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ABSTRACT

P&T is a set of technologies which are mostly at the research stage. However, it is considered that enough
information is available at present in order to carry out a preliminary investigation of its potential
industrialisation. This paper considers P&T in terms of technological feasibility, cost, timing and environmental
impact. The paper concludes that there are enough uncertainties in the benefits of P&T to warrant a
comprehensive evaluation of its cost and socio-economic impact, and its impact on repository design and safety
before pushing ahead with large-scale development programmes.
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1-INTRODUCTION
This paper is intended to give the viewpoint of two major industrial participants in the nuclear fuel cycle,
COGEMA and BNFL, on the partitioning and transmutation option (P&T) for radioactive wastes. The general
concept of P&T has been described many times [10]. Briefly, the concept involves the partitioning of long lived
radionuclides, in order to isolate them for segregated treatment, and transmutation of this waste to reduce the
long lived radwaste loading of a repository such that a required level of radiotoxicity is reached in a much
shorter timescale than would otherwise be the case.

Currently there is a significant amount of international R&D work in this area [10], however it is not the
intention to summarise this work here. This paper will concentrate on a survey of P&T issues, which are
important in the context of the potential industrialisation of P&T.

2- OVERVIEW OF TOXIC POTENTIAL AND REPOSITORY PERFORMANCE
Ingestion toxic potential, calculated on the basis of recommended effective dose limits [5], is used to illustrate
the effect of the potential long-term hazard associated with spent nuclear fuel inventories. The evolution of total
toxic potential is charted in Figure 1, which compares spent PWR fuel with the toxic potential generated by coal
combustion products and the effect of removing key radionuclides from the assessment [6], Fission products
contribute considerably towards the toxic potential of spent nuclear fuel during the initial 100 years of long-term
storage/disposal. In addition, curium also contributes largely towards the initial toxic potential during the first
100 years, dominated by 242'243>244Qn all of which possess relatively short half-lives. The curium isotopes decay
into plutonium thus adding to the plutonium inventory as it decays itself. The effect of removing plutonium is
clearly illustrated in Figure 1, by the considerable reduction in toxic potential exhibited during the period
between 1000 and 100,000 years. Removal of U, Pu, Am and Np from the disposal inventories indicates that
medium term toxic potentials would be greatly reduced. However, if curium is left in the wastes its decay and
the subsequent in-growth of long-lived progeny would result in no great reduction in very long-term toxic
potentials (> 100,000 years).

One view of P&T is to reduce the overall toxic potential loading of a repository with no regard as to the
behaviour of radionuclides in a repository. However a study in the context of the European Union 4th Framework
programme [3] and a previous European study (EVEREST) [13]investigated those radionuclides which are
important in terms of egress from a repository due to groundwater flow and those which are important due to the
potential for human intrusion into the repository in the future. The EVEREST study also considered a scenario
involving well drilling for drinking water near the repository.

Both studies found that the dose rate from activity release from a repository due to groundwater flow is very low.
The order of magnitude is few hundredths of a uSv, which is at least 100 000 times less than that of natural
radioactivity (this corresponds for example, to the average dose incurred by natural radon to any individual in
Europe by breathing during a few minutes). The nuclides that are important in this release scenario are not those
which are generally considered important in the context of P&T. The studies looked at repositories in clay, salt
domes and hard rock and found that the important nuclides in all of these were Snl26, Se79, 1129, Csl35,
Am241 and Np237. Note that the last two nuclides were included in the list since they decay to form U233 not
because they have important contributions to the dose rate. The impact of minor actinides was found to be near



zero. It is questionable whether a potential reduction of these very small doses by P&T is a worthwhile
endeavour.

It must be added that the doses associated with the "normal" release of almost all minor actinides and of some
long lived fission products as part of the long lived radionuclides do not lessen according to their quantity in the
repository (only the duration of the release is shortened). This is because there is a solubility limit for some of
them (particularly for minor actinides in the reducing conditions which generally prevail in a deep geological
formations) so that the release rate is mainly driven by the water flow through the repository. In the case of a
drinking well scenario, the dose rate is higher than above, but still low. The maximum dose only reaches a few
tenths of that from natural radioactivity. It must be emphasised that in any case, the calculations carried out in
EVEREST have shown that even with a 99.5 % P&T efficiency for the main long lived radionuclides, the
radiological impact in this scenario would be reduced by only a factor of 6 owing to the solubility limits of
several radionuclides which have a major contribution to the dose.

In looking at human intrusion scenarios, the dose effect was found to be considerably larger than the level above
which non-stochastic health effects should be considered. The 4* Framework study found that, for risk in the
long term, only Tc99 needed to be added to those from the groundwater release scenarios and the EVEREST
study concluded that Am and Cm were the main contributors to the dose rate.

From these results we can conclude that P&T of long-lived fission products is hardly justified. For minor
actinides it may be useful only if human intrusion is deemed to be a plausible scenario.

3- TECHNICAL FEASIBILITY OF P&T FOR THE KEY RADIONUCLIDES

The technical feasibility of P&T involves a study of several key issues; partitioning technology (including waste
production, dose and environmental impact), transmutation potential, reactor/ADS development and fuel and
target issues. It is impossible to do justice for all these issues in a paper of this length and we have concentrated
mainly on transmutation potential. However the issue of partitioning technology and fuel and target problems is
touched on briefly in section 4 and additional worker dose uptake is addressed in section 5.

Radionuclide transmutation
Because of the low cross sections of the majority of long lived radionuclides (LLR) and the limitations of
neutron flux levels in reactors, it will be impossible to achieve, with current technology, an adequate
transmutation factor (i.e. greater than 90 %) with only one irradiation cycle. Therefore, processing and re-
fabrication of LLR targets will be necessary and consequently losses will occur at each step of this process. In
these conditions, simple calculations show that a high transmutation factor in a reasonable period of time needs a
high efficiency P&T process. For example, even if we take Tc99 which features one of the best transmutation
half time (about 6 years for a flux of 2.1014 n.cirfV1), and if we assume a cycle length corresponding to this half
time (which is already a hard technological challenge), it would take about 10 cycles (that is 60 years) to reduce
by a factor of 100 the Tc99 amount, with only 0,2 % of losses for reprocessing and 0,2 % for fabrication. It must
be emphasised that such reduction factors are practically unachievable for many of the other long-lived fission
products, since they have a very long transmutation half time (several decades or even several centuries).
Unfortunately, prime contributors to the long-term radiological impact are among these LLR which are very
difficult to transmute.
For minor actinides, transmutation half times are only a few years (typically 3 to 4 years) so that, similar results
could be achieved in few decades if we assume the same very high performances of the overall process.



The current status of P&T technology is summarised in the table below for several key radio-elements.

Radionuclide
Np
Am
Cm
Tc

I

Cs
Sn
Se

Partitioning — current status
Feasible, undeveloped on industrial scale
Difficult, require An/Ln separation
Difficult, require An/Ln separation
Feasible, not to sufficiently high degree,
difficult to recover from insoluble noble metal
inclusions
Feasible, difficult to recover colloidal I

Feasible, e.g. with crown ethers, undeveloped
Difficult, undeveloped
No studies reported

Transmutation - current status
Possible, fast flux, 233Pa y dose
Possible, fast flux, Cm formation
Not feasible, decay storage favoured
Difficult, under investigation

Difficult, corrosion products
formed, target problems due to
gaseous transmutation products
Not feasible, isotopic separation
Very difficult, segregate & store
Very difficult

4 - P&T SECONDARY FUEL RECYCLE WASTES

It is generally acknowledged that in addition to the primary fuel cycle waste from a P&T scheme, there would be
secondary waste that would comprise all insoluble active residues, degraded solvents or salts, ancillary materials,
and analytical wastes, etc. The majority of secondary wastes would arise owing to solvent/salt cleanup and
recovery operations during recycling [3]. Solvent radiolysis or hydrolytic decomposition during PUREX
operation would generate the major fraction of secondary wastes comprising organic degradation products such
as DBP. Trace quantities of insoluble U, Pu, FP, and MA residues would be found in solvent wash raffinates.

The expected increase in a-level associated with recycle of FR-MOX fuel would result in greater solvent
degradation and secondary waste production, owing to increased transuranic inventories [2]. The increased
degradation of solvent and diluent during reprocessing of FR-MOX fuel would be accompanied by a greater
inventory of insoluble actinide residues. Distillation of the solvent wash raffmate would reduce the volume but
generate a higher-boiling residue containing traces of uranium, plutonium, and minor actinides. The recycle of
Pu in the FR stage of the fuel cycle would generate quantities of secondary waste subject to accumulation with
each cycle.

Pyroreprocessing secondary wastes could include zeolites used for ion exchange, waste eutectic salt, and
inclusions such as CaCl2, FP, etc. It has been estimated that 0.3 m3 of mineral wastes and 0.05m3 of metallic
wastes would be generated per tonne of reprocessed material [1]. In addition, there would be sorption of process
fines onto the internal surfaces of equipment, cells and filters.

The feasibility of advanced partitioning processes is questionable, for example the recovery of Np is possible but
undeveloped on an industrial scale whereas Am / Cm separation is difficult and mostly experimental. Other
potential processes such as fission product separation are considered inefficient or too difficult.

Secondary and ancillary service wastes generated during fast reactor operation would be similar to those of the
thermal reactor stage. Different secondary waste may arise due to the treatment of coolant, such as corrosion
products, and would depend on the coolant media, e.g. sodium, employed in the fast reactor system. A coolant
treatment system would be necessary to facilitate the removal of accumulated activation products. The dose due
to recycling of Pu and MA would result in greater handling risks owing to larger inventories of 238Pu and 241Am,
which would increase neutron and gamma radiation around the glove boxes in fuel fabrication [2]. The
increased number of multistage processes and greater shielding requirements would generate considerably more
decommissioning wastes that would include secondary, active, wastes owing to sorption of material onto process
surfaces.

ADS operation would incur the generation of different secondary wastes to conventional thermal and fast reactor
systems, and much smaller quantities owing to the lower throughput of the ADS. The formation of activation
and spallation products would have serious safety implications and require continuous or regular periodic
removal. The use of Pb or Pb-Bi eutectic (LBE) targets and coolants could result in the generation of isotopes
such as 202Pb, 205Pb, 208Bi and 210Po. In addition, radiation damage in structural materials such as the beam tube
and beam window could occur due to the formation of spallation and activation products such as isotopes of Fe,
Cr, andNi[12].



The secondary wastes generated during final disposal are assumed to be similar to those from the ancillary
services used during mining operations. Much of what has been proposed in previous studies has been
extrapolated from current knowledge, introducing inherent uncertainties to any assessment. However, such
studies allow the formation of informed opinions on the potential impacts of developments in the nuclear fuel
cycle and as such are justifiable. Secondary wastes, and the associated increase in dose, in most P&T scenarios
would arise from the separation and treatment of minor actinides, and their subsequent fabrication into target
materials prior to transmutation in advanced reactors. There are several penalties associated with the P&T fuel
cycles including increased criticality risks during FR-MOX dissolution, which would require the construction of
dedicated head-end facilities.

5 - ADDITIONAL EXPOSURES OF WORKERS AND RELEASES TO THE ENVIRONMENT

It is well established and recognised that the nuclear industry, when carefully operated generates very low
radioactive releases to the environment and produces very low occupational radiological exposures for the
workers. However, these impacts are not absolutely zero so that, should P&T be implemented at an industrial
scale, there would be additional radiological releases to the environment and additional doses to the workers.
Even if, once again, this would entail a small increase, this must be compared to the hypothetical reduction of the
long term radiological impact of a geological disposal with P&T. With regard to this, some rough evaluations
have been carried out by COGEMA on the basis of actual worker exposures in the nuclear industry and for the
French fleet of nuclear reactors. This study has shown that P&T would engender an additional annual collective
dose of about 1 or 2 man-Sv for the fuel cycle and 5 to 10 man-Sv for reactor operation (the calculations were
performed with real operational exposures which are much lower than regulatory limits). This is to be compared
with the potential radiological impact of a geological disposal even for the pessimistic scenario of a well drilled
near the disposal. In fact, under this hypothesis, the overall collective dose would be only few man-Sv at the
most.

6 -TIMING

When addressing the time periods that would be necessary to achieve significant reduction of the overall waste
radiotoxicity with P&T, we have to consider two main steps.
The first one is the R&D phase needed to develop optimised industrial processes which are able to treat large
amounts of long lived radionuclides in safe conditions. The second step is the "active" phase during which P&T
is implemented at an industrial scale.

With regard to the duration of the R&D phase, an approximate evaluation may be given by considering the 3
following domains:

1. Partitioning processes

2. Fuel target development

3. Reactor studies (burner)

For partitioning processes, we may refer to the French R&D program ACTINEX, carried out at CEA within the
framework of the 1991 Law on radioactive waste [15]. According to the present status of research, CEA consider
that the technical feasibility of the basic concept for the separation of minor actinides (Np, Am, Cm) and 3 long
lived fission products (Iodine, Technetium, Caesium) could be acquired by the year 2005. However, seeing the
present status of laboratory studies and technological problems that are still to be solved, industrials consider that
this term will be difficult to meet. Anyhow, after this preliminary step, and if this research is conclusive, further
R&D would be necessary to establish efficient industrial processes and a minimum additional delay from 5 to
10 years can be estimated for this phase.

With regard to fuel target development, and from past experience of MOX, a full qualification of such innovative
fuel would take at least 15 years if we include all the steps, that is basic R&D, laboratory tests, irradiation tests,
fabrication studies, licensing process etc. However fuel development may be carried out in parallel with R&D on
partitioning.

As far as the reactor domain goes, specific R&D for dedicated burners would not be very important if
conventional reactors such as an LWR or even an LMFR are used for transmutation (that is to say, excluding
hybrid systems the development of which would take several decades).



To sum up, it is believed that the R&D phase for P&T would take from 15 to 20 years from now at the
minimum.

Let us now come to the "active" phase. As a matter of fact, for a given amount of waste (which may be the
annual flow for example), its duration depends on several parameters such as the number and kind of burners,
the desired transmutation rates and the type of long lived radionuclide selected for transmutation. The results
from many calculations and even a few experiments are currently available on this topic (see for example [16] or
[10]).

As an example, if we consider only a 90% transmutation factor (which appear to be the sensible minimum
performance for P&T) and if conventional reactors are used, transmutation times would be from 1 to 2 or 3
decades (Am, Tc99) to several centuries (Sn-126).

On the other hand, if it is decided to utilize advanced hybrid systems, then the development phase would be
extended by several decades.

In conclusion, it is clear that if it is decided to launch a P&T program at an industrial scale, this would be a
heavy commitment for at least many decades and probably several centuries, that is to say for many generations.

7 -ECONOMY

Given the early stage of P&T development, it is impossible to evaluate accurately an overall cost for an
industrial complex devoted to implementing the partitioning and transmutation of large quantities of long lived
radionuclides.

In fact P&T processes and technologies are, at best, tested at a laboratory scale and many of them are only based
on theoretical studies or rough conceptual designs. However, a few economic assessments have been carried out
within the framework of some national programs or international studies. One of them is given in a European
report published in 1997 [14] in the framework of a common R&D program.

In this prospective investigation, scenarios were postulated for several reprocessing schemes of long lived
radionuclides as applied to a population of reactors with a constant installed capacity of 120 GWe over a period
of one century (2000-2100). Various strategies were studied using PWRs only, or in combination with FNRs,
and considered 3 recycling options:

1. Plutonium recycling only
2. Americium and Neptunium P&T (1st level of P&T)
3. Enhanced P&T in which curium and 2 fission products (Tc99 and Iodine) are also processed (2nd level of

P&T)

It was shown that for the 1st level of P&T, the cost supplement over plutonium recycling alone is about one-third
for PWR cycle plants only and 50 % for FNR fuel cycle plants. Compared to this 1st level, an additional cost of
50 % was estimated for the 2nd level of P&T for both types of fuel cycle plants.

From these evaluations, and if we take into account that the fuel cycle share of the total cost of nuclear electricity
is about 25%, we may estimate that P&T would lead to an additional cost of at least 10% on the electricity
generation from nuclear, if P&T is limited to Am and Np only. Enhanced P&T would probably double this
overall cost.

For another estimation, we may refer to a US study published in ref.[l 8] which is based on the economic data of
the DOE report on ATW1 [17] released in November 1st, 1999. In this study, it is shown that the fuel cycle cost
associated with a P&T industrial system would at least double the direct cost of the standard LWR fuel cycle.

All these evaluations are indeed very preliminary but we can consider that they provide a good order of
magnitude for the supplementary cost of generating electricity from nuclear energy if P&T was implemented and
that this would probably be of the order of several tens of percent. Even if it is assumed that revenue from burner
electricity sales would just cover its capital and operating charges (an arguable point), it would be a hard
challenge for the nuclear industry to maintain its competitiveness, with regard to other energy sources, with such
an economic burden.

' Accelerator Transmutation of Waste



Therefore, if P&T is actually justified as a social need, it is necessary for P&T promoters to look for cost
reductions means, from now, which may be found for example, in higher irradiation, simplified reprocessing or
fabrication processes as is discussed in ref.[l].

8 -CONCLUSION

Considering the arguments developed in this survey, the question remains whether P&T could come to fruition.

From a purely industrial point of view, one of the major concerns for companies with commercial activities such
as COGEMA and BNFL, is to assess if there is a potential market for a new service or product. The answer to
this question is closely linked to another one; is there a customer ready to pay the required price for
implementing this industrial activity?

For P&T, none of the stakeholders seems to have a clear view on this problem. The "utilities" do not know if a
partial reduction in the potential radiotoxicity of their waste will help them in their electricity sales, in spite of an
increase in their prices, indeed psychologists suggest P&T could be counter productive, as further treatment
implies the waste hazard must be greater than it really is. The politicians are guided by broader considerations on
energy supply and social needs, in which P&T for nuclear waste does not seem to play an important role in many
countries. The man in the street does not understand the debate clearly and he does not trust any solution, which
is imposed on him, without having the feeling of involvement. Opponents to nuclear energy do not care about
P&T since their credo is rather simple; there is no solution for nuclear waste so the best solution to the problem
is to suppress the problem, that is nuclear energy itself.

To sum up, it appears that nobody is ready to pay for this impost and the question of the real advantage and
practical potential of P&T must be properly explored.

Our goal in writing this paper was not to dismiss any interest in P&T and also we did not try to bring a definitive
answer to this question. This overview was only intended to underline the technical hurdles and implications of
the P&T process for waste management, from an industrial viewpoint, as compared to its potential benefits.

Although some data associated with P&T is subject to large uncertainties and some data is unknown at present,
we believe that there is enough information available to assess some aspects of P&T. These would be:

• a comprehensive evaluation of the cost of P&T options

• the socio-economic impact of P&T including effects on safety, environmental impact and public acceptance

• the impact of P&T and the extent of P&T on repository design and safety together with alternative strategies
such as longer term intermediate waste storage

If we want to avoid any illusions in P&T which would lead to future disappointment and a detrimental effect on
stakeholder opinion, these assessments should be carried out as soon as possible.
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Figure 1 Ingestion toxic potential of spent PWR fuel and coal ash


