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ABSTRACT

The paper presents a detailed introduction of the presently used indicators of long-term risk, namely various
concepts of radiotoxicity, analyses their advantages and disadvantages, and proposes further indicators called
residual hazard and residual hazard index. In order to illustrate them, the time behavior of the relative
radiotoxicity and the residual hazard index is investigated for a few representative cases. In the first one,
conventional thermal and fast reactors, while in the second one molten salt reactors are investigated from the
viewpoint of transmutation. The results shown indicate the usefulness of the application of the now proposed
quantities.
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1- INTRODUCTION

The argument most frequently brought up by the opponents of the utilization of nuclear energy is the long-term
risk caused by the long-lived isotopes that can be found in the high level waste (HLW) of nuclear power plants
(NPPs). There are significant differences between these risks depending on the type of the nuclear energy
system. The same can be stated about the different solutions of waste management and disposal. As a result of
recent researches, it is becoming more and more realistic that P&T (partitioning and transmutation) technology
will be capable of decreasing the required storage time with several orders of magnitude from almost one million
years—which is beyond human understanding. It will even decrease the quantity of the HLW. However, in order
to choose the best P&T strategy circumspect evaluations should be performed, and these evaluations should be
based on the analysis of long-term risk.

2- THE PRESENTLY USED INDICATORS OF LONG-TERM RISK

The quantity most widely used today to characterize the long-term risk of radioactive wastes is the radiotoxicity,
which implies various slightly different concepts. The simplest definition of radiotoxicity refers to the activity
concentration of the stored wastefl]:
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where A\{t) is the activity concentration of type i radioisotope at time t and ALI is the corresponding annual limit
of intake. The summation is performed over all the radioisotope types.
With respect to the biosphere, the perilousness of the stored radioisotope fundamentally depends on the ability of
the given isotope to get out of the storage to the biosphere. This is determined by the mobility of the isotopes.
The radiotoxicity which takes into account this fact is:
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where fK is the mobility factor of isotope type /. The mobility factor is a function of the isotope type and the
medium which embraces the storage and is in close relationship with the retardation factor and the
distribution factor. The earlier is related to the extent to which the rocks are capable of adsorbing the given
isotope. In the case of the rocks of interest the retardation factor for Pu, Am and Cm isotopes is significantly
(usually orders of magnitude) larger than for the other isotopes (e.g. Ra, U, Np, Tc, I, Cs)[2]. This means that the
f\ mobility factor is much larger for these isotopes than for Pu, Am and Cm.

A different concept of radiotoxicity can also be defined which refers to the expected radiation dose in case of a
release from the storage. The unit of this quantity can be Sv/g or Sv/kg if it refers to the mass of isotopes or total
mass of waste, or Sv/GWeyear if referred to the amount of electrical energy during the generation of which the
waste is produced. The so defined radiotoxicity is:
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where DCF; is the dose conversion factor (Sv/Bq) for isotope i, which gives the dose due to the intake of a unit
activity of the given isotope.

It is clear from the above that the radiotoxicity of the stored waste depends on the isotopic composition of the
waste. Therefore, the radiotoxicity of natural uranium can be determined as well. In view of the extremely long
half-life of 235U and 238U (7.04xl08 y and 4.47xlO9 y, respectively) the radiotoxicity of natural uranium is small
and, as a first approximation, can be considered constant in a million year term.

Since the radioisotopes which accumulate in the fuel of presently operating NPPs are produced from uranium
with practically no exception, an important quantity is the ratio of the total radiotoxicity of the produced
radioisotopes to the radiotoxicity of the uranium from which the given isotopes emerged. Thus can we define the
so called relative radiotoxicity. Starting from e.g. the radiotoxicity defined according to (3), the value is:
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where QD(0 is the radiotoxicity of the waste, while 0D,uM is that of natural uranium. As a first approximation
assume that ©D,U(0 is constant. In this case (4) can be written as
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If one requires that the radiation dose on the biosphere due to the radwaste produced in an NPP should not
exceed that of the natural uranium, by the consumption of which the waste was produced, it must be isolated
from the biosphere as long as the relative radiotoxicity defined by (4) and (5) would not drop below 1. This is the
so called necessary storage time. In the case of the once-through fuel cycle this period is in the order of million
years.

3- PROPOSED FURTHER INDICATORS OF LONG-TERM RISK

The advantages of the application of the radiotoxicity related quantities defined in Section 2 are: (a) they reflect
well to what extent the radioactive decays jeopardize the biosphere in different moments after the production of
the waste and (b) unanimously determine the necessary storage time. However, they do not answer some
important questions regarding the storage of radioactive waste, the most important of which being: (a) they do
not reflect how much integral load the produced waste represents for the environment during the entire necessary
storage time; (b) they do not provide information concerning the amount of total risk endangering the future
generations at different periods elapsed from the production of the waste; (c) the time-dependence of the
radwaste produced in different nuclear energy systems can be very different and therefore one cannot conclude
on the total risk (i.e. integrated over the entire storage time) of the various systems. Accordingly, although the
radiotoxicity values described in Sec. 2 are essential, they are not sufficient to evaluate the long-term risk, hence
further quantities should be defined.

The residual hazard is an integral quantity, which is, at some time t after the production of the waste,
proportional to the risk in excess of natural uranium until the end of the necessary storage time. The value of the
residual hazard can be formulated with the aid of any of the radiotoxicity notions defined in Sec. 2. E.g.,
according to the quantity defined in (3), the residual hazard is[3]

Except for the last period of storage, ©D(0 is normally significantly larger than ©D,U and thus, as a first
approximation, the residual hazard can be written as

Kr{t)~\®D{t)dt (7)
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Taking into account (4) the relative residual hazard is [3]



The quantity of (6) can be defined for once-through fuel cycle nuclear energy systems:
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A quantity similar to that in (6) is found in the work of Salvatores at al [4]. They have performed a comparison
applying the value of (6) at time t=0 referred to unit storage time.

The residual hazard index is well applicable to evaluate the different nuclear energy systems in the respects
examined above. It is defined as
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where Krcrtax
=Kro(0) is the maximum, i.e. t=Q value of the residual hazard for the once-through fuel cycle and

is the relative residual hazard with the same conditions.

The residual hazard index (10) is useful to compare fuel cycles of different types in the above described respects:
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where KrJ(i) is the residual hazard for the typey (e.g. Th-U based) fuel cycle system at time / and KriO,i(0) is the
residual hazard for the type / (e.g. U-Pu based) once-through fuel cycle system at time t=0. Obviously for/=i
krJ,{t) of (11) is equal to kr(i) of (10).

In order to illustrate the above, the time behavior of the relative radiotoxicity (4) and the residual hazard index
(10) is investigated for a few representative cases in the next section. The results shown indicate the usefulness
of the application of the now proposed quantities.

4 - DEMONSTRATION OF THE ADVANTAGES OF THE RESIDUAL HAZARD CONCEPT

In order to demonstrate the effectiveness of our new method two case studies are presented, in which different
nuclear energy systems are compared based on our own calculations. In the first one, conventional thermal and
fast reactors, while in the second one molten salt reactors are investigated from the viewpoint of transmutation.
An additional one compares the U-Pu and Th-U cycle based on data from the literature.

First case: thermal transmutational reactors and fast burner reactors

The energy production is based on conventional LWRs in each type of systems and recycling of U and Pu is
assumed. The systems also contain a partitioning plant, which is able to separate FPs from MA elements. It
should be a pyroprocessing plant to shorten the cooling and partitioning time. The parameters of the systems are
listed in Tab. I.

The first type contains additional thermal transmutational reactors (TTRs), which are in our present calculations
slightly modified LWRs with some special pins containing minor actinides (MAs) in their core. The assumed
TTRs have four-batch cores, and 12 of the yearly charged 40 fuel assemblies contain special pins with MAs.
Half of them are filled with 70 wt% NpO2 and the other half with 30wt% AmO2. The power of the reactor is 900
MWe. In order to achieve an acceptable cycle length (~ 280 equivalent full-powered days) the enrichment of
fresh fuel is increased to 4.5 %.[5] For the realization of the recirculation of Pu, it is assumed that these reactors
operate partly MOX fuelled.

During the fuel-cycle, the spent fuel both the conventional LWRs and TTRs is to be partitioned after a 3 year
cooling period. The spent U mixed with Pu is charged into TTRs as MOX-fuel. If the amount of Pu is not
sufficient to reach the appropriate enrichment, enriched U is fed from external source. The occasional excess of
Pu and MAs is sent to final disposal. If the enrichment of unused U exceeds that of natural uranium, it is
enriched again, and fed back, else it is stored. The partitioned FPs are sent to final disposal and the MAs are
filled into special pins to be irradiated.
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Figure 1 Relative radiotoxicity (above) and residual hazard index (below) of the disposed waste in the case
of different scenarios: OTC — once-trough cycle; 1 — 60% MOXfuelled TTR; 2 — 50% FBuR;

3 — 50% FBuR with first collision spectrum

A mathematical model of the above described system has been worked out, and calculations have been carried
out. It was obtained that the amount of the Pu and Np isotopes was decreased but the higher Pu inventory in the
core results in the build-up of higher actinides (Am and Cm). However, as the analysis of the long term risks
shows, this disadvantage cannot override the advantages which come from the incineration of Pu. In this case the
required storage time could be decreased to about 200,000 years as it can be seen in Fig. 2. We can conclude that
concerning transmutation the best option is the full recirculation of Pu, which is mainly responsible for the long-
term risks.

Table I Fuel cycle parameters of the first case

Enrichment of charged fuel (%)
Yearly charged fuel (kg/MWyr)
Yearly charged Np (kg/MWyr)
Yearly charged Am (kg/MWyr)
Yearly charged Cm (kg/MWyr)
Cycle length (EFPD)
Number of batches
Cooling time (yr)
Time of partitioning (yr)
Time of fuel fabrication (yr)

study

LWR
3.2

25.57
0
0
0

330
3
3

TTR
4.5

19.09
0.0427
0.01285

0
280
4
3

FBuR
40.91
10.42

0.2692
0.24989
0.02933

183
4
2

0.5
0.5

In the second type of system, fast burner reactors (FBuRs) appear in order to improve transmutation rates. These
are modified FBRs with low conversion ratio to avoid the pile-up of MAs. They contain fuel highly enriched in



Pu and 5wt% homogenous loading of MAs[6]. The only difference from the first stage fuel-cycle is that in this
case Pu is loaded into FBuRs and only the remaining amount may be utilized in TTRs. The spent fuel discharged
from FBuRs is partitioned as early as after 2 years cooling because the build-up of curium and other actinides
with high a decay and spontaneous fission rates is much less than in thermal reactors.[7,8]

The appearance of FBuRs offers a significant development. The accumulation of the higher actinides is much
lower than in the first type of system. It results in a great decrease in storage time, however that is still more than
50,000 years, which exceeds the acceptable length. In order to prove the essential importance of the spectrum in
the transmutational capabilities, we assumed harder spectrum in the fast reactors. The calculations were carried
out with the supposition of first collision spectrum with average neutron energy of 720 keV, which offers a basis
of sensitivity analysis. This value is slightly higher than the expected maximum achievable value in an ADS. It
was proved that the key to the prevention of the accumulation of higher actinides is the hardening of the spectra.
In this case only a small amount of Cm accumulates, and the required storage time decreases to 40,000 years (see
Fig. 1). Calculations related to ADSs are now in progress to verify the results of this preliminary analysis.

The analysis of the above systems by the use of the newly defined residual hazard (equation (10)) yields more
details. This quantity is proportional to the risks that occur during the remaining part of the storage time. It helps
the determination of the real advantages and disadvantages of a scenario. It can be observed that the utilization of
the TTRs decreases risk for the whole storage time to about 45% of the risk of the once through cycle (OTC). In
Figure 1 it can be seen that in the case of OTC this level can be achieved after 3 to 4,000 years. In the case of
FBuRs, the risks calculated for the total storage time is only 16% of the one concerning OTC. With TTRs the
residual hazard decreases to this value after 10,000 years, while in the OTC this time is 25,000 years. Even better
results were obtained by assuming the harder spectrum. In this case the residual hazard index is only 5% which
value can be achieved after about 5,000, 20,000 and 90,000 years in the case of FBuRs, TTRs and OTC,
respectively.

Second case: VVER-440-s and molten salt reactors

In the second case study it was assumed that the spent fuel of VVER-440 reactors were reprocessed, the U
fraction was reenriched and utilized in the reactors and the Pu and the MAs were charged into a molten salt
reactor(MSR). Pu and MAs in the same composition were also continuously fed to the MSR in order to replace
the consumed fission material, but the ratio of the total amount of actinides in the core remains constant,
maintaining the safe distance from the solubility limit. Fission products were continuously removed from the salt
by chemical processing[9]. Naturally, despite of the continuous feed, during the burnup the isotope ratio
worsens, the weight of the fissonable nuclides in the isotope vector decreases, and the excess reactivity
diminishes. Thus, after a given irradiation period, the whole actinide content of the salt should be replaced.
Afterwards, this spent actinide mixture is sent to final disposal.

The examined MSR has a homogenous, cylindrical core 4 m high and 4 m in diameter with steel reflector around
it. A thermal power of 2500 MW was assumed. The net irradiation time was set to 5 years. As only a part (about
one third) of the molten salt stays in the core at a time, the total cycle time till the removal of the spent fuel is
much longer (about 15 years).

Two different salt compositions were investigated. The first was a BeF2 (43.63 wt%) + LiF (53.37 wt%) mixture,
which was used in the Molten Salt Reactor Experiment in ORNL[9]. 3 wt% of MAF3 had to be added (which is
below the solubility limit) to achieve about 2.5 % of excess reactivity at the beginning of cycle. Because of the
light elements (Be and Li) its spectrum is slightly softer than the one of the LMRs (average neutron energy: 214
keV). The Li was enriched in 7Li to 99.995%, to avoid the absorption by 6Li.

The other salt was a NaCl and MACI3 mix. It has not been tested experimentally, and because of the high
melting point this mix could be problematic from a practical point of view, but chloride based salts are often
discussed as the possibility to approach the hard spectrum of an LMR[10]. As expected, the average neutron
energy was found to be higher (371 keV), but because of the high absorption resonances of Na and Cl the weight
fraction of MAC13 had to set to 9 wt%.

Figure 2 shows the radiotoxicity and residual hazard for different scenarios. It can be observed that the waste
originating in the once through cycle is somewhat less radiotoxic than in the first case. This is because the
typical burnup in the VVER reactors is slightly lower than the one assumed in the first case. As in this type of
system the MSR can consume only a part of the Pu, the radiotoxicity level does not decrease significantly, even
more it starts from a slightly higher level and the storage time is also somewhat longer. However, it can be seen



Figure 2 Relative radiotoxicity (above) and residual hazard index (below) of the disposed waste in the case
of different scenarios

in Figure 2 that the residual hazard index is reduced significantly even in this case. It is surprising that in the
harder spectrum fewer actinides were consumed, which can be explained by the relatively high absorption rate of
Na and Cl.

Figure 2 shows that in the case of MSR Be/LiF the risk calculated for the total storage time is about 52% of the
one concerning OTC. This level can be achieved after 1500 years in the OTC. With MSR NaCl these values are
65% and 500 years. This means only very modest decrease of the long-term risk. It can be concluded that these
systems have a very low transmutational efficiency, but this is due to the fact that it is not a real closed cycle, as
the Pu is recycled only once and after the irradiation the remaining waste is sent to final disposal. Further
calculations should be carried out in order to determine the effect of multiple recirculation. In the case of MSRs,
a much longer irradiation time should take place, which needs complex burnup calculations to account for the
spectral changes.

In order to emphasize the role of Pu in the long-term risk, Fig. 2 also shows the radiotoxicity and residual hazard
of a waste package, from which U and Pu were extracted. This composition refers to the repocessed waste.
According to the figure the storage time is below 100,000 years and the residual hazard index is reduced to about
6%.

Third case: the comparison of thorium and uranium fuel cycle

Finally a comparison of the U-Pu and Th-U fuel cycles is presented based on data from the literature[ll]. As it
can be seen in Fig. 3 at the first part of the storage the U-Pu cycle causes higher risks, but from about 20,000
years the Th-U cycle exceeds it. Accordingly, the risk integrated for the whole storage time (the relative residual
hazard, equation (8)) is significantly higher for the Th-U fuel cycle. This seems to be a surprising result, since
the Th-U cycle is frequently mentioned as a very advantageous one considering the long term risks. However, it
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Figure 3 Comparison of the radiotoxicity (above) and residual hazard (below) of the U-Pu and the Th-Ufuel
cycle

should be emphasized that these calculations were carried out assuming once through cycle, which does not fit
for the Th-U cycle.

5-CONCLUSIONS

The results show that the proposed indicators are suitable for the comparison of different nuclear energy systems
considering the long-term environmental risks caused by the originating radioactive wastes, so they very well
complete the conventional radiotoxicity indexes. It can also be seen from the results, that the search for suitable
transmutational facilities and the corresponding optimal nuclear energy systems remains an actual task in the
future too.
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