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Abstract

The additional knowledge acquired about the metabolism of the actinide elements,
and the experience with the development of cancer risk have resulted in several rea-
lignments of the ALI limits by the ICRP. This needs a re-evaluation of the toxicity
potential inherent in the nuclear fuel cycles of nuclear reactors and a re-evaluation
of drawn conclusions. The radiotoxical evaluation of actinides and long-lived fission
products are presented and discussed with special regard to Partitioning and
Transmutation (P&T) issues. Detailed information about balancing the toxicity poten-
tial flow and its growth during the nuclear fuel cycle is given in order to determine a
reference value for the comparison of natural and man-made toxicity. Calculations
for different fuel types are exhibited and the resulting toxicity potentials are com-
pared to these reference values in order to solely quantify in an idealized way the
consequences of human action. The long-term toxicity potentials of discharged
PWR-fuels in case of direct disposal as well as Pu-recycling within MOX elements
using U and Th are presented.

The inherent drawbacks lead to the conclusion that with respect to a modified goal of
final disposal only a full-scale P&T scheme is able to achieve long-term toxicity po-
tentials on the same level as that of fresh fuel decaying naturally. Thus, the storage
in a repository can relay more heavily on engineered barriers.

INTRODUCTION

All nations using nuclear energy intend to dispose their high level nuclear wastes
(HLW), i. e. spent nuclear fuel or vitrified high level liquid waste from reprocessing,
in geologically stable and hundred millions of years old ages, which are to be quali-
fied for this task by detailed examinations. The retention of radioactivity from the bio-
sphere is to be achieved by a multi-barrier system, which is dominated by geological
transport mechanisms and not by engineered barriers. The release from those geo-
logical ages may only rise by transport in water. But the delay caused by this trans-
port mechanism is expected to be extremely high, so that in accident conditions dose
risks on the surface my occur at earliest after some ten thousand years since dis-
posal [1,2]. In the normal evolution scenario, the long-term risk is dominated by
237Np. Nevertheless, the calculated annual effective dose rates are some orders of
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magnitude lower than the natural dose rate of about 2.4 mSv per year; this yields as
well, if one includes the spread over the globe.

Despite these very positive results, especially if they are compared with risks raising
from the operation of nuclear power plants or coal fired plants for electricity genera-
tion [3], this way of final disposal is not accepted by a large fraction of the population
in many nations. This lack of acceptance is argued for as follows:

• The long-term presence of radiological risks is not acceptable because of the un-
predictable evolution of the earth and of human beings.

• It is not believed in the long-term stability of the geological age after human intru-
sion and decay heat deposition.

• The valuation of radiological risks changes with increasing knowledge about the
metabolism of elements. Thus conclusions, which are valid today - on the basis of
incomplete understanding of the metabolism - may become invalid in future.

• From the ethical point of view, today's generations are not allowed to take the ad-
vantages of nuclear energy utilization without solving the risks in an accepted
way.

In nuclear technology, usually experiments help to clear raising problems or ques-
tions. But especially the second argument mentioned cannot be refuted by experi-
mental means. On the other hand, it is neither necessary nor recommendable to dis-
pose today's HLW immediately. A long-term intermediate storage helds open the
application of further developments in reprocessing and recycling; on the other hand
mining requirements are hardly reduced by recycling residual fissile isotopes. Apply-
ing the last argument verbatim for fossil energy consumption, we would have to stop
it immediately until the climatic problems have been solved conveniently.

HISTORICAL DEVELOPMENT OF RECOMMENDATIONS

The influence of increasing knowledge about the metabolism of special elements as
well as about the significance of radiation to humans may be demonstrated compar-
ing the regulations denoting the limits on intake of radioactive isotopes. A compari-
son between the twentyfive years old limits given with the Code of Federal Regula-
tions (CFR) [4], the 1980 and 1988 (ICRP-30) [5,6] recommendations of the Interna-
tional Commission on Radiological Protection (ICRP), on which the German Radia-
tion Protection Ordinance of 1989 (StrlSchV) [7] bases, and the newest recommen-
dations of the ICRP [8,9] is given in Table 1, showing data of the ingestion case. For
comparison, the annual limits on intake (ALI) and the corresponding reference an-
nual dose which they are basing on have been converted to Bq/Sv; in the conversion
of the CFR concentrations a water intake of 1 m3/a is assumed.

For fission products, the shifts in the evaluations of ^Sr and 137Cs should be noted
for medium-term projections; owing to the raising of the ^Sr limit value, these now lie
at about the same level. For long-term projections, the decrease in the evaluation of
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Table 1: Comparison of the maximum annual radioactivity intake per Sv via inges-
tion for major nuclides with view of evaluating the toxicity potential of radioactive
waste [4-9]

Regulation
Year
Nuclide

Sr-90
Cs-135
Cs-137

Tc-99
1-129
Pb-210
Po-210

Ra-226
Pa-231
U-233
U-234

U-235
U-236
U-238
Np-237

Pu-238
Pu-239
Pu-240
Pu-241

Pu-242
Am-241
Am-243
Cm-243
Cm-244

Half-life

28.5 a

2E+6a
30.17 a
2.1E+5a
1.57E+7*
22.3 a

138.38 d
1600 a
3.28E+4 i

1.59E+5£
2.45E+5 i

7.04E+8 i

2.342E+8

4.47E+9 £
2.14E+6s
87.74 a
2.41E+4*

6550 a
14.4 a
3.76E+5 £
432.6 a

7370 a
28.5 a
18,11 a

ICRP-61

1991
Bq/Sv

3.0E+7

5.0E+8
5,0E+7

1.5E+9
1.0E+7

1.0E+6
4.5E+6

4.5E+6
5.0E+5
3,5E+7

3.5E+7
3.5E+7
3.5E+7
4.0E+7

1.5E+6
2,0E+6
2.0E+6
2.0E+6

1.0E+8
2,0E+6
1.5E+6
1.5E+6
2,5E+6
3,OE+6

ICRP-30

1980
Bq/Sv

2.0E+7

6.0E+8
8.0E+7

2.0E+9
4.0E+6
4.0E+5

2.0E+6
1.4E+6
1.4E+5
8.0E+6
8.0E+6
1.0E+7
1.0E+7
1.0E+7
6.0E+4
6.0E+6

4.0E+6
4.0E+6
2.0E+8
6.0E+6
1.0E+6
1.0E+6
1.4E+6
1.8E+6

ICRP-30

Part 4 1988
Bq/Sv

4.0E+5
6.0E+5
6.0E+5
6.0E+5
2.0E+7

6.0E+5
6.0E+5
6,0E+5
8,0E+5
1.0E+6

10 CFR 20

1971

Bq/Sv

2,2E+6
7.4E+8

1.5E+8
U5E+9
4.4E+5
7.4E+5
5,2E+6

2.2E+5
6.7E+6
2.2E+8
2,2E+8

2.2E+8
2.2E+8
3.OE+8
2.2E+7
3.7E+7

3.7E+7
3JE+7

1.5E+9
3JE+7
3.0E+7
3,OE+7

3.7E+7
5,2E+7

StrlSchV

1989

Bq/Sv

6.0E+6
0.0E+0
8.OE+7

8.OE+8
2.0E+6
2,0E+5
6.0E+5
8.0E+5
8.0E+4

6.0E+6
6.0E+6
6,0E+6
0.0E+0
6.0E+6
2.0E+5
4.0E+5
4.0E+5
4,0E+5
1.8E+7

0.0E+0
4.0E+5
0,0E+0
4,0E+5
6.0E+5

129I by a factor of ten should also be noted. New recognitions about the metabolism
of transuranium elements (TRU) [10] triggered a partial revision of the ALIs in ICRP-
30 in 1988 [6]. The limit value of 237Np was raised by a factor of seven, while the lim-
its for Pu were reduced by around one order of magnitude and those for Am and Cm
were approximately halved. Now the limits for TRU-elements in CFR and ICRP-30(4)
differ by nearly two orders of magnitude! Updated cancer mortalities and the adapta-
tion of a new dosimetry system lead to the 1990 recommendations (ICRP-60/61),
which reset the more restrictive limits of ICRP-30(4) nearly to those of ICRP-30.

Figure 1 shows the timedependence of the toxicity potential for actinides and fission
products, comparing ICRP-61 and 10 CFR 20. Basically, as a result of the changed
classifications of the TRU, the total curves for fission products and actinides have
shifted in such a way that the latter determine the toxicity potential practically from
the very beginning. The familiar development pattern of the total toxicity potential,
where it reduces by approximately two orders of magnitude over the first 300 years
as result of fission product decay, is no longer in evidence. The development over
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time is, in effect, de-
termined by the decay
of Pu. The long-lived
fission products "Tc
and 129I play only a
subsidiary role in this
scenario. The long-
term view shows, that
the ranking between
fission products and
actinides does not
change, but the dis-
tance increases by one
order of magnitude due
to the decreased 129I
influence. Discussions
in more detail are
given in [11, 12].

BALANCE OF TOXI-
CITY POTENTIAL

In order to get a refer-
ence value for that
toxicity potential to
achieve with the decay-
ing spent fuel, usually

the toxicity potential of the amount of natural Uranium - in equilibrium with its decay
products - needed for the production of.the initial fuel is used. Afterwards the
timedependent toxicity potentials are compared and passing the crossing point, the
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Figure 1: Comparison of toxicity potentials (ingestion) for
fission products and actinides of PWR spent fuel applying
different radiological protection guides [4,8,9]

i unchanged naturally
i present
i toxicity potential

Uranium

increased toxicity
potential by nuclear
power generation

overburden with
decay products

burning in
the reactor

I
intermediate

storage

Figure 2: Scheme to balance the human influence on the
increasing toxicity potential by nuclear energy usage

risk of the
spent fuel is taken as
vanished. This is not the
correct story, as Figure
2 shows for two different
balance schemes.

Regarding first the ref-
erence value of uranium
ore, we easily see, that
we have to balance the
amounts of toxicity po-
tential taken from the
ground (uranium ore in
equilibrium) with those
ones returned to the
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j Figure 3: Break down of contributions to the toxicity poten-
j tial (ingestion) of the uranium ore compared with spent
I fuel

termines the long term toxicity potential after nuclear energy

ground (overburden
with decay products,
depleted uranium and
spent fuel). To simplify
the picture, I've as-
sumed a direct dis-
posal of spent fuel;
additionally the de-
pleted uranium is not
used in today's nuclear
power plants, so that it
is to be seen as
..returned toxicity po-
tential" to the ground.
After disposal, the
equilibrium decay

products determine the
toxicity potential of the
ore with 96 % of the
total value; the ura-
nium metal fractions
contribute approxima-
tely 2 % each (Figure
3). But some hundred
thousand years later,
the depleted uranium
becomes dominant. In
fact, this usually ne-
glected fraction de-

usage!

Regarding the second much smaller balance boundary depicted in Figure 2, we rec-
ognize easily, that only the fresh uranium fuel feed into the nuclear reactor can act
as reference value. The overburden of mining including the decay products as well
as the depleted uranium are toxicity potentials which are not influenced by burning
fuel in a nuclear reactor. They have only been moved out of the deposit and of
course they have to be buried to avoid dispersion into the environment and to avoid
an intake by humans. Thus, comparing PWR spent fuel with decaying fresh fuel, we
must draw the same conclusions as before (ref. to Figure 3): The increased toxicity
potential of the spent fuel does not meet the reference value before some million
years of decay. Thus, the effect of nuclear energy usage on the toxicity potential
vanishes only after a very long time. In case of direct disposal and, as we see later,
for today's reprocessing residiuals, the only way to exclude them from the biological
environment is the disposal in a geological age.
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REQUIREMENTS FOR ACTINIDE REDUCTION

Referring to the mentioned lack of acceptance and the afore depicted isolation re-
quirements for final disposal, we should try to find a way to overcome most of the
raised problems. Doing so, a critical review of the goal for final disposal is absolutely
necessary, aiming to reduce the exclosure time requirements drastically. The newly
defined goal may become as follows:

Exclosure of radioactive material from the biosphere by engi-
neered barriers until the increased toxicity potential caused by

nuclear energy usage has vanished the natural level.

Thus, comparing PWR spent fuel with decaying fresh fuel, we must draw the same
conclusions as if we compare with natural uranium deposits {Figure 4): The in-
creased toxicity potential of the actinides vanishes only after long decay times and
needs a geological age for its long-term enclosure. Assuming today's reprocessing
with 0.5 % U and Pu-losses, this conclusion holds as well. The reader should be
aware, that the reprocessing curve implies a fission of the extracted U- and Pu-
fractions, an implication which is not realized! Figure 7 gives an imagination of the
timedependency assuming uranium to be disposed too. Regarding HTR-fuel with a
burnup of 80 MWd/t HM, which is more than twice as high as for the shown PWR-
fuel, these conclusions are also valid [12].

Hence, to meet the modified goal for final disposal, additional measures have to be
taken which are discussed as ..Partitioning and Transmutation" (P&T) and may follow
four steps:

1. Partitioning of long-lived elements from the spent fuel,

2. Transmutation of the partitioned elements into short-lived ones,

3. Encapsulation of the residuals by corrosion- and/or leach-resistant containers and

4. Disposal in geological ages.

The needed duration of the exclosure from the biosphere (1,000 years give an idea
of the timespan in mind) must be guaranteed by engineered barriers and determines
the tolerable level of fuel cycle-losses. By this, the geological age serves only as
storage area to protect the stored waste against external impacts. Passing the life-
time of the waste containers the age includes the ..surviving" toxicity potential which
is less toxic than the reference value. Thus the residual toxicity potential remains in
a geological environment with comparable retention capabilities as the primary de-
posit.

Corrosion rates in salt-brine or groundwater are well known for container materials
from experiments in the field of direct disposal. Dependent on the corrosion regime,
wall thickness between 5 cm and 15 cm are large enough to withstand corrosion at-
tacks in salt-brine at least for 1,000 years [13,14]. Results of investigations at poten-
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Figure 4: Time dependent toxicity potential (ingestion) of
PWR spent fuel compared with fresh fuel

tial final disposal sites
are suitable as well.
Finally attention must
be drawn on P&T in
order to show what's
necessary to achieve
the afore mentioned
goal.

As Figure 4 shows very
clear against the refer-
ence of fresh fuel, fis-
sion products and
structural materials do
not determine the tox-
icity potential signifi-
cantly after some hun-
dred years of decay.
The structural material
of the fuel elements is
less significant than
the fission products
and passes the refer-
ence line after ap-
proximately 200 years
of decay. Thus relaying
toxicity potential to theon decay times of at least thousand years to diminish the

level of fresh fuel, only actinides are to be cared for1.

P&T-REQUIREMENTS

Setting up requirements for P&T applications in order to achieve the (new) goal of
final disposal, Figure 5 shows the contribution to the toxicity potential of each ele-
ment-chain. These graphs allow the assignment of partitioning needs to the signifi-
cance of each element. Thus it looks very clear, that Pu and Am are most significant,
but U, Np and Cm have less significance. This conclusion differs somewhat from
requirements often raised in papers dealing with P&T.

Relating to frequently discussed much higher decontamination ratios for 237Np, the
mobility in the geosphere and the long half-life time influence this stronger require-
ments. But makes it sense to reduce the accidental individual dose rates of final re-

1 The toxicity potential as defined here does not include geo-chemical transport mechanisms in the
age. It is well known, that some fission products are much more mobilizable than actinides. Thus they
determine the potential dose rates after some ten- or hundred thousand years after repository failure.
Because of the recommended shortened decay time such long periodes need not to be cared for.
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positories by another
order of magnitude,
although today's final
disposal procedures
ensure already some
orders of magnitude
less individual dose
rates [1] than natural
ones? I think, that
makes no sense.

Regarding 244Cm de-
caying to 240Pu, it influ-
ences the total toxicity
potential only margin-
ally, so that a higher
decontamination
seems not justifiable.
This conclusion must
be reviewed in case of
very high burnups with
Pu-recycling, lets say
as U/Pu-MOX-fuel, re-
sulting in increasing
Cm ratios in spent fuel.

Setting up require-
ments, Figure 7 shows

today's reprocessing losses against a sophisticated P&T scheme, assuming total
fuel cycle losses of 1 % for U, Np and Cm as well as 0.01 % for Pu and Am. Only
these drastic reductions allow to meet the reference values of either uranium ore or
fresh fuel within the mentioned timespan. This picture shows, that it makes no differ-
ence which balancing scheme is applied if complete balances are established.

PU-RECYCLING IN PWR

Today, a recycling of separated Pu is performed using U/Pu-MOX-fuel elements in
PWR. Regarding that as a transmutation step, we must judge the resulting toxicity
potential applying the raised goal. Balancing the involved mass flows and the toxicity
potential with fresh fuel, one can setup a rough flow sheet as shown in Figure 6, as-
suming no losses during the fabrication step. Approximately five tons of spent fuel
are needed to produce one ton of MOX fuel containing natural uranium as diluent for
Pu. As today's recycling modes do not address reprocessed uranium, it is to be dealt
like waste, even if no final disposal is foreseen. Therefor reprocessing losses in-
clude all actinides except the recycled Pu amount. The result is shown in Figure 8,
separated into the contribution of the initial U-based fuel and that of spent MOX-fuel.

Figure 5: Time dependent toxicity potential (ingestion) of
decay chains by elements of PWR spent fuel compared
with fresh fuel. The chains are related to starting concen-
trations after ten years of storage.
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Waste incl. 0.5 % Pu
A 100 %U

1 t MOX-spent fuel

Waste incl. 0.5 % Pu
A_100_%JJ

1 t MOX-spent fuel

0.94 t Thorium

Figure 6: Mass balance to calculate the toxic-
ity potential of the first Pu-recycling in PWR
using U (upper scheme) and Th (lower
scheme) as diluent

Comparing the total
toxicity potential with
that of the once-
trough-cycle (see
Figure 4} no reduction
has been achieved and
thus with respect to an
intended transmuta-
tion, the goal is not
meet. Up to thousand
years of storage, the
toxicity potential of the
Pu-recycle is slightly
higher (app. +25 %)
than for the once-
through-cycle; up to
hundred thousand
years it is slightly lower
(app. -25 %). Of course
today's Pu-recycling is
not dedicated to
transmutation and
therefor arguing posi-
tively, the additional
gained electrical work

has not produced more toxicity po-
tential per electricity unit than a
once-through-cycle.

Often a recycling of Pu using Th as
diluent is discussed. This way
avoids breeding of new TRU from
the diluent; instead of Pu, ̂ U is
breaded. Thus applying the same
burnup, a much higher net con-
sumption of Pu is obvious. Analyz-
ing the depicted alternative Th-
recycling scheme in Figure 6, we
get the toxicity potentials shown in
Figure 9. The reference line of the
initial fuel including enriched ura-
nium and thorium looks like that
one of the U-based MOX fuel,
caused by the low toxicity potential
of natural Th. The behavior of the
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after Pu-recycling in a PWR with a burnup of 35 GWd/t
HM at each step using Th as diluent (balance of Figure 6)

spent Th/Pu-MOX-fuel
seems to be the same
as U/Pu-MOX-fuel.
Referring to the toxicity
potential per kWh this
conclusion is correct.
But during the time-
span between hundred
thousand and one mil-
lion years the Th-case
shows a higher toxicity
potential because of
the contribution of the
U-chain. Beside this,
Pu and Am are domi-
nant even in this case.

Valuing this result, at-
tention must be fo-
cused on the initial Pu
content. To survive the
burnup period in the
reactor, the Th based
MOX-fuel contains 6.3
% Pu initially which is
to be compared with
4.5 % of the U/Pu-MOX
one. The burnup of the
latter one decreases
the Pu-content to 75 %
and the TRU-content to
80 % respectively. Re-
garding the Th/Pu-
MOX fuel the initial Pu-
content is reduced to
46 % and the TRU-
content to 50 % re-
spectively. This differ-
ent consumption be-
havior results in the
same remaining TRU-
masses in the spent
fuel and thus both tox-
icity characteristics
must be similar.
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Nevertheless, the total TRU-consumption of the Th-based fuel is 3.5 times higher
than applying the U-based one. Including newly generated U-isotopes as a draw-
back, the reduction decreases to 2.8 times. Although using Th-based MOX fuel does
not show advantages in terms of the discussed toxicity potential in a first Pu-recycle,
however it consumes much more Pu and therefor is favorable in achieving a signifi-
cant reduction of the Pu stock-piles.

CRITICAL JUDGMENT

The presented way of applying the criteria ,,toxicity potential" to judge fuel cycles with
respect to the potential of P&T to ..clean" the residuals of nuclear energy utilization,
is an incomplete view of the problem. To get a more complete view, drawbacks of
recycling TRU including fuel refabrication, reprocessing and reactor-characteristics
under accident conditions are to be added. Doing this, the task of judging potential
risks of the final repository vs. real man doses applicated during the additional steps
of the nuclear fuel-cycle has to be solved. Some questions and first suggestions
within this area my be found in [15].

On the other hand retention capabilities of the geological ages, containing a final
repository, are not taken into account applying toxicity potentials for ingestion on the
spent fuel instead on the released residuals from the age. But trying to reduce only
the potential accidental individual dose rates from repositories, estimated to stay
some orders of magnitude below the natural dose rate, in my opinion are no sub-
stantial argument for P&T. Thus a new quality of final disposal as depicted for ex-
ample may be accepted as a weighty argument for implementing P&T to the nuclear
fuel cycle. In this sense, neglecting the retention capabilities of the repository are
logical within the frame of the proposed definition of the goal for final disposal.

CONCLUSIONS

Most objections against today's envisaged final disposal procedures are based on
the unpredictable future behavior of the geological age and the validity of today's
judgment of radiation doses received by human beings, which partwise had undergo
drastically changes during the last decades. Respecting these objections, the way of
final disposal has been redefined to the application of engineered barriers which
retain the residuals for at least 1.000 years.

The presented way to get a reference level coming from a balance of the uranium
circuit identifies the fresh fuel feed into the reactor as an adequate reference value.
It is shown, that simply comparing the toxicity potential of the uranium ore with de-
caying spent fuel neglects the influence of unused depleted uranium. In order to
achieve the new goal, the implementation of P&T requires a reduction of the dis-
posed TRU-residuals by some orders of magnitude relative to their content in spent
fuel; reductions by 10.000 for Pu and Am as well as 100 for U, Np and Cm seem to
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be necessary to meet the newly defined goal of final disposal. Especially the re-
quired reduction ratios for Pu and Am are far away from the actual state of the art.
Today both, partitioning- and transmutation-facilities, are not available. To realize
them, it needs considerable changes in reprocessing and fuel fabrication. Possibly,
this goal can only be meet going another way of nuclear energy utilization.

The assessment of the first recycling of separated Pu into PWR using U- and Th-
based MOX fuel shows, that the generated toxicity potential per kWh does not differ
significantly for both MOX-cycles as well as compared with the once through cycle.
Hence an implementation of these ways do not meet the goal at all. But with respect
to a commonly mentioned reason for the implementation of P&T, the reduction of Pu
stock-piles, the Th-based cycle reduces the initial TRU-content of the fuel by 3.5
times with respect of U/Pu-MOX fuel. Thus Pu-burning using the diluent Th may be a
way to switch to the nearly TRU-free Th-based closed fuel cycle.
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