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ABSTRACT 
The management of long-lived isotopes – transuraniums (TRUs) and fission products (FPs) – produced in nuclear 

reactors is a problem that substantially affects the public acceptance of nuclear energy, and may influence the long-term 
hazard caused by energy production. Partitioning and transmutation (P&T) of spent fuel materials offer a suitable 
solution to this problem. After the nuclear community had realised this fact, the number of publications on this topic 
significantly increased but there is still a lack of studies that include the analysis of not only one instrument but also the 
whole nuclear energy system. However, from the viewpoint of P&T’s implementation a substantial question is the 
cooperation of plants optimised for energy generation and others for partitioning or transmutation. In order to analyse 
this problem, the schemes of different systems are framed and their mathematical models are worked out. The systems 
are evaluated through the long-term risks caused by the waste deposited in final disposal, and the risks are described by 
a newly defined quantity, the residual hazard index. 

INTRODUCTION 
It is obvious that the implementation of P&T can be 

carried out in several steps. A great number of articles and 
studies have analysed different dedicated systems (special 
reactors or accelerator-driven systems), but at the first 
steps of realisation those systems gain importance which 
are slightly modified versions of presently existing 
reactors. Although dedicated systems promise better 
results, the beginning of their full-scale operation is not 
likely before 2020.  

Thermal reactors could be promising candidates for 
further examinations due to the widespread technology. 
Charging special pins containing minor actinides (MAs) 
to their core, they could complete a part of the 
transmutation’s mission, as this confirmed by experiments 
too. However, calculations have proven that this task 
needs the increasing of enrichment and irradiation time, 
which are limited by safety aspects. The relatively low 
flux and the high capture/fission ratio in thermal spectra 
indicate that other reactors are necessary to achieve more 
complet transmutation (Puill, 1993). 

Due to their hard spectra and high flux fast reactors 
seem to be suitable for transmutation especially for 
burning of MAs. Modification to their core is needed to 
optimise for this new purpose instead of breeding, and 
cope with safety problems caused by the loading of MAs. 
Numerous studies have been made on different core 
configurations to develop so-called fast burner reactors 
(FBuR) that meet the requirements. (Wakabayashi, 1997) 
Irradiation experiments in the French FBR Phenix also 
proved the feasibility of the concept (Prunier, 1993). 

As partitioning needs the reprocessing of the spent 
fuel, the implementation of P&T is rational parallel with 
the improvement of the fuel-cycle and the reuse of fuel 
materials. The final stage could be the double strata fuel 
cycle, where a symbiotic nuclear energy system is in 
connection with a P&T cycle containing accelerator 
driven subcritical systems (ADSs), or other high 
efficiency dedicated systems.(NEA, 1999) 

METHODS 
In order to reach the above-mentioned final stage, 

two interim stages are examined. The energy production is 
based on conventional LWRs in each stage 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 scheme of the 
systems can be seen in FIGURE 1, parameters are listed in 
TABLE 1. 

First stage: thermal reactors 
The first stage contains additional thermal 

transmutational reactors (TTRs), which are 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 
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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) 
TABLE 1. Fuel cycle parameters 

LWR TTR FBuR 
3.2 4.5 40.91 
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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.(Wakabayashi, 
1997) The only difference from the first stage fuel-cycle is 
that in this case the Pu is loaded into FBuRs and only the 
remaining amount may be utilised in TTRs. The spent fuel 
discharged from FBuRs is partitioned already after 2 years 
cooling because the build-up of curium and other 
actinides with high α decay and spontaneous fission rates 
is much less than in thermal reactors.(Choi, 1999; Li, 
1995)  

Mathematical model 
The 15 most important actinide nuclides were 

included in the calculations: 235,238U, 237Np, 238-242Pu, 
241,242m,243Am, 243-246Cm. The base of the model is the 
mass-balance equation, which describes the changing of 
the nuclides’ accumulated outcore mass.  
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where t is the time, M(t) is a vector that contains the 
outcore mass of the isotopes, i=LWR, TTR, FBuR, i.e. the 
reactor type. Q(t) vector is the external feed of enriched 
U, thus it has only two nonzero components for the two U 
isotopes. Mi

out (t) vector contains the discharge masses of 
the nuclides from type i reactors after cooling and 
partitioning, and one could obtain it as the following:  
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where Mi
in(t) is a vector including the masses to be 

charged to the type i reactors after fuel fabrication. Ti is a 
matrix that contains in its rows the mass of the nuclides 
originating during the irradiation in an type i reactor from 
unit mass of the initial nuclide. The calculation of the T 
matrices’ elements was carried out using the program 
STAR (Oppe, 1995), which is a comfortable and validated 
application to calculate transmutation of actinides in 
different reactor types. As Mi

in(t) is a function of M(t), 
with the substitution of the above expression of Mi

out (t) in 
equation (1) one obtains a differential equation with 
retarded arguments. The retardations are the following: 

tp – time of partitioning; 
tc

i – spent fuel cooling time for i type reactors; 
ti

ir – time of irradiation in i type reactors; 
tf – time of fuel fabrication. 
The determination of Mi

in(t) depends on whether the 
chargeable amount of the nuclides – which is the sum of 
M(t) and Mi

out(t) – is greater than the amount required by 
the reactors or not. As partitioning means only the 
separation of the elements, the different isotopes of one 
element must be handled together, without changing the 
mass ratios. 

The solution of the differential equation was carried 
out by implicit Euler-method. As initial condition it was 
assumed that the fuel fabrication from the partitioned 
spent fuel material starts at time zero. 

Evaluation of the long-term risks 
In order to evaluate long-term risks, the yearly 

amount of the accumulating waste and the external U feed 
required to the operation is calculated. Then the decay of 
the isotopes in both inventories is computed for a one 
million year term using the ORIGEN-S code (Hermann, 
1989). The radiotoxicity of the nuclides is defined as: 

iii DCFtAttox )()( = , (3) 

where Ai(t) is the activity of isotope i at time t, and DCFi 
is the dose conversion factor for isotope i (ICRP, 1994). 
When both the radiotoxicity of the waste and uranium that 
is consumed during the energy production are determined 
for the whole time interval, the relative radiotoxicity could 
be obtained as the quotient of the aboves. This quantity 
refers to the fulfilment of the criteria for radiologically 

clean nuclear energy, which means that the radiotoxicity 
production rate should not exceed the radiotoxicity 
elimination rate. For an improved evaluation we introduce 
a global parameter called residual hazard:  
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where T is the time needed to reach the uranium’s 
radiotoxicity level (toxU) and i is the index of the isotopes. 
The index of residual hazard could be obtained from the 
above: 
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where Kmax=Km(0) for the once-through fuel cycle. This 
quantity is suitable for the objective classification of P&T 
systems. 

RESULTS 
At first the once-through fuel cycle (OTC) was 

analysed as a reference for the advanced fuel cycles. Then 
the two interim stages were discussed at different power 
ratio of the reactor types. 

Once Through Cycle 
A radioactive inventory was collected assumed that 

the nuclear energy system contains only conventional 
LWRs and the whole amount of spent fuel is handled as 
waste without reprocessing. The relative radiotoxicity 
could be seen in FIGURE 1. In this case, the radiotoxicity 
of the waste exceeds that of the utilised natural uranium 
for more than 800,000 years, which means that it should 
be safely stored for that time. For the first one hundred 
years the FPs and the 244Cm, later the 241Am, 239Pu and 
after 100,000 years the 237Np and the meanwhile 
accumulating 229 Th, and 230 Th determine the risks.  

The FPs are parts of all inventories, and independent 
from the decay chain of the actinides. At the beginning 
90Sr and 137Cs are the most significant, after about 500 
years 99Tc, 129I and to a lesser extent 135Cs take over this 
role. However, it could be observed that the radiotoxicity 
of these isotopes is lower by more than two order of 
magnitude than that of uranium, even at the beginning. 
This means that long-lived FPs’ transmutation only gains 
importance if all the actinides have been fissioned. 

First stage 
At first it was assumed that TTR could be entirely 

MOX-fuelled. It was found that the great amount of 
charged Pu results in the higher accumulation of Am and 
Cm isotopes (FIGURE 7). Although the system is able to 
consume all Pu and Np at 60% power ratio of TTRs, but 
the significant pile-up of higher actinides prevents the 
decreasing of the storage time below 200,000 years. By 



 

 

taking a look at FIGURE 3 it can be found that risk for the 
whole storage time is the same as in the case of the OTC. 
Any advantages of this solution could be observed only 
after about 5,000 year when the remaining risks is 
decreasing. 

In order to obtain best result, the percentage of MOX 
fuel in the TTRs core was reduced. At 30% (which is a 
safety limit in present MOX-LWRs) system is not able to 
consume the Pu so far. The accumulation of Np and Am 
could be stopped at a power ratio of 70% (FIGURE 6), 
but due to the higher amount of Cm and the presence of 
Pu the long-term risks cannot be decreased in a higher 
extent.(FIGURE 2) Moreover, as it can be seen in 
FIGURE 3 the residual hazard is greater than at the 
reference OTC.  

If we assume that Pu – as a reusable material in the 
future nuclear energy system – is send to an interim 
storage instead of final disposal, the radiotoxicity of the 
inventories could be examined without Pu, and be 
compared to the radiotoxicity produced in the OTC 
without U and Pu (FIGURE 8-9). In the case of the 30% 
MOX loading, the storage time is slightly sorter, and the 
residual hazard is decreased to about 85%. It was found 
that the ratio of the MOX fuel must be limited to 5% to 
achieve a real break-through in reducing of long-term 

risks. In this case the necessary storage time is only about 
50,000 years, and its effect is making itself felt in the 
radical reducing of residual hazard too. Without separate 
Pu storage this scenario is not a good choice, because the 
residual hazard is the twice of the reference, as it can be 
seen in FIGURE 3.  

Second stage 
The inclusion of the FBuRs substantially improves 

the system's effectivity. Different scenarios were 
examined (FIGURE 4) and it was obtained that if the 
FBuRs give 30%, TTRs an other 30% and LWRs the 
remaining 40% of the system's full power then all Np, Pu 
and Am isotopes will be consumed, and only Cm 
represents the waste. This causes a real break-through in 
storage time without the separate storage of Pu. The 
residual hazard curve (FIGURE 3) shows that the risk 
occurring during the whole storage were reduced to the 
fifth of the reference. The fact that 50% FBuR is needed 
to achieve the same result without TTRs, shows the 
possibilities that the co-operation of thermal and fast 
reactors could offer. The pile-up of Cm could be observed 
even in that case, but whether the ratio of FBuRs is very 
high in the system, then even the pile up of Cm could be 
stopped and all TRU elements transmuted. 
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FIGURE 2. Relative radiotoxicity in the case of different scenarios: 

1 – once-through fuel cycle, 2 – first stage, 60% TTR (100% MOX), 3 – first stage, 70% TTR (30% MOX),  
4 – second stage, 30% FBuR, 30% TTR, 5 – first stage, 80% TTR (5% MOX) 
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FIGURE 4. Yearly pile-up of TRU elements in different 

scenarios. The unit is the pile-up in OTC. The ratio of 
MOX fuel in TTRs is 5% 
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FIGURE 5.  Yearly pile-up of TRU elements at different 
power ratio of TTRs. The unit is the pile-up in OTC. The 

ratio of MOX fuel is 5% 
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FIGURE 6. Yearly pile-up of TRU elements at different 
power ratio of TTRs. The unit is the pile-up in OTC. The 

ratio of MOX fuel is 30% 
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FIGURE 7. Yearly pile-up of TRU elements at different 

power ratio of TTRs. The unit is the pile-up in OTC. 
TTRs are entirely MOX fuelled 
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FIGURE 3. Residual hazard index in the case of different scenarios: 

1 – once-through fuel cycle,  2 – first stage, 60% TTR (100% MOX), 3 – first stage, 70% TTR (30% MOX), 
4 – second stage, 30% FBuR, 30% TTR, 5 – first stage, 80% TTR (5% MOX) 
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FIGURE 8.  Relative radiotoxicity at different systems in the case of Pu storage:  
1 – once-through fuel cycle, 2 – first stage, 70% TTR (30% MOX), 3 – first stage, 80% TTR (5% MOX) 
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FIGURE 9.  Residual hazard index at different systems in the case of Pu storage: 
1 – once-through fuel cycle, 2 – first stage, 70% TTR (30% MOX), 3 – first stage, 80% TTR (5% MOX) 



 

 

DISCUSSION 
Discussion was made on the basis of comparing the 

accumulated masses, the radiotoxicity, the storage time 
and the residual hazard for different scenarios. 

By analysing the accumulated masses, one can find 
that the pile-up of Am and Cm in the first stage is due to 
the recirculation of Pu in great extent into thermal 
reactors. This harmful effect can be avoided by the radical 
decreasing of MOX fuel's ratio in the TTRs. The real 
solution is the higher fission/capture ratio, so the fast 
reactors might manage this problem.  

If radiotoxicity is examined as a function of time, it 
can be found that for the first 100 years transmutation 
causes slightly higher risks because of the greater amount 
of short-lived nuclides. Short-lived actinides also cause a 
major problem, because the decay chain may contain 
dangerous, long-lived isotopes. This means that further 
reduction of long-term risks needs the incineration of all 
actinides by fissioning. The long-term risks may be 
controlled by the radiotoxicity of fission products only if 
all the actinides were incinerated.  

The necessary storage time is equal to the time 
needed to reach the radiotoxicity level of the consumed 
natural uranium. During this time the waste must be 
isolated from the biosphere. In the examined two interim 
stages the storage time remains quite long, although it was 
decreased by more than an order of magnitude compared 
to the OTC. The storage time can be significantly 
decreased (possibly below 1,000 years) only by the 
application of dedicated systems within the frame of the 
double strata fuel cycle. However, the storage time is not 
an adequate parameter for the classification of a system, 
because it does not show the real value of risk. 

The newly defined residual hazard is much more 
suitable for this purpose, because it is proportional to the 
risks that occur during the remaining part of the storage 
time. This quantity helps the determination of the real 
advantages or disadvantages of a scenario. E.g.: curve 5 in 
FIGURE 2 only slightly exceeds the reference and reaches 
the one a bit sooner, but in FIGURE 3 the residual hazard 
index shows that the risks are almost twice higher than in 
the reference case. By taking a look at FIGURE 3 and 9 it 
can be found that the interim stages could give significant 
decrease in the long-term risks, although the storage time 
was not radically decreased. 

CONCLUSION 
We can conclude the followings: 
The examined interim stages mark out a possible way 

to the realisation of so-called “clean” nuclear energy. 
Besides the relatively cheap realisation even they could 
offer great reduction of long-term risks. 

It was found that in the case of thermal reactors 
transmutation and better fuel utilisation are opposite 
purposes, because the recirculation of Pu results in 
accumulation of MAs. A possible solution for this 

problem is the separate interim storage of the excess Pu 
for future use (e.g. in the second stage). In that case the 
long-term risks could be significantly reduced. If the Pu 
storage is rejected because of its non-proliferation aspects 
or other problems of the realisation, the better choice is 
the recirculation of the full amount, because Pu represents 
a major part of the risks. 

The accumulation of the higher actinides occurs in a 
smaller extent in FBuRs too. The solution could be the 
harder spectra of metal-fuelled fast reactors, or ADSs. 

The mathematical model and computational methods 
are suitable for the examination of these systems. 

The examination of the long-term risks through the 
calculation of the long-lived isotopes’ radiotoxicity is a 
convenient method for the evaluation and comparison of 
different P&T systems, especially after the introduction of 
the concept of residual hazard. 
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