plutﬁnium i# the reactor. The glaobal effect u; the
irradiation has been shown to be beneficial after a
relatively short period of time, as far as radiotoxicity
is concerned, especially if one keeps in mind that
electricity has been simultanecusly produced.

In the sacond acenaria, one takes into account the fact
that the MDX fuel needed for one light-water reactor
cycle, will practically be obtained if plutonium is
extracted from a certain number of reactor cycles at
33,000 Mwd/t. The global radioctoxicity, resulting from
this plutonium production in these light-water reactors
and from the MOX spent fuels, can be directly related to
the total amount 6£ electriclty produced. This is the case
if the wh;lc operation was planned in a global manner. It
has then bYeen shown that the global effect is similar to
fhe one obtained by Just increasing the burn-up from
33,000 MWd/t to 45,000 MVd/t without reprocessing.

One must however emphasize that in comparing long-term
radiological effects of different fuel cycle options, one

hag to take into account all the wastes <and their
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management) produced 1in the possible post-fissieon
industrial operations. In the case of plutonium .recycle,
these operations (reprbcassing, nixed—~oxide fual
fabrication) are known to generato various other types of
s0lid wastes of low and medium activity, which contain
some plutonium at a usually very 1laow concentration,
depending on the performances of these operations. A more
complete comparison should also take this into
consideration. Finally, one must "be aware af possible
short term radiological impacts, because of the use of
large amounts of plutonium in reactors, since in
particularly, the radiotoxicity of the corresponding fuels
is higher than the U0z fuel before, during aad after

irradiation in the reactor.
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Table -1~
Isotope Half-life M.P.C. AL.I, A.L.I.
(year) (Bq/m®> {Bq’ (Bgy

{refs.5,6) (ref.10) {ref, 18>

Sr-90 y 28.1%5 1.5 10« 10= /
Te-99 2.14 10= 1.1 10® 107 /

I-129 1,57 107 7.4 10™ 2 10+ /
Cs-135 2.95 10%= 3.7 10% 3 10* 4
Cs—137 30.154 7.4 10% 4 10% /
Np-237 2,14 10% 1.1 16‘ 3 10= 3 10=
Pu-238 a7.7 . 1.8 1o0% 3 10« 3 10=
Pu-239 2.41 10+« 1.8 10% 2 10+ 2 10*
Pu-240 6.59 102 1.8 10% 2 10+ 2 10=
Pu-241 14.4 . 7.4 10% 1lo0% 10%=
Am-241 432.6 "1.5 10= 5.2 10@ 2.6 102
Am~243 7.38 10> 1.5 .10% 5.2 10> 2.6 10=
Cm-242 . 448 7.4 10%= 2 10= 10=
Cm—244 18.11 . 2.6 10% o 102 4.5 10=

Half-life, Maximum Permissible Concentration® and
Annual Limit of Intake'®.'®, for adults of the public, of
the major transuranians and of the fission products
contributing significantly to the radictoxicity. These
limits are the most restrictive ome witha respect tao the

chemical forn.
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Table -2~

Isotope Fuel-A Fuel-3B Fuel~C

33, 000 45,000 45, 000 ,

XWd/t Mwd/t Xvd/t
U~-23% 3.25 4.9 0.711
U-238 96.75 85.95 99. 284
U-total 100, 100. - 94,
Pu-238 ' 1.7
Pu-239 58.1
Pu-240 22.3
Pu-241 11.3
Pu-242 5.4
Am-241 1.2
Pu/Am-total 0. Q. 6.

Isotopic and chemical composition of the three types of
fuels at the time of loading in the reactor. The other
uranium isotopes have been neglected. The presence of
Am-241 in fuel-C 1s due to the decay of Pu-241 during the
time which elapses between the plutonium extraction from
the spent fuel-A and the reactor loading. This time span

is of the order 2 years.
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Fig.1: Normalized radiotoxicity of spent fuels (l.a) discharged from
a 33,000 Mwd/t light-water reactor, and of the corresponding HLV
(1.b>, with that of some chemical elements. The reprocessing
parameters are the <following: cooling time 3 years, remving'.

efficiency U: 99.9 %; Np: 2.3 %; Pu: 99.6 %.

Fig.2: Normalized radiotoxicity of spent fuels (l.a) discharged from
a 45,000 M¥Wds/t light-water reactor, and of the corresponding HLW
(1.b>, with that of some chemical elements. Same reprocessing

parameters as in fig.1l.

Fig.3: Normalized radiotoxicity of MOX spent fuels (l.a) discfmrged
from a 45,000 MVWd/t light-water reactor, and of the corresponding HLW
{1.b), with that of some chemical elements. Same reprocessing

parameters as in fig.1l.

Fig.4: Ratio of normalized radiotoxicities of spent fuels at 45,300
MV¥d/t and at 33,000 MWd/t, discharged from a light-water reactor. The

sane ratio is also given for HLV.

Fig.5: Ratio of normalized radiotoxicities of MOX spent fuels at
45,000 MWd/t and UOz spent fuels at 45,000 MVd/t, discharged from a

light-water reactor. The same ratio is also givén for HLW.
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Fig.6: Ratio of normalized radiotoxicities of a MOX épent fuel at
45,000 NVd/t and of the same DX fuel non irradiated. This gives the

simple incineration effacts (cee text).

Fig.7: Ratio of average normalized radiotoxicities of a NOX spent
fuel at 45,000 N¥d/t + of the corrasponding UQz HLV and of the UOa2
spent fuels light-water reactors at 33,000 MVd/t. This gives: the

global incineration effects (see text).



A

10

10 10
Uo2 FUEL 33000 MWdrt U02 FUEL 3300C MW/t
19 13
£ total 5" [_total
3 : Pu
3 10" 31011 l 5r |
. - [ S
T " Cs
hrd Wl ] ul
;:10 ;510 L &m
F3 10“ | z 10”
10’} 10’}
[ Np
[
10 10 V]
Ro
w0’} 10’} T\
I ) U
. —{ =t \
w0 1w’ ' w0 w0t w0t ' W w0 10 1wt w0’ w0t 1w’
Dacay time afler discharge from reacler (year) Dacay lima aflar discharge from reactor (year)

Fig.}: MNormalized radiotoxicity of spant fusls (1,a) discharged from 2 33,45 Wd/t light-uatar
raattor,and of the corrasponding WLV (1,b), with that of some chamical elemantis, The reprocessing
paranaters ara the folloving: cooling tise 3 years, removing efficiency U: 99.9 §; ¥p: 2.3 3; Pu: LR



UO0?2 FUEL 45000 MW/t UO2 FUEL 45000 MWt
- u" { Tatal ™ 10" otal
¢ mm s P~
3 . -Cm 5 m
2 0" R 20 o
g = a s
:; w0 im : il e
a4 <
Z 0"} Z 10%
10’ '
Np Ne
w0} 'l =
"_‘1u
w0’} (] 1’ \
1 / I \//
P T \ W /e G\ T A —L ~

©* w0 w0 w0 10 10 '

Dacay lime after dischorgd irom roacler (yoar)

7

' 1w w0 1’ ' 1" 0
Docay lime aller discharge Iram caacler (yowr)

Fig,2: Mormalized radioloxitity of mpant fusls (1,3} discharged from a 46,000 Wd/L light-vater raactor,
and of the corresponding HLV (1,b), with ihat of soms chamical elemants, Sase raprocessing paraasters as

in fig.1,

&

10

7



per GW{e)myer

Nb of A.L.L

10" 101‘

U/PU FUEL 45000 MW/t r U/PU FUEL 45000 MW/t
. Jotal “ \Total
. !
10 C 10
g M e
A x
= A
10" 20" | >
~ Sr N
Cs & Cs
1011 .TE 1011
P
10" Z 10*
10’ 0’
1) u
/ [
10 L 10
Np - Vfa e Ra
Pb
w0t 10’
1 - L
) NA 7 A\ /]
Te , R WwaYv.d \A R . Tc 4
w0 w0 ot w10t w0t 10t w0 w0 w0 w0 w0t w0t et
Dacay time afler discharge from reactor (year} Decay lime after dischargs from reactsr (gear)

Fig,3: Normalized radiotoxicity of MOX spent fuels (1,a) discharged from a 45,000 Wi/t light-vater

reactor, and of the corrasponding WLV (1,b), with that of some chamical slesants, Same reprocessing
paranaters as in tig,1,

10



Relative radiotoxicily

Uog FUEL 45000 MWd/t

HLW

spent fuel

é 107

100 100 10f 10 0t c1w0® 10
Decay time after discharge from reactor (year)

Fig.4: Ratio of norealized radiotoxicities of spent fuals at 45,000 M¥d/t and at 33,000
Md/t, discharged from a light-water reactar, The same ratio is also given for HLY,
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