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ABSTRACT 

The time evolution of radiotoxicities of spent fuels 
and high-level wastes have been calculated up to 10 7 

years, in the framework of the recent I.C.R.P.-48 
guideline, in which the ratio dose/ingested-activity has 
been divided by 10 for Hp, multiplied by 10 foi- Pu and by 
2 for Am, Cm and Cf, with respect to the previous 
I.C.H.P.-30 values. In the case of burn-up extension of 
the standard 33,000 HVd/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 s 

years. Possible incineration effects are discussed within 
these two fuel cycle options 

i 
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1 , Introduction 

Far many years, extensive work has been done on 

radioactive materials decay characteristics, such as 

isotopes and chemical inventories, heat emission and 

radiatoxicity. Most studies refer to milling wastes, spent 

irradiated fuels and reprocessing wastes related to the 

use of light water reactors with no recycle of uranium and 

plutonium, and to a less extent, with recycle, as well as 

to those wastes coming from other type3 of reactor <fast 

neutron breeder, Magnox and Candu > (see e.g ref.1-4). 

Moreover, most of the radiatoxicitles were calculated in 

the framework of the first I.C.R.P.-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 

(ref.10). In a near future, the latter one will be taken 

as the basis for nuclear safety and radioprotection 

regulations. 

The present study has been initiated during the work of 

the so-called "Castaing Commission" <refa. 11, 12>, an 

official panel of experts of various origins, chaired by 

Professor S. Castaing, which acted during the period 1981-

1984 as an advisory committee for the "Conseil Supérieur 

de Sûreté Nucléaire" (C. S. S. H) on the subject of 

irradiated fuels and radioactive wastes management. At 

that time the study was conducted In order to assess the 

impact of various -schemes of minor actlnides extraction 

(neptunium, americium and curium), on the long-term 
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radlotoxicity of the resulting high level wastes <ref.l2). 
A comparison was made between the standard pressurized 
water and the fast neutron reactors at an average burn-up 
of 33,000 and 75,000 XWd/t* respectively. The present 
work** deals now with the characterization of the 
radiotoxicity of high level wastes <HLV> and spent fuels 
produced: 

first in the case of the use of fresh enriched uranium 
in a pressurized light water reactor at an extended 
average burn-up of 45,000 HWd/t. 
- secondly in the case of the first recycle of 

plutonium, that is to say the use of mixed oxide fuels 
CHOX fuel: UOx - PuQa), 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 Indefinitely, there has been a 
continuous incentive to extend the average discharge 
burn-up to values higher than the current one of 33,000 
HVd/t, Whereas at that time, saving uranium was probably 

(*) KWd/t «Megawatt(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 la Recherche Scientifique 
(C.H.H.S. ). 



the basic reason for such an extension, it appears now, 
with the decrease of uranium price since 1981, that the 
major incentives are reactor availability and operationnal 
cost as well as personnal exposure decrease, through 
larger reactor cycle lengths (see e.g. refs.13,14). With 
an average burn-up of 45,000 KVd/t, contemplated now by 
the French electrical utility, Electricité de France 
(E.D. F), for some of its reactors (ref.15), the cycle 
length could in principle be Increased from 12 to la 
months. 

On the other hand, the use of plutonium as fissile 
material in thermal reactors has been considered since the 
1950's, i.e since the launching of this reactor line. 
Videly and openly discussed during the 70's in the U.S. 
with the G.E.S.M. O. 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 reactors, 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 UF2-400 at La Hague 
(France) and the prospect of large facilities In various 
countries such as the U.K. (Thorp), France (UF3), the 
F.R.G. (Wackersdorf> and Japan (Aomori). Vith the expected 
availability of significant quantities of plutonium at a 
time when there Is a general alowing-down of fast breeder 
programs (see e.g. ref.17), including in France, some 
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electrical utilities, in Europe and Japan, consider now 
using mixed oxide fuels, to a limited extent, as partial 
substitute to U-235 in their actual fuel assemblies. 

The present study aims at evaluating the long-term 
radiological impact associated with these fuel cycle 
options, which very likely will, reach an industrial stage 
in a near future. The waste products of high activity, 
generated in these two options, are of 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 the uranium and plutonium have 
bee;, removed. The amount of waste products -of 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 (usa of the second generation 
plutonium) or to use it for . a fast breeder program. 
Although for the time being, it appears that spent MOX 
fuels will be stored after one recycle without 
reprocessing, radlotoxiclty decays of both spent fuels and 
high level wastes will be presented in this work. 

Whereas most previous calculations used earlier 
radiological data (refs.5,6), this work takes into account 
the last I.C.R.P.-48 values <ref,18>, which include 
substantial changes ,with respect to the I.C.R.P.-30 
<ref,10>, for every transuranians radiotoxicity. 
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2, Nuclaar wifti m d i o t o x i c 1 t y and th« 
I.C.R.P. r«commandâtion* 

The long-tern radiological risk is associated with the 
passible release into the biosphere of radioactive 
substances which have been dumped in a final disposal 
site, Thé world-wide adapted solution for the nuclear 
wastes generated during post-fission operations, lies in 
the final subsurface and deep geological disposal of 
either the spent fuels or all the wastes produced first 
during the reprocessing of these spent fuels (vitrified 
glasses, law 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 persons, of the 
entire content of the wastes, mainly through drinking 
water. 
- the real or residual risk which takes into account all 

the artificial and geological barriers which, to a large 
extant, can reduce the amount of radionuclides reaching 
human beings at various times of the future. 

The potential risk is a useful concept, when one wants 
to compare long-term radiological risks for different 
reprocessing parameters (e.g. cooling times before 
reprocessing, extraction performances of certain 
radionucleides such as long-lived alpha-emitters), or for 
different fuel cycle options, as in the case of the 
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present work. We therefore have calculated the potential 
risk of the two types pf wastes produced in the two 
options mentioned above, as well as in the standard case-
at 33,000 HWd/t. 

Whereas 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 radionucleide 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.E.P.-30 
guideline <.ref.lO>, concern the people working in the 
nuclear industry and therefore correspond to an annual 
equivalent dose limit of 50 mSv CI Sievert= 100 reus). 
With respect to the previous A.L.I. given in the 
I.C.E. 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.E.P.-48, that the fractional absorption from the 
gastrointestinal tract for population exposure to all 
compounds, should be taken equal to fi =10 — a for Kp, Pu, 
Am, Cm and Cf. This follows from the fact that the 
radiological impact of neptunium was largely 
overestimated, in the previous I.C.E.P.-30, by roughly a 
factor of 10. The inverse situation was found for 
plutonium far 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 amerlclum, curium and 
californium. 

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

The radiotoxicity Ti of a radionuclide i of activity 
At can then be expressed by T» = Ai/CA.L.I.)i . The total 
radiotoxicity T<t> of a waste containing various 
radionucleides 1 of activity Ai (t) at time t, is therefore 
obtained by summing over all the isotopes 1: 

T<t> = Z± A±Ct)/CA.L. I. )i 
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)»year, 
which corresponds to the annual production of a 1000 KW<e> 
reactor operating at 100 %>. The energy conversion 
efficiency of the reactor has been taken equal to 1/3. 
Xoreover, this normalization seems a proper way to conpare 
different fuel cycles or different parameters within a 
certain fuel cycle, with respect to long-term 
radiotoxicity. We have given the total radiotoxicity 
E=T/Q, normalized in this way, together with the partial 
radiotoxicity of the chemical elements which are the major 
contributors through one or more of their isotopes. As 
painted out by V, Bocola <ref.l9>, this approach is 
Justified by the fact that transfer properties through 
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artificial and geological barriers depend directly on the 
chemical elements inventory. 

3. Tha computir program for da cay studio* 
of radioactivity and radiotoxi c i ty, and tha) 
input data 

A computer program called ISODEC has been written for 
the Unlvac-1100/92 computer of tha University of Paris-
Sud. It solves the Bateman's equations Cref.20>, which 
govern the radioactive decay of a sat of nuclei coupled by 
radioactive decays. The exact solution of these equations 
can easly be obtained using the Laplace transform, a 
well-known method which turns out to be well suited for 
computer writing. Because one is interested In the 
long-term radiotojtielty, all the nuclei from californium 
to bismuth have been included, as wall as those fission 
products which have a long lifetime (Tc-99, 1-129 and Cs-
135). Xoraover, tha isotopes Sr-90 and Cs-137 have also 
been considered because of their iaportant contribution to 
the short tara radlotoxlcity. A special subroutine 
determine» all the decay chains Involving aach of the 
tranauranlc nuclei, by first selecting those which are the 
beginning of ona of these chains. For each isotope and 
chemical eleaent, constituting the waste, the prcgraa 
calculates the activity, the number of nuclei, and tha 
radiotoxicity as function of ti«, up to 10' years. Tha 
prograa takes also into account the reprocessing that aay 
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take place at a certain date, and therefore it can handle 

various types of wastes (spent fuels, HLW, low and medium 

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 MWd/t fuel cycle). 

The input data, i.e. the isotopic composition of the 

discharged fuel, have been taken from internal reports of 

the Commissariat à l'Energie Atomique (CE. A.) 

<refs.21-25). In these reports, the evolution of the 

isotopic composition of a fuel during its irradiation in 

the reactor is calculated with the computer codes APOLLO 

<far the transuranians) and PEPIIT <for the fission 

products). The fuel parameters taken in these reports are 

those of realistic fuels that E.D.P. plan to use in the 

near future. ïhese codes have been developed by the C.E.A. 

<refs.26,27). The other data Chalf-lives and 

radiotoxlcities) have been taken from refs.10,IS and 28. 

A, G t n t m l r a i u l i i a n d r e m a r k s 

The three types of irradiated fuels, studied in this 

work under the label A,B,C, are or will be discharged from 

the pressurized water reactors currently operating in 

France. Fuels A and B use enriched fresh uranium, and 

correspond respectively to the standard average burx. 'up of 

33,000 Ktfd/t, and to an extended average burn-up at 45,000 

KVd/t. Fuel C uses mixed oxide at an average burn-up of 
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45,000 HVd/t. The plutonium loaded in the latter is 
extracted during the reprocessing of £uel A. The 
reprocessing parameters Ca cooling time of 3 years and a 
removal efficiency of 99.9, 2.3 and 99.6 % for uranium, 
neptunium and plutonium respectively) are the expected one 
for the future plant UP-3 at La Hague <France> <ref.l2>. 
Ho further recycle of the plutonium has been taken into 
account, ssince one recycle only is contemplated at the 
present time in the French program. The isotopic 
composition of these three types of fuel, when they are 
being loaded in the reactor, is given in table 2. 

Concerning the radiotoxicity decay of the 3 types of 
spent 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 
medium range period, lasts from about 500 years to 500,000 
years; the third one, the long range period is. beyond 
500,000 years. 

Up to 500,000 years, and for the three types of fuels, 
the radiatoxicity is dominated by the various plutonium 
isotopes CFu-241 and Fu-238 for the first few hundred 
years and then Pu-239 and Fu-240>. The relatively long 
lifetime fission products do not contribute significantly 
to the radlotoxicity of the spent fuels. 

Beside the major contribution of plutonium, the 
radiotoxicity, during the first short term range, is 
dominated by Sr-90 and then by Am-241 in the case of fuels 
A and B. In contrast, the radiotoxicity of fuel C is 
dominated by curium and americlum, 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 Fu-239/241 as compared with U-235. 

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. 

Afterwards, one observes the increasing contribution of 
neptunium (produced essentially by Am-241 oc-decay) and of 
the various other decay products (Pb, Ra, Th and Pa) of 
the transuranic nuclei. 

The picture is of course completly different for the 
HLW (figs lb to 3b), for which four periods of time can be 
observed: the first one, up to few hundred years, is 
dominated by strontium, the next ones by americium (few 
10= - 10= years), plutonium (few 10 a - 10» years) and 
neptunium ( after few 10* years) 
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5. Oiacuaaion on tha radiological impact of 
th« two fual eye la option» B and C 

5.1 The can of extended burn-up 
The Impact on the radiotoxicity of the burn-up 

extension can be seen on fig. 4, which represents the time 
variation of the ratio: 

[•»..«> = Ri,(t)/R«<t> 
of the normalized radiotoxicities Ri»(t) and R«(t) in the 
case of an open cycle (spent fuels) and in the case of 
reprocessing (vitrified glasses). One sees <flg.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 quantities of 
heavier isotopes (Pu-241, .Ca-242, Cm-244) of relatively 
shorter half—lives. Moreover, there is an effect on the 
increase of radiotoxicity, due to the a-decay of Cm-242. to 
Pu-238 (see the A.L.I. values in tab. 1). Beside, the 
presence of curium has a short term effect on 
occupationnal exposure (see e.g. ref.29). When these 
effects disappear, the radiotoxicity is due to the 
isotopes Pu-239/240, which are slightly higher under low 
burn-up conditions. After a long period of time, the 
radiotoxicity of fuels A and B fluctuates according to the 
presence of the lighter elements in the different chains. 
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In the cue of vitrified glasses (fig. 4), the 
conclusions ara different. Because plutonium is now 
removed, the radiotoxieity of fuel B remains always 
higher, due to larger quantités of americium and curium 
at the time of discharge. These relatively short-life 
nuclei are responsible for the long-term and very 
long—term radiotoxicity through their decay products 
(essentially neptunium and plutonium). 

5.2 The case of the use of sized, oxide 
There are two approaches in assessing the long-term 

radiological impact of the utilization of plutonium oxide 
as a fuel instead of uranium oxide in light-water 
reactors. The first one considers an open fue] cycle 
option, without reprocessing, far the fuel A, and 
therefore the C option as independent of A. In the second 
one, the two options are treated together in the sense 
that reprocessing of the spent fuels A produces 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: 

r«,i,<t>= H«<t)/RB<t> 
where one has taken the fuel B as reference in order to 
make the comparison at the same average burn-up of 45,000 
KVd/t. This ratio is represented on fig.5. Because of a 
large plutonium content in the fuel C when loaded in the 
reactor, the radiotoxicity of the KOX spent fuel remains 
larger by a factor varying between 3.3 and 4.6, up to 10* 
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years. This enhancement Is even nor* 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 removed during reprocessing. 

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

One can first wonder wether recycling plutonium in a 
light-water reactor has a direct incineration effect, as 
far as radiotoscicity is concerned. For this purpose, one 
considers the time variation of the ratio 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): 

r«.«o<t> = Rc<t>/R«=o<t> 
One sees the influence of short lifetime isotopes (Cm-
244/242, Pu-241/238> during the first short term period, 
responsible for an increase of the radiotoxicity of the 
spent fuel C with respect to that af the non irradiated 
fuel Co. The incineration effect becomes slightly 
beneficial between few 100 years and about 10s. This is 
due of course to the long-period plutonium isotopes 
incineration. After 10", the relative radiotoxiclty 
Increase is due to neptunium and 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 effect. This Is not 
surprising, considering the short irradiation time <3 
years). As it is known, much longer irradiation times are 
needed to observe a significant incineration effect, which 
means in practice the need for more than one recycle. 

Secondly one can even consider the whole operation of 
fuel cycles A and C. Indeed, one notices that the amount, 
of plutonium needed far one metric ton <Ht> of fuel C 
comes from the reprocessing of approximately 6.8 Ht of 
spent fuel A. One has neglected the elapsed time, of the 
order of 2 years <refs.24,25), between the separation of 
that plutonium and its utilization, 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 Re»<t) can be 
expressed by the following relationship: 

R..<t)= T«.<t)/Q«« 
where T«m<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 Q«. the 
total amount of electricity produced. 

T«.<t)= 6.8»T«<t>+CT«<t)-T=o<-|:>] 
<5««= 6.8«<5,+Q= 

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 

r«...<t)= R..<t)/E_<t> 
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This ratio <fig.7> evolve» over time in a way similar 
to the one of the extended burn-up <£ig.4>. The 
incineration effect observed after 100 years can be 
explained in the same way. 



-18-

e. Conclusion 

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

The radlotoxlcity of the three types of spent fuels 
considered in this work, is now complatly dominated by the 
plutonium up to sane 10" years. This, of course, is due to 
the recent enhancement by a factor 10 of the plutonium 
A.L.I.. As a matter of fact there has been a continuous 
increase of severity for plutonium from the first 
I.CE.P.-2/6 to the recent I.C.R.P.-48. On the other hand, 
neptunium, whose impact was largely overestimated in the 
I.C.H.P.-30, has a significant contribution to the total 
radiotOKiclty 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 effect on long-term radiotoxicity. 

As far as MOX fuel is concerned, the radiotoxicity of 
spent fuels <per ton or per GW<e)*year) produced with 
plutonium first recycle is higher than the corresponding 
values of the 45,000 KWd/t UOa fuel cycle, by a 
substantial factor of the order of 4. A factor even 
higher, of the order of 10, is obtained if one compares 
HLV in the same way. This points out the interest of 
removing minor actinides in the reprocessing of MOX spent 
fuels <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, one considers that large amounts 
uf plutonium are available as nuclear wastes of high 
radiotoxicity and that the aim of using them is, among 
others, to destroy a part of their radiotoxicity. If a 
large amount of radiotoxicity is effectively present in 
HOX spent fuels, this is partially due to the- initially 
loaded plutonium in the reactor. The global effect of 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 simultaneously produced. 

In the second scenario, one takes into account the fact 
that the MOX 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 KVd/t. The global radiotoxicity, resulting from 
this plutonium production in these light-water reactors 
and from the MOX spent fuels, can be directly related to 
the total amount of electricity produced. This is the case 
if the whole operation was planned in a global manner. It 
has then been shown that the global effect is similar to 
the one obtained by just increasing the burn-up from 
33,000 HVd/t to 45,000 Htfd/t without reprocessing. 

One must however emphasize that in comparing long-term 
radiological effects of different fuel cycle options, one 
has to take into account all the wastes <and their 
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management> produced in the possible poet-fission 
industrial operations. In the case of plutonium recycle, 
these operations (reprocessing, mixed—oxide fuel 
fabrication) are known to generate various other types af 
solid wastes of low and medium activity, which contain 
same plutonium at a usually very low concentration, 
depending on the performances of these operations. A more 
complete comparison should also take this into 
consideration. Finally, one must be aware of 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 UOs fuel before, during end after 
irradiation in the reactor. 
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Tabla - 1 -

Isotope Half-lif e M.P.C. A.] I. I. A.L. I. 
<year) <Bq/m=»> <Bq> <Bq> 

<refs.5,6J <ref.10) <ref.18) 

Sr-90 28.15 1.5 10* 10* / 
Tc-99 2.14 10» 1.1 10* 10' / 
1-129 1.57 10» 7.4 10=* 2 10* / 

Cs-135 2.95 10* 3.7 10* 3 10* / 
Cs-137 30.154 7.4 10* 4 10* / 
Hp-237 2.14 10* 1.1 10* 3 10= 3 10=» 
Pu-238 87.7 1.8 10* 3 10* 3 10=» 
Pu-239 2.41 10* 1.8 10* 2 10* 2 10=» 
Pu-240 6.55 10=" 1.8 10* 2 10* 2 10=» 
Pu-241 14.4 7.4 10* 10* 10* 
ATC~241 432.6 '1.5 10* 5.2 10=» 2.6 10=» 
Am-243 7.38 10s» 1.5 .10* 5.2 10=» 2.6 10=» 
Cm-242 .446 7.4 10* 2 10* 10* 
Cm-244 18.11 . 2.6 10* 9 10=» 4.5 10=» 

Half-life, Haximum Permissible Concentration* and 
Annual Limit of Intake10-1*, for adults of.the public, of 
the major transuranians and of the fission products 
contributing significantly to the radiotoxicity. These 
limits are the most restrictive one with respect ta the 
chemical form. 
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Table -2-

Isotope Fuel-A Fuel-B Fuel-C 

33,000 45,000 45,000 

HVd/t HWd/t MVd/t 

U-235 3.25 4.5 0.711 

TJ-238 96.75 95.5 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. 0. 6. 

Isotopic and chemical composition aï 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 is 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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Liat of Figuras 

Fig. 1: Normalized radlotoxicity of spent fuels (l.a) discharged from 

a 33,000 KWd/t light-water reactor, and of the corresponding HLW 

<l.b>, with that of some chemical elements. The reprocessing 

parameters are the following: cooling time 3 years, removing 

efficiency U: 99.9 »; Hp: 2.3 X; Pu: 99.6 «. 

Fig.2: Normalized radiatoxicity of spent fuels (l.a) discharged from 

a 45,000 HVd/t light-water reactor, and of the corresponding HLW 

(l.b), with that of some chemical elements. Same reprocessing 

parameters as in fig.l. 

Fig.3: Normalized radiotoxicity of BOX spent fuels <l.a> discharged 

from a 45,000 Htfd/t light-water reactor, and of the corresponding HLW 

(l.b), with that of some chemical elements. Same reprocessing 

parameters as in fig.1. 

Fig.4: Ratio of normalized radiatoxicities of spent fuels at 45,300 

MWd/t and at 33,000 KWd/t, discharged from a light-water reactor, The 

same ratio is also given for HLW. 

Fig.5: Ratio of normalized radiatoxicities of XOX spent fuels at 
45,000 KWd/t and UCb spent fuels at 45,000 KWd/t, discharged from a 
light-water reactor. The same ratio is also given for HLW. 
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Fig.6; Ratio of normaliz«(i radiotoxicities of a HOX spent fuel at 

15,000 XVd/t and of the saae XOX fuel nan irradiated. This (rives the 

sisple incineration effects (see text). 

Fig,7: Ratio of average nornalized radiotoxicities of a XOX spent 

fuel at 45,000 Kïd/t + of the corresponding 002 HLV and of the UQz 

spent fuels light-water reactors at 33,000 XWd/t. This gives'the 

global incineration effects (see text), 
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Fig,2! Norulizod ridiotoxidty of iptnt futli (l.«) dUclurotd fro» i 46,000 rHW/t lighl-Mttt rt»ctor, 
tnd of th* eorrt«pondinq HLV (|,b), «1th thit of tout CM»1C»1 t l tunU, S«t rtprocttiino pwMtttri » 
in flg.l . 
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