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SUMMARY 0EOO8061SS6 

This report gives a survey of the current status of the Dutch national research 
programme for Recycling Actinides and Fission Products (RAS). The main 
purpose of the programme is to investigate possible methods for converting 
long-lived actinides and mobile fission products into stable isotopes by nuclear 
transmutation and recycling. Here the term "nuclear transmutation" means a 
conversion of long-lived radioactive nuclides into short-lived or stable nuclides 
and "recycling" means re-use of fissile material to generate energy in power 
reactors. With these two processes, which can usually be combined, a reduction 
of the radiotoxicity and of its duration may be achieved, thus reducing the 
potential hazard to future generations. 

Firstly, the report gives a survey of the present situation regarding nuclear waste: 
its components, how the waste is produced in current light-water reactors and 
possible options for interim and final storage. Then the objective of the RAS 
programme, the working methods and the state of the art of the research are 
considered. Two chapters deal with preliminary results of national and 
international research on transmutation of actinides and fission products. In the 
following chapter a rather tentative prediction for the future is formulated. Finally, 
some conclusions are drawn which may be summarized as follows: 

It seems to be in the best interests of the Netherlands to continue the established 
line of reprocessing nuclear waste, should new reactors be introduced. It may be 
advisable to make international agreements so that in the future nuclear fissicn 
products will contain as few traces of transuranic actinides and long-lived 
components as possible. Consequently, nuclear waste would become cleaner in 
terms of iong-iived components. For the transmutation of products separated in 
foreign countries, the Netherlands could pursue an active policy, perform 
research and also consider the use of MOX fuel in future Dutch reactors. Further 
contributions towards the solution of these problems can only be made by the 
Netherlands on an international level. As such, the research and study performed 
within the framework of the RAS-programme represents a useful international 
contribution. The possibilities offered by the High Flux Reactor (HFR) at Petten 
are particularly of great value. 

Finally, the choice of a new generation of nuclear reactors should be made not 
based only on the safety aspects, but also on the extent of waste production and 
on the transmutation possibilities (application of MOX, etc.). These conside
rations should also include long-term risk analysis. It is therefore important to re
examine the complete nuclear fuel cycle from a fresh perspective with a view to 
using resources as economically as possible and causing the lowest possible 
degree of environr lental pollution in the long-term. 
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1. INTRODUCTION 

General 
In addition to research on the feasibility of deep geological storage of nuclear 
fission waste, research is being performed - also in the Netherlands - into 
possibilities for reducing this waste, or rather, its dangerous components. This 
may be achieved by reducing the production of heavy actinides and by 
separation and transmutation of these radiotoxic waste components. This latter 
option also attempts to re-use actinides for energy production (recycling). 
Radioactive, long-lived components can be converted into short-lived or stable 
materials by transmutation through nuclear reactions. This nuclear conversion or 
transmutation may be achieved in nuclear reactors and possibly by means of 
accelerators. Special attention must be given to the actinides in nuclear fission 
waste and to some long-lived fission products. Many of these actinides have a 
long lifetime and a high radiotoxicity, while some long-lived fission products are 
very mobile. Through recycling the most efficient use is made of the raw materi
als and the amount of waste is reduced. This is in line with the principle of 
'Integral Chain Management'. The main objectives of the current research are, 
firstly, a reduction of the radiotoxicity of the waste in the shortest possible time 
and, secondly, to minimize the hazard to future generations due to waste 
remaining in storage. Later in this report these objectives will be examined 
further. 

Storage of radioactive waste 
Where nuclear processes are applied, radioactive waste may be produced. 
Nuclear power utilities produce nuclear waste as is well-known. But radioactive 
waste may also come from other sources, for example, from nuclear medical 
applications. It should be noted here that in this report the attention is almost 
entirely focused on high-level radioactive waste (HLW) and not on the categories 
low-level radioactive waste (LLW) and medium-level radioactive waste (MLW). 
Spent nuclear fuel contains fission products as well as actinides. Reprocessed 
HLW contains mainly fission products, but also a small portion of actinides which 
have not been separated. The major part of the radioactivity from nuclear 
processes is concentrated in HLW. In practice less than one percent of the 
weight of the total nuclear waste arises from reprocessed HLW: approximately 
10% is MLW and the rest is LLW. For all kinds of waste from nuclear power stati
ons and certainly for reprocessed HLW, there are adequate processing and 
storage methods, which are intended to exclude the population from harmful 
exposure to radiotoxic nuclides. Interim storage above ground is technically 
possible for the next hundred years. Final storage of reprocessed and vitrified 
HLW in stable, deep-lying geological formations may prove to be a safe method. 
However, for this method of storage there is insufficient public support in the 
Netherlands at present. The current public opinion is that the present generation 
is morally obliged to solve its own waste problem in the best possible way and 
that future generations should not, if possible, be burdened with it. 

Transmutation and re-use 
The term 'nuclear transmutation' or, in short, 'transmutation' here means 
conversion of a usually radioactive nuclide with a long lifetime into one or more 
stable or short-lived nuclides using nuclear reactions. Some examples are given 
in Table 1. It is reasonable to assume that 'hrough transmutation of long-lived 
actinides the radiotoxicity of nuclear waste can be considerably reduced. The risk 
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of storage of nuclear waste over a very long period can be reduced by the 
transmutation of some chemically mobile long-lived nuclear fission products. 
Consequently, some radical changes in the nuclear cycle will be required, which 
will also affect the hazard to the present generation. This could only be justified if 
transmutation and recycling largely eliminate the hazard to future generations. In 
addition to the problem of utilizing the increasing supplies of civil plutonium, the 
peaceful application of the plutonium from the dismantling of nuclear weapons is 
a worthwhile study. 

National programme 
In 1989 ECN set up a long-term programme for research into the feasibility of 
reducing nuclear fission waste by means of recycling and transmutation, known 
under the Dutch acronym RAS. Within the framework of this programme, 
possible options and strategies are systematically examined by researchers from 
different disciplines, such as nuclear physics, reactor physics, nuclear chemistry 
and nuclear technology, in order to determine which type of research might best 
be pursued. Meanwhile, transmutation research is carried out on a more interna
tional level, making use of the High Flux Reactor (HFR) in the Netherlands. The 
Dutch government has requested ECN to execute the RAS programme for which 
it has appointed an Advisory Committee. One of the Committee's tasks is to 
assess the viability of transmutation of nuclear waste on the basis of this present 
report, which is written within the framework of the RAS programme. 

Contents of this report 
To begin with, the nature and the storage of nuclear fission waste and the 
current strategies for waste reduction are briefly examined. Then, the national 
Du'ch RAS programme (purpose, method and current status) and international 
research results are discussed. Tentative conclusions are drawn, with the explicit 
reservation that many of the research results are still preliminary. 
Due to the long-term character of the research, it is difficult to make projections 
for the potential of reducing the waste production per amount of electricity 
generated by means of re-use and transmutation. Nevertheless, such an attempt 
is made in chapter 6. Finally, a summary of conclusions and recommendations is 
given. 
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introduction 

Table 1 Examples of transmutation 

1. Fission of actinides with neutrons ("bum up") 

a. Fission of long-lived acttnides into shorter-lived Fission products with thermal 
neutrons (mainly in thermal spectra) 
Example: Pu-24! + n --> fission products + neutrons 

b. Same with fast neutrons (mainly in fast spectra) 
Example: Pu-238 + n --> Fission products + neutrons 

2. Neutron capture in actinides, fblowed by fission 

a. Capture of a neutron in a long-lived, pooriy fissionable actinide, from which, 
after double beta decay, a fissile nuclide is formed 
Examples: Pu-240 + n --> Pu-241 

Pu-241 + n - > fission products + neutrons 

(J-238 f n »> U-239 B--> Np-239 fl~> Pu-239 
Pu-239 + n --> fission products + neutrons 

b. Capture of a neutron in a long-lived, poorly fissionable actinide, possibly 
followed by beta decay, after which fission occurs by fast neutrons 
Example: Np-237 + n --> Np-238 B~> Pu-238 

Pu-238 + n --> fission products + neutrons 

c. Capture of two neutrons, followed by Fission (mainly in thermal spectra) 
Example: Am-241 + n --> Am-242 B-> Cm-242 

Cm-242 +• n --> Cm-243 
Cm-243 + n --> fission products + neutrons 

3. Neutron capture in long-lived fission products 

Capture of a neutron in a long-lived fission product which transforms into a 
stable nuclide, directly or after beta decay (mainly in thermal spectra) 
Examples: Tc-99 + n --> Tc-100fl--> Ru-100 

1-129 + n -> 1-130 B--> Xe-130 

4. Spallation with protons 

Fragmentation o' actinides after reaction with high-energy protons will produce 
many free neutrons to enable the above-mentioned possibilities 1, 2 and 3. 
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2. CURRENT SITUATION 

2.1 Components of nuclear waste 

Fission products 
Neutron-induced fission of nuclei such as U-235 or Pu-239 usually leads to two 
fragments according to many possible combinations. Consequently, nuclear 
waste contains many different isotopes from many different elements, such as 
molybdenum, ruthenium, palladium, silver, xenon, samarium and neodymium. 
Some of those isotopes are stable, but the majority is initially radioactive (mainly 
through beta decay followed by gamma radiation) and this contributes consider
ably to the initial radiotoxicity of the nuclear waste. After approximately 250 years 
the radioactivity of fission products will be reduced by a factor 100.000 and only 
the activity of a few long-lived radionuclides such as technetium-99, Iodine-129 
and cesium-135 remains (approximately 10% of the mass). 

Actinides 
As a result of nuclear fission neutrons are liberated; these neutrons will either 
cause new fissions or will be captured, mainly in the nuclear fuel. After capture of 
neutrons in the nuclear fuel, nuclides will be formed which are heavier than 
uranium (these are called transuranic elements). Both uranium and transuranic 
elements belong to the chemical group of the actinides. Some transuranic 
elements, such as plutonium-239 are easily fissionable ("fissile"), but some are 
difficult to use in ordinary light-water reactors (mainly the so-called 'minor actini
des' neptunium, americium and curium). Only the main paths along which 
actinides are formed in a light-water reactor are represented in Figure 1. All these 
transuranic elements can be destroyed or converted by nuclear techniques. This 
is wanted because they may cause prolonged and high radiotoxicity (lower for 
ingestion than for inhalation), due to the prolonged alpha-activity. 

Waste quantities 
To give an indication of the amount of waste products, the annual waste 
production from a large nuclear power reactor (a 1000 MW(e) PWR with an initial 
fuel enrichment equal to 3%) is given below: for an annual electricity production 
of six million MWh, the contents of fuel rods to be discharged annually consists 
of 20 tons of uranium (with a remaining degree of enrichment of 0.9% in 
urantum-235) and, after a cooling period of ten years, these fuel rods will contain 
260 kg of plutonium and 21 kg of 'minor actinides' (approximately 10 kg of 
neptunium, 10 kg of americium and 1 kg of curium) and finally 7fC kg fission 
products. The current Dutch nuclear power reactors produce approximately half 
these quantities annually. Like transuranic elements, fission products contribute 
considerably to radiotoxicity, but this contribution will be significantly reduced by 
the decay of most fission products over the first 250 years. Figure 2 compares 
the radiotoxicity of nuclear waste with the radiotoxicity of the original uranium ore 
from which fuel was produced. 
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Rg. 1 A light-water reactor uses slightly enriched uranium with a few 
percent U-235 and mainly U-238 in the nuclear fuel. The uranium 
isotopes produce many other actinides in a chain of nuclear reactions. 
Only the major mechanisms of isotope formation in a thermal reactor 
are indicated. In a fast reactor all actinides are fissionable. 
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Fig. 2 Most fission products in the nuclear waste of a reactor will have 
decayed after approximately 250 years. The actinides (including 
uranium and plutonium) take much longer. The radiotoxicity of 
nuclear waste would be reduced much faster, if 99.9% of the actinides 
were separated. The upper curve indicates the situation of direct 
storage without reprocessing. The curve 'Actinides after bum-up' could 
be reached if sophisticated partitioning techniques were used to 
remove all actinides from the waste with mly small losses. In this 
case it is assumed that the recovered actinides can be transmuted 
without generating further waste. 
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Current Situation 

Plutonium 
Plutonium contributes considerably to the radiotoxicity of spent nuclear fuel. Its 
major isotope, Pu-239, has a half-life of 24.000 years. When nuclear weapons 
are dismantled, a large quantity of plutonium-239 becomes available. Plutonium-
239 is easily fissionable and can be used as fuel in both thermal and fast 
reactors, but capture of neutrons will always give rise to heavier actinides, 
especially in thermal reactors. 

2.2 Current nuclear fuel cycle for LWRs 

Direct storage without reprocessing 
In order to make a proper assessment of the nuclear waste streams, it is 
necessary to consider the total fuel cycle from beginning to end, starting with 
mining, purification, enrichment, fuel fabrication, electricity generation, waste 
processing and ending with ultimate storage. The simplest 'cycle' for a light-water 
reactor is the 'once-through cycle', in which direct storage may be applied. Direct 
storage means that the spent nuclear fuel is stored while it still contains all its 
waste products. A very large portion of spent fuel consists of uranium oxide, 
which in a closed fuel cycle could largely be re-used if enriched again in 
uranium-235. Also the plutonium can not be re-used if the direct storage option 
is chosen. Although the option 'direct storage' offers no perspectives for recycling 
and reducing the radiotoxicity of nuclear waste, it has some major advantages: it 
is simple, it is cheap and, for the time being, it involves hardly any proliferation 
risk. 

Reprocessing 
For the transmutation of actinides and long-lived fission products, it is necessary 
to separate ('partition') the elements in question from the spent nuclear fuel. 
Depending on the type of nuclear fuel, there are various separation methods. 
Chemical aspects of the partitioning process for the uranium-plutonium cycle will 
not only te different from those of the thorium-uranium cycle but also oxide or 
metallic nuclear fuel with different degrees of enrichment and burn-up should be 
considered, up to now the uranium-plutonii m cycle with oxide fuel has mainly 
been used. 

The two Dutch nuclear power utilities send their irradiated nuclear fuel to foreign 
countries to be reprocessed, where as much of the uranium and plutonium as 
possible is separated. Then the fission products, together with the remaining 
actinides (such as neptunium, americium and remnants of uranium and 
plutonium) are conditioned for storage, using a vitrification process (see Fig. 3). 
After enrichment the uranium can be re-used, but this is rarely performed becau
se of the low world price of uranium and the fact that uranium from reprocessing 
factories is slightly polluted. The possibilities for using reprocessed uranium once 
more after additional mixing and enrichment, are currently being further 
investigated. 

Plutonium, mixed with uranium oxide ('Mixed OXide' or MOX), can serve as fresh 
nuclear fuel in ordinary light-water reactors (see fig. 3) or in fast power reactors. 
It is important to re-use the reprocessed plutonium quickly, because otherwise 
too much of the fissile isotope pIutonium-241 will have been decayed Into 
americium-241 which is difficult to fission. 
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Fig. 3 ECM investigates (iiel cycles based on fuel recycling and transmutation 
of long-lived radionuclides to short-lived or stable nuclides. This 
reduces the amount and radiotoxicity of nuclear waste. The cycle 
above is designed for light water reactors. 

The most simple nuclear fuel cycle is the cycle with direct storage, where spent 
nuclear fuel is treated as waste. The depleted uranium from the enrichment plant 
will serve as fuel supply for future breeder reactors, only the green arrows and the 
arrow "spent fuel" in fig. 3 are relevant to this cycle. 

Figure 3 also shows a nuclear fuel cycle with reprocessing, where uranium and 
plutonium are separated for re-use. The waste contains fission products, 'minor 
actinides' and traces of uranium and plutonium. In the figure on the right, pluto
nium is re-introduced into the reactor as Mixed OXide nuclear fuel (MOX). 
Unfortunately, it is currently impossible to burn up the entire quantity of 
plutonium produced in LWRs. Consequently a certain amount of plutonium, not 
shown in the figure 3, remains in stock. 

Reprocessing may reduce the radiotoxicity of HLW considerably. However, in the 
HLW, remnants of actinides will remain, including plutonium. This will limit the 
reduction of the radiotoxicity of the nuclear waste. In the current reprocessing 
technology, the losses are limited to approximately 0.3% for uranium and 0.5% 
for plutonium. Prospects for further reducing these losses are being studied 
within the framework of the research programme RAS. Reduction of uranium and 
plutonium losses down to 0.15 and 0.3%, respectively, seems feasible. In the 
long-term further reductions could be reached and it will also become possible to 
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Current Situation 

improve the level of extraction of the remaining actinides (such as neptunium, 
americium and curium). An eventual reduction as indicated in Fig. 2 would be 
ideal. 

2.3 Storage 

Intermediate storage 
Spent fuel elements are stored in a pool near the nuclear power reactor for 
several years, awaiting reprocessing and/or direct storage. This storage period 
may last as long as ten years. During reprocessing, uranium and plutonium are 
separated from the nuclear fission waste, which then only consists of the fission 
products and the remaining actinides (including traces of uranium and plutoni
um). Then conditioning by vitrification takes place, which is followed by storage 
above ground for at least 50 years. In the Netherlands, the 'Centrale Organisatie 
voor Radioactief Afval (COVRA)' is responsible for this interim storage. As yet, no 
nuclear fission waste has come back to the Netherlands from the reprocessing 
factories in other countries, but this is likely to happen in the course of this 
decade. The vitrified HLW hitherto produced by the Dutch nuclear power 
stations, takes up a volume of no more than approximately 50 cubic metres. It 
should be noted here, that, in addition to the HLW, other low and medium radio
active waste will also be produced during the reprocessing, and will also be 
returned to the Netherlands. 

Deep geological storage 
The option of deep geological storage in salt rock formations, as final storage for 
vitrified HLW, has been thoroughly studied in the Netherlands within the 
framework of the programme OPLA (OPslag op LAnd). The possibility of direct 
geological storage of spent nuclear fuel (without prior reprocessing) and the 
possibility of retrieving it have also been studied. However, not only storage of 
HLW, but also storage of low and medium radioactive waste (LLW and MLW), 
including radioactive waste from nuclear activities by medical, industrial or 
scientific sectors, has to be accommodated. In the Netherlands it has been 
decided to store all nuclear waste above ground for the time being. The objective 
of the current RAS study is to find out whether the hazard can be further reduced 
by recycling and transmutation. Public acceptance of previously proposed or new 
methods for final storage might be more easily obtained, if the remaining hazard 
for future generations could be minimized. This does not mean, however, that 
there will be less need for fin̂ l storage in the long-term. Moreover, some suitable 
facilities are required for the storage of the vitrified HLW which will eventually be 
returned to the Netherlands. It is unlikely that this waste will still be considered 
for transmutation. 

Radiotoxicity and hazard 
The quantity radiotoxicity, as shown in Fig. 2, is a measure for the radioactive 
toxicity of the components of irradiated nuclear fuel. This quantity depends on 
the activity of the radioactive source and also on the effect on the human body 
after inhalation or ingestion. 

However, radiotoxicity is not a measure for the hazard to man caused by stored 
nuciear waste. This hazard is mainly determined by the way in which the waste is 
stored and isolated - for a long period of time - from the biosphere. Generally, 
complex calculations are required to evaluate the environmental risks represented 
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Transmutation of Nuclear Waste 

by a specific storage facility as a function of the time. The radiotoxicity of the 
waste is only one of the parameters. For this sort of consideration, scenarios of 
possible human intrusion are important as well. In the Netherlands, extensive 
quantitative studies have been made of the hazard involved if nuclear waste is 
stored in rock salt (OPLA programme). 

This report considers both the reduction of the total long-term actinide 
radiotoxicity (as would remain after several centuries of cooling down nuclear 
waste) and the removal and destruction of mobile long-lived fission products. 
However, as a result of transmutation, short-lived nuclides ill be produced 
causing additional risks for the present generation. Furthermore, the processes 
required for transmutation will involve risks. On the other hand, mining usually 
involves relatively larger risks; and less mining will be necessary if the nuclear fuel 
is used more efficiently. It is therefore not easy to carr • jut numerical evaluations 
of the risks caused by transmutation. Nevertheless such studies will be initiated in 
the framework of the RAS programme. 
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3. NATIONAL PROGRAMME RECYCUNG AND 
TRANSMUTATION OF ACTINIDES AND 
NUCLEAR FISSION PRODUCTS (RAS) 

3.1 Objective 

The main objective of the RAS programme is to achieve a reduction of the tot?l 
radiotoxicity of 250-year-old high-level radioactive waste including a reduction of 
the hazard caused by the leaking of long-lived mobile radionuclides from stored 
nuclear waste. It should be noted here, that the radiotoxicity is not the only factor 
determining the environmental hazard. This hazard is mainly defined by the 
isolation measures and the chosen storage site. It is not possible to provide 
general rules. It is obvious, however, that vitrification of nuclear waste reduces 
the hazard and that long-lived mobile fission products, such as technetium, 
iodine and neptunium, determine the long-term hazard. Another, more funda
mental way of dealing with this problem would be the development of an alterna
tive nuclear fuel cycle producing as few heavier actinides as possible. 
An additional objective of this programme is to utilize the energy content of the 
nuclear waste or, more generally, to recover the valuable materials from the 
waste. 

Possible measures are separation (partitioning) and transmutation of actinides 
(through fission) and transmutation of fission products (by capture). There are 
many possible scenarios with a constant nuclear power production, where 
complete recycling eventually causes a zero growth of actinides at the lowest 
possible equilibrium level. In these scenarios the waste is cleaned of actinides to 
the maximum extent possible. By feeding the actinides back into the nuclear 
fission cycle the amount of waste stored annually is reduced to short-lived fission 
products and to the losses resulting from recycling the actinides. Another 
possible scenario could be implemented at the end of the nuclear era. All the 
waste will be transmuted to the maximum extent possible and very little or no 
nuclear fuel will be added to the system. 

In order to increase public acceptance of nuclear power it is obvious that the 
following preconditions should be fulfilled: recycling must be technically and 
economically viable and should as much as possible be proliferation resistant. 

3.2 Working method 

As a means of maintaining awareness of current developments ECN has become 
involved in several networks for international co-operation, within the ECJ and also 
within the NEA (Nuclear Energy Agency of OECD). In addition to these activities, 
information is supplied both to the Dutch government and to the public. In order 
to accomplish these tasks and to back up the Dutch position within the networks 
mentioned, ECN contributes to a European Strategy Study for the European 
union. These contributions involve nuclear physics and reactor physics research. 
A file is being created of the nuclear data required to support calculations 
necessary for comparing the different scenarios and for an assessment of the 
effects on the safety parameters of the reactor when nuclear waste is added to 
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the nuclear fuel. In addition to the activities for the European Union, work is 
carried out for the Dutch Ministry of Economic Affairs in co-operation with the 
NEA D t̂a Bank. This project mainly involves the definition of a file of nuclear 
data for calculations on the burn-up of nuclear waste by means of proton 
accelerators. 
Within the framework of the Muclear Science Committee of NEA, ECN participa
tes in various "Working Parties', for example, on transmutation and recycling of 
uranium and plutonium. Furthermore, an agreement for co-operation has been 
made with General Electric (USA) for research on the burn-up of actinides in 
advanced fast reactors. ECN is preparing transmutation experiments in the High 
Flux Reactor at Petten. This irradiation of nuclear waste is being backed up by 
research in the fields of physics, chemistry and materials science, as well as by 
post-irradiation research. 

3.3 State of the art 

Within the framework of a European nstwork named 'Experimental Feasibility of 
Targets for Transmutation (EFTTRA) joint irradiation experiments on nuclear 
waste are carried out for the purpose of studying the transmutation efficiencies 
and other technological aspects of transmutation of long-lived components from 
nuclear waste. ECN's contribution is the specification of the experiments and the 
construction of the facility to be placed inside the core of the HFR for the 
irradiation of a large number of test samples. The Dutch Ministry of Economic 
Affairs made some extra funds available for the construction of the facility. The 
samples were defined in 1993. A number of long-lived fission products, such as 
technetium and iodine, will be irradiated in the course of 1994. For the 
irradiation of actinides large-scale international co-operation is required. The 
contribution of the Institute for Transuranic Elements (TGI) of the European 
Commission is especially indispensable. It has been decided to irradiate 
americium in inert matrices. Meanwhile, as planned, this operation has been 
included in the HFR's irradiation schedule for 1993-1998. 

Within the RAS programme, there is considerable scope for international co
operation. For this purpose the infrastructure at Petten is essential as well as the 
collaboration between ECN and the Institute for Advanced Materials at Petten. 
Most of the nationa' effort is made by ECN, but there are additronal 
contributions, for example, from the Interfacultair Reactor Instituut (IRI) in Delft 
(supervision of PhD student research). Furthermore, the Gemeenschappelijke 
Kernenergiecentrale Nederland (GKN) has been involved in the training of an 
ECN employee at the American PRISM project. Finally, there are contacts with 
the Kernfysisch Versneller Instituut (Kvl) in Groningen. ECN has published a large 
number of reports, as listed in chapter 8.2. 

On ECJ level, a fruitful collaboration has been established with CEA, TÜI and 
Siemens in the framework of a joint European Strategy Study. 
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Because of their high radiotoxicity, actinides are tiic most important candidates 
for transformation. This chapter summarises the current status of actinide 
research both at the national and international level. The question of fission 
products will be dealt with in a subsequent chapter. 

4.1 General 

Three basic principles for dealing with actinides 
The first principle is to limit the formation of harmful actinides, especially 
transuranic elements. This can be achieved in various ways, as will be discussed 
below. The second principle requires that these actinides, once they are formed, 
are separated from the nuclear waste to the extent possible. The third principle 
requires that separated actinides are rendered harmless, either by conditioning 
and storage or by re-use or transmutation. 

Extended bum-up 
One approach to the problem of actinides is minimizing the net production of 
transuranic elements. Recycling the spent fuel could bum up the usable uranium 
and plutonium, but an extended burn-up cycle could also be applied. In the 
normal burn-up cycle of a LWR, fuel elements with about 3% enriched uranium 
are used and a burn-up of 33 GWd/t(J is reached. In a prolonged burn-up cycle 
4% enriched uranium is used and this results in a burn-up of 47,5 GWd/tCJ. 
However, a negative side effect of such a prolonged burn-up cycle is that per unit 
of generated energy twice as much americium and curium is produced, due to 
capture of one or more neutrons in plutonium. The overall mass of transuranic 
elements (neptunium, plutonium, americium and curium) per unit of produced 
energy is reduced by approximately 20%. 

Reduction of the production of nuclear waste 
The actinides produced by different reactor types need not be similar. A 
systematic comparison of the different reactor types with respect to their 
production or actinides is recommended. Generally, reactors with the lowest 
degree of enrichment produce the largest amount of actinides. In order to reduce 
the production of long-lived actinides nuclear fuel with relatively low mass should 
be considered, such as CJ-233 (thorium cycle) or possibly CJ-235, including as 
little CJ-238 and the transuranic elements as possible. In addition to this, research 
is being carried out to determine whether Ü-238 is completely or partially 
replaceable by non-fissionable material (inert matrices). The latter method 
includes the use of a more highly-enriched nuclear fuel than has been common 
practice until now in light-water reactors. Bearing in mind proliferation aspects, 
20% enriched uranium is a practical limit. By means of special fast reactors with 
a 'hard' neutron spectrum in which nearly all actinides are fissionable, the 
production and destruction of actinides may become completely balanced. See 
further chapters 4.3 and 4.4. 
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Separation (partitioning) 
Howevtr small their production, actinides need to be separated from the fission 
products for re-use or transmutation. This separation should involve as small 
losses as possible. If, for example, a reduction of the long-term actinide-radiotoxi-
city of less than a factor 500 lov»er should be reached, a decontamination factor 
of at least 500 will be necessary at the separation process. Because usually 
multiple recycling is necessary, this factor should become increasingly larger, 
particularly so because the radictoxicity of the recycled fuel is higher. This means 
that adequate chemical separation technology is a necessary condition for 
success. Research on an international level is well under way. 

Plutonium is the most radiotoxic component of actinides, and reprocessing 
losses will thus have to be small. Using the current (PCJREX) technology it is 
possible to separate plutonium with losses of 0.5% and further reduce this 
percentage to 0.3%. The plutonium which remains in the cladding must also be 
added to this figure. The target figure for recycling plutonium would only allow 
for losses in the order of 0.1%. uranium is retrievable with sufficiently small 
losses. For the less frequently occurring "minor" actinides, neptunium and 
americium. the requirements will probably be less strict. For these actinides the 
TRÜEX process is being developed. High separation factors have already been 
achieved, at least on a laboratory scale. Curium is equally important and more 
chemical technological research on this element is required. 

In addition to research on the existing cycle for oxide nuclear fuel for light-water 
reactors, much chemical research work is being performed on separation of 
actinides from nuclear fuel for other reactor types which may have a different 
chemical composition. In this respect the investigation of the pyrochemical 
recycling process for metallic fuel is of interest. This research focuses on the 
Integral Fast Reactor (IFR). In the process all actinides, including curium, are 
collectively separated from all fission products, with losses that can theoretically 
be reduced to less than 0.1%, in repeated recycling (see Figure 2). It should be 
recognised, however, that recycling of the cladding of the fuel together with its 
actinide contaminants would also have to be included. Because it is doubtful that 
the loss of actinides during the manufacture of new fuel elements is negligible, 
the question still remains whether a loss percentage of 0.1% can be realized. 
Safety, non-proliferation aspects and economic viability are very important 
conditions to all research work on separation techniques. 

Homogeneous and heterogeneous transmutation 
Basically, there are two methods for transmutation in reactor systems: 
homogeneous or heterogeneous. In the case of homogeneous transmutation the 
material to be transmuted is mixed with the nuclear fuel and placed throughout 
the whole reactor or in a large part of it. The recycling takes place as part of the 
fuel cycle and as a result the material to be transmuted may be considerably 
diluted. In the case of heterogeneous transmutation special fuel elements are 
filled with the material to be transmuted, usually without adding the regular 
nuclear fuel. Preferably an 'inert' material is added, in the form of, for example, 
ceramic matrix materials. In the case of heterogeneous transmutation reproces
sing can take place in a separate stream apart from the regular fuel cycle. 

Re-use and transmutation in thermal reactors 
Some of the actinides formed in a reactor. e fissionable in thermal reactors (see 
Figure 1). This applies especially to isotopes of CJ, Pu and Cm with uneven mass 
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numbers, but. in principle, also to isotopes of Mp and Am with even mass 
numbers. Other actinides can be partially transmuted in these reactors into fissile 
actinides which can subsequently be burnt in the same reactor (see Table 1). 
However, as a consequence of neutron capture the number of even plutonium 
isotopes will increase as well as the amount of heavy actinides. Therefore the 
composition of the mixture will shift somewhat (after multiple recycling) to 
heavier actinides. This phenomenon will ultimately be restricted by the fact that 
nuclides heavier than curium decay into lighter actinides by alpha decay in a 
relatively short time. The continuous competitive beta decay into non-fissile 
actinides can be restricted by applying an extremely high thermal neutron flux so 
that fission after neutron capture will be reinforced. 

Re-use and transmutation in fast reactors 
In fast reactors all actinides mentioned above are fissionable to some extent and 
therefore re-usable as fuel. As capture of neutrons takes place as well, some 
nuclides are formed which are less fissionable, but this formation is not as likely 
as in a thermal spectrum. In this way, for example, the curium production will be 
reduced. 

Energy balance and other transmutation possibilities 
Because much energy is being released during the fission of actinides, the 
energy balance of recycling actinides is positive, especially if re-introduction of 
plutonium is taken into account. For economic reasons it is desirable that 
electricity is simultaneously produced during the burn-up of actinides. Research 
is therefore aimed at the various aspects of the nuclear fuel economy, the fuel 
cycle and reactor safety. Generally, extra enrichment or the use of MOX fuel is 
needed for transmutation of actinides in thermal reactors. Subsequently, the 
inventory of radiotoxic products in such a reactor may increase by more than a 
factor ten. The safety characteristics will be affected (usually negatively), unless 
additions are small. For fast reactors the energy balance is positive, although 
here as well some safety characteristics may cause difficulties when large 
amounts of actinides are added. These aspects could be less negative, if 
transmutation methods could be based on other processes, particularly on 
spallation by means of protons. Although, in principle, it is possible to destroy 
actinide nuclei with protons, spallation processes also create a very intensive 
neutron source which subsequently induces Fission in a (subcritical) thermal or 
fast reactor. This has the advantage that an extra amount of neutrons will be 
available for transmutation and a relatively high rate of transmutation is possible. 
Furthermore, subcritical assemblies may cause less safety problems. 
Disadvantages will be the less positive energy balance and the high cost of 
development and construction of the proton accelerator (see Chapter 4.5) 

Equilibrium after recycling 
If separation of actinides followed by transmutation is chosen, there will be three 
possibilities for actinides: decline in growth, equilibrium or reduction. Generally, 
at a constant energy production it is desirable to reduce growth until a state of 
equilibrium has been reached. The aim is to reach equilibrium as soon as 
possible at the lowest possible level. For plutonium, a decline in growth can be 
quickly reached using MOX fuel in thermal reactors, but it will be impossible to 
reach equilibrium, as recycling can only be applied a limited number of times, 
due to the ingrowth of even plutonium isotopes. This means that the isotopic 
composition will become less appropriate for multiple re-use in thermal reactors. 
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Because at each recycling step losses may occur, traces of actinides will end up 
in the waste. This explains why the separation losses should be so small. 

Scenario studies 
In studying the possibilities of transmutation it is important to consider different 
scenarios regarding the nuclear power potential over a long period of time and 
over a relatively large geographical area. Assumptions will have to be made about 
the future nuclear power supply system and about reactors used for this purpose 
including the facilities especially equipped for transformation. Also, it is necessary 
to distinguish between increasing, constant or decreasing nuclear energy 
production. The Netherlands participate in a European Strategy Study comparing 
radiotoxicity for different scenarios, the 'basic scenario' being exclusively light-
water reactors at. direct storage of the spent nuclear fuel with a continuous 
nuclear electricity production for the European Union from the present time until 
the year 2100. As a variation of this scenario reprocessing nuclear fuel is being 
considered and gradi&i and partial replacement by MOX-fed light-water reactors 
and/or fast reactors. Additionally, more futuristic systems are being considered, 
based on advanced techniques for separation and transmutation. For all 
scenarios the radiotoxicity of the nuclear waste is determined as a function of the 
storage period (up to several million years). The results of this study should be 
presented to the European Parliament in 1995. 

Scenarios for termination of ttuclear energy production 
As long as nuclear energy is produced, even if all actinides are kept out of the 
waste stream and optimum transmutation and fission take place, an 'equilibrium' 
concentration of actinides will still circulate in the nuclear fuel cycle. If 'Sis 
concentration is not too high, the situation is acceptable. Actually, for long-term 
use of nuclear power it would be necessary to breed actinides (in particular 
plutonium) in breeder reactors. If nuclear energy production would eventually be 
completely terminated, the remaining ('equilibrium') amount of actinides would 
either have to be directly stored or a final scenario would have to be developed to 
destruct the remaining actinides in special reactors or by means of accelerator 
systems. This problem is also being tackled by ECN as part of the collaboration 
with General Electric. Interim results show that an enormous reduction is possible 
by using (innovative) fast reactors, although complete burn-up of actinides will 
require a long time. With the option of an accelerator a still better scenario might 
be possible in the future. 

Non-proliferation aspects 
For the whole nuclear fuel cycle the risk of proliferation of material which can be 
used for manufacturing nuclear weapons must be minimized to the extent 
possible. Therefore, it is advisable to keep the enrichment of uranium below 20%. 
The plutonium recovered during the reprocessing of spent nuclear material is, 
when burnt up in the usual way and after cooling down for some time, no longer 
'weapons-grade' (not particularly suitable for application in nuclear weapons) due 
to the formation of americium by decay of pIutonium-241. When plutonium is 
used as MOX-fuel in light-water reactors, the isotopic composition changes, 
which causes a reduced fissionability, at least, in a thermal neutron spectrum. 
This means that even if multiple recycling in thermal reactors will be limited, the 
plutonium is 'denaturized'. There are various proposals for rendering plutonium 
less usable to nuclear weapons but these are outside the scope of this report. 
However, it is extremely important that non-proliferation aspects are carefully 
evaluated for each fuel cycle. 
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In the following sections the various options for transmutation will be discussed 
further. 

4.2 Evolutionary options with thermal reactors 

There are various reactor types with a thermal neutron spectrum. The pressurised 
water reactor (PWR) and the boiling water reactor (BWR) both operate with 
ordinary (light) water as coolant and are most generally applied. There is also the 
Canadian CANDCI reactor which uses heavy water as coolant. In a thermal 
reactor the neutrons are low-energy (soft') and induce fission only for a limited 
number of the actinides. As a consequence, for a given fuel composition and 
neutron flux, relatively more heavy actinides will be formed than in reactor types 
with a fast neutron spectrum. Each option has its own characteristic possibilities 
for recycling uranium, plutonium or the remaining actinides, as will be shown 
below. 

Uranium 
The reprocessed uranium (REPCJ) can be enriched at least once more for nuclear 
fuel manufacturing. In order to acquire experience, this method is currently being 
used in the Netherlands as well as in other countries. A problem of repeated use 
is the increasing contamination with light uranium isotopes which absorb 
neutrons by capture and (n,2n) reactions. The isotopes Ü-236 and U-234 absorb 
neutrons and extra enrichment is necessary. After continued recycling, contami
nation with CJ-232 will also eventually occur which causes problems due to 
increased radioactivity of the uranium and its ingrowing daughter nuclides. 
Moreover, REPCJ contains traces of fission products including technetium which 
hampers the enrichment process and the nuclear fuel fabrication. Further 
research (robotic fabrication methods) and more experience will be required to 
find out the exact limits. In spite of the various possibilities, re-use is rarely 
applied for economic reasons. Consequently, large amounts of REPU must 
currently still be stored above ground. Unfortunately, an adequate evaluation of 
radiotoxicity after re-use is still lacking. Further research is necessary. Another 
possibility which needs more precise evaluation is the further burn-up of spent 
fuel from light-water reactors in heavy-water reactors such as CANDÜ. 

Plutonium 
Plutonium is retrieved from nuclear waste with very small losses. Chemical 
technological research for almost complete recovery is nearing its limits. The 
most .mportant means of reducing the plutonium growth is the use of MOX fuel 
(Figure 3). In several countries MOX fuel is already being used in light-water 
reactors. The technology is well-known and there is currently sufficient experience 
for a further scaling-up. At the present time it is the only method which can be 
applied on a large-scale to reduce the increasing amount of plutonium. In France 
there are plans to load approximately 20% of the pressurised water reactors with 
MOX, with the fuelling degree being limited to 30%. Thus the growth of the 
plutonium inventory can be reduced. In fact, a larger introduction of MOX could 
be possible, but there are some practical objections involved in recycling in 
thermal power reactors: owing to the build-up of even plutonium isotopes it will 
not be very difficult to obtain usable fuel for thermal reactors from recycled 
plutonium after it has been re-used twice. Further study should concentrate on 
extending the burn-up and on increasing the fraction of MOX fuel, always bearing 
in mind safety aspects first. The use of plutonium in inert matrices is also worth 
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further evaluation. In this connection the Netherlands participates in a recently 
initiated study by the NEA Nuclear Science Committee. A reasonable question 
would be how much more may be achieved with MOX in ordinary light-water 
reactors. Further evaluation of these options in a CANDU reactor is equally 
necessary. As mentioned before, a great advantage of the use of MOX in thermal 
reactors may be that plutonium recovered from spent MOX fuel is less easy to 
use in the manufacturing of nuclear weapons, due to its larger americium 
contamination after cooling down. Thus 'weapons-grade' plutonium could be 
denaturized to some extent. From this report's viewpoint the application of MQX 
in the present generation of light-water reactors seems a sensible solution for the 
present time. 

Other actinides 
Research on the treatment of the other actinides, in particular isotopes of 
neptunium, americium and curium is aimed at chemical separation followed by 
irradiation. Relatively little is known about the scope for separation on an 
industrial scale. For irradiation in thermal power reactors a similar diagram as for 
MOX fuel is conceivable. This form of homogeneous recycling could be indicated 
as MINOX, see Rgure 3. For this recycling method approximately one percent of 
neptunium and americium could be mixed in (J02 (or MOX fuel). The heavier 
actinides such as curium should preferably not be recycled in thermal reactors, 
because their spontaneous neutron emission will cause problems in the recycling 
process and during the nuclear fuel manufacture. In this scheme the curium 
formed must be removed by repeated recycling. There will be several 
consequences for the fuel cycle and for operating the reactor: the radioactive 
inventory of the core will grow and an approximately 1% higher enrichment in 
uranium-235 will be necessary. For the heterogeneous recycling process it is 
possible to irradiate a much larger fraction of neptunium and americium in 
special elements, preferably without adding uranium (inert matrix materials 
should be used instead). This method still requires a great deal of research. 

In addition to using MOX fuel it is also possible to recycle the 'minor actinides' 
(Np and Am) in LWRs. This could be achieved by mixing them with MOX or 
introducing them separately as MINOX or by transmuting them heterogeneously. 
The waste is cleaned of actinides as far as possible and contains mainly fission 
products. The MINOX cycle is presented in figure 3 with red arrows. 

4.3 Application of fast reactors 

For chemical separation the same remarks apply as made in the previous 
chapter on thermal reactors. Although the chemical processes are identical, at 
least for oxide fuel, special production lines will have to be built for reprocessing. 

Uranium 
Breeder reactors are known to be able to transform the waste product from 
uranium enrichment - so-called depleted uranium - into fissile plutonium. 
Although this method has the potential for an enormous energy production for 
the next ! 0,000 years, it receives little attention at the present time because of 
the large amount of plutonium currently available and the low price of the 
competing uranium. In the long-term the 'depleted' uranium will represent a very 
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large strategic energy supply. Recycled uranium (REPU) can i 'so be used in fast 
reactcvs. 

Plutonium 
At the end of 1993 the French government proposed a reconstruction of the fast 
breeder reactor Super-Phénix as a plutonium burner. With this 1240 MW(e) 
power reactor it would be possible to consume initially approximately 200 kg net 
plutonium each year. Of more importance, however, is the intended destination 
of this reactor and the 350 MW(e) Phénix reactor for research and for validation 
of burn-up schemes for actinides, including plutonium. With a large power 
reactor equipped as a 'fast plutonium burner' it seems possible to reach a higher 
net consumption than the above mentioned 200 kg a year (approximately 500 kg 
a year seems to be the limit for a 1000 MW(e) reactor). It is probable that a 
symbiosis of light-water and fast reactors will only lead to a zero growth of 
plutonium after many decades, while the equilibrium value will initially still be on 
a high level. Later, this level could become lower, if less light-water reactors are 
used and if special 'plutonium burners' were developed. One of the advantages 
of the application of fast reactors is that they are able to burn the plutonium 
derived from multiple recycling of MOX from light-water reactors. 

Minor actinides 
Considerable research has already been performed into the possibilities of 
burning the other ('minor') actinides in power reactors. In the relatively 'hard' 
(high energy) neutron spectrum of a fast reactor these higher actinides are burnt 
more easily and the consequences for the reactor operation and for the fuel cycle 
are less far reaching than in thermal power reactors. It is very simple in a fast 
reactor to achieve a 'zero growth' of its own actinides production (including 
plutonium) and it is certainly possible to process actinides from light-water 
reactors. In particular, the net production of Curium is significantly lower than in 
thermal reactors. It is true that in case of homogeneous recycling the safety 
coefficients are negatively influenced, but if only a small quantity of higher 
actinides is added, this is of little importance. Addition of neptunium even has a 
positive effect on the change in reactivity n-iring a burn-up cycle, especially If a 
high burn-up is aimed at. Experimental testing of the behaviour of fuel elements 
with additions of Np and Am has taken place on a limited scale with favourable 
results, provided that the additions are small. The research is currently also 
aimed at heterogeneous recycling in the exterior zones of a fast power reactor. 

The conclusion can be drawn that it is certainly possible to achieve a zero growth 
of all important transuranic elements with fast reactors either exclusively or in 
symbiosis with thermal power reactors. For the evaluation of possible extra safety 
risks further research will be necessary. The same applies particularly to the 
safety of fast reactors loaded with high concentrations of transuranic isotopes. 

4.4 Innovative options 

A recent option is the use of metallic fuel in fast reactors for the purpose of a 
simple and efficient separation of actinides using the pyro-metallurgical method 
as developed for the Integral Fast Reactor (IFR). For the burn-up of actinides the 
same characteristics are applicable as for a conventional fast power reactor, with 
extra advantages such as the slightly better burn-up/absorption ratio and the 
potential ability to separate actinides with very small losses. General Electric in 
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the USA is developing the PRISM reactor based on this concept, see Rg. 4. With 
a number of PRISM modules it would be possible to burn up the 'minor 
actnides' of at least ten light-water reactors, whilst simultaneously generating 
more than 1000 MW(e) of electric power. The PRISM reactor is able to use many 
types of nuclear fuel and can effect a zero growth of plutonium and actinides, 
also in symbiosis with a number of light-water reactors. If nuclear energy 
production should have to be terminated, a decreasing number of PRISM burner 
reactors could gradually reduce the supply of actinides (including plutonium) to a 
low level. This follows from a joint study by ECN and General Electric. Most 
recent results indicate that PRISM reactors loaded with oxide fuel can also be 
used for this purpose. 
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Fig. 4 The PRISM design uses metallic fuel. A simple separation technique 
makes it possible to re-introduce all actinides with small losses, to 
bum them and to produce energy at the same time. The waste 
consists almost entirely of fission products. In addition, this reactor is 
able to bum actinides from LWRs. 
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Other reactor concepts 
Based on the fast reactor concept several variations are conceivable: use of 
nitride fuel instead of metallic fuel would harden the reactor spectrum. Another 
possibility is the use of a fast reactor with a very high thermal flux in a central 
zone. Special actinide burners can also be based on thermal reactor concepts. In 
each case electricity production is a 'must', firstly for economic reasons, but also 
to minimize the extra contributions to the amount of waste produced per 
megawatt-year from the actinide burner itself. 

Less polluting reactors 
Quite another approach is the reduction of the formation of heavier actinides in a 
power reactor by avoiding uranium-238 as far as is possible. A study of nuclear 
fuel in which CJ-238 is entirely or partially replaced by inert matrices seems 
justifiable. It is also worthwhile to start on a study of the thorium cycle and 
breeding uranium-233 from natural thorium. Although in this cycle some unwan
ted actinides are also formed, the net amount of long-lived alpha radioactivity in 
the waste could be smaller by a factor of one hundred than for light-water 
reactors. There are also some drawbacks, including a rather alarming build-up of 
gamma activity in the spent fuel. The CANDCI heavy-water reactor and the high 
temperature gas-cooled reactor could be equipped for the thorium cycle. It is 
certainly useful to investigate further the possibilities of the thorium cycle and of 
the actinide burners, which are based on this concept. 

4.5 Accelerators and hybrid systems 

There are several arguments in favour of the study of accelerator techniques for 
the purpose of transmuting nuclear waste. In this chapter it has been shown, that 
in a regular 'zero growth' scenaio a high inventory of actinide material and 
particularly of plutonium will generally be necessary. If, in the future, a decision 
was made to terminate the production of nuclear energy, it could be expected 
that a rapid reduction of the final inventory would be preferable. In particular, if 
'minor actinides' are involved, it could be difficult to burn these actinides at high 
concentrations in a reactor. Several systems have been suggested for a safer 
operation of actinide burners. High-energy protons (1000 MeV or more) from an 
accelerator produce a large number of neutrons by spallation of nuclei. These 
neutrons will still have a reasonably high energy (an average of several tens of 
MeVs) and could be used to bombard actinide nuclei either directly or after 
thermalization. Each high-energy proton will release many tens of neutrons in a 
target with heavy nuclei and as the cross-section for these neutrons is generally 
larger than for protons, transmutation will mainly be caused by neutrons. 

The many proposals for designs of transmutation facilities will be briefly 
discussed below. In general it can be said that the energy balance of the various 
designs with simultaneous electricity production in the actinide mantle Is 
reasonable, but the greatest costs will be determined by the investments and by 
development costs. 

Direct accelerator transmutation (Phoenix) 
In the united States, at Brookhaven National Laboratories (BNL), a plan has 
been developed to irradiate the spent nuclear fuel or the separated actinides 
directly with high-energy protons: the so-called Phoenix system. The spallation of 

27 



Transmutation of Nuclear Waste 

the actinides will release many neutrons. This design is the most direct of all, 
because no part of the reactor or neutron multiplying medium 'neutron booster) 
is involved: the waste itself performs the task. Nevertheless, mcst transmutations 
are caused by fission neutrons. Much work has still to be done before a clear 
picture can be obtained of the viability and safety of this design. There are still 
many unknown factors, such as the cross-sections for high-energy protons ar\d 
neutrons. This subject is also addressed in the RAS-programme. 

Hybrid of fast reactor and accelerator 
In Japan, in particular, (OMEGA-project) but also in the united States, 
considerable attention is given to an accelerator-driven fast reactor. If a subcri-
tical fast reactor is started up with an external neutron source, the reactor will 
deliver power as long as neutrons are supplied from outside. This system would 
permit transmutation of 'minor actinides' in high concentrations. This system will 
be considered particularly if specific difficulties should arise with the 
transmutation of certain actinides which should be kept out of the fuel cycle. 
Considering the various options, the Japanese system is probably the easiest to 
realize. However, it does not seem to have much advantage over the PR1SM-
reactor, unless the sub-criticality would considerably improve the safety. 

Hybrid of an accelerator and a thorium fed reactor 
The Los Alamos National Laboratory has proposed a special hybrid system: a 
very intense proton accelerator driving a subcritical thermal reactor supplied with 
fuel mixed with thorium. An advantage of this Accelerator Transmutation of 
Waste (ATW) system over the OMEGA system is that the thorium-uranium cycle 
can be applied, as a result of which the hybrid's own production of heavy 
actinides is restricted. It is important that a very high neutron flux is applied in a 
thermalizing mantle round the accelerator. In the ATW system a very small 
inventory may be used (several tens of kilograms), while many hundreds of 
kilograms a year can be transmuted. Due to the extremely high thermal flux 
many different isotopes which are difficult to Fission can be burnt up efficiently by 
means of a two-stage reaction. However, a few critical comments should be 
made on the ATW system: an annual consumption of 1000 kg of actinides 
automatically involves a very high power and methods to withdraw a power up to 
1000 MW(e) from a small inventory of nuclear fuel will have to be combined with 
continuous reprocessing. For this purpose an existing design of a molten salt 
reactor is being adapted to the ATW concept, but the applicability of molten salt 
as fuel is controversial. The supposed extra safety of the combined accelerator 
and reactor system certainly deserves further evaluation. 
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5. INTERIM RESULTS FISSION PRODUCTS 

5.1 General 

Fission products generally have a short lifetime and consequently produce most 
of their radiation in fresh nuclear waste. Figure 2 shows that after approximately 
250 years the radiotoxicity has sharply declined. So after 250 years the 
radiotoxicity of the fission products is no longer an important issue. Research is 
thus not primarily aimed at reducing the radiotoxicity, as is the case for actinides, 
but rather on the reduction of the leakage risk of stored fission products over a 
very long period of time, particularly, by keeping the long-lived mobile fission 
products outside the waste stream by transmuting these products. 

It can be demonstrated that, in storage scenarios without human intervention, 
the {very small) radiation dose caused by leaking iodine and technetium will 
dominate the contributions of the actinides. In order to reduce the risk of storing 
fission products, research is especially aimed at the mobile fission products 
technetium-99 and iodine-129 (half-life 0.2 and 1.6 million years, respectively). 
There are still some other long-lived fission products, such as Cs-135, but these 
appear in smaller quantities in the waste and often in a chemical form, which 
makes leakage from the storage site very unlikely. The general opinion is that, if 
leakage risks must be reduced, technetium and iodine should be separated from 
the waste and may be considered for transmutation. However, it should be noted 
that the damage to the biosphere caused by these fission products will be very 
small. In collaboration with the European partners CEA and Siemens (formerly 
Interatom) ECN is compiling a report for the European Commission in which the 
possibilities for separation and transmutation of iodine and technetium are being 
discussed (this report is to be expected at the beginning of 1995). 

Separation 
The current reprocessing treatment for technetium and iodine is as follows. 
Gaseous fission products will be released as the fuel Is being dissolved. The 
noble gasses xenon and krypton are discharged and the iodine which is 
captured, for example, by reaction with an aqueous alkaline solution: 

3 l2 + 6 NaOH(aq) -> 5 Nal(aq) + NalO,(aq) + 3 H20. 

Other possibilities include reaction with a me:cury solution or capture in a zeolite 
filter which is loaded with silver. Reaction of iodine with the organic solvents must 
be avoided because the iodides formed in the process are very volatile and nearly 
insoluble. 

Part of the technetium will end up in interim storage at the reprocessing plant 
and a few losses will partly find their way into the REPCJ (approximately 5%). The 
present aim is to store most of the technetium in the vitrified nuclear waste. 

A probably better method uses the following principle: firstly both elements are 
separated from the nuclear waste (partitioning) and then transmuted into stable 
nuclei. A difficulty with technetium is that chemical reprocessing without 
considerable losses has not yet been very successful. Another difficulty is that 
geo-chemistry of technetium, an element which is quite rare in nature, is not well 
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known and that the techniques for isotopic dilution (as may be possible for 
iodine) will not be applicable. Storage (as for other fission products) will be 
largely ineffective for this mobile element. There are plans to encase technetium 
in copper to reduce its mobility, but there is insufficient experience with natural 
storage sites to be able to make any predictions for periods longer than a few 
thousand years. Various chemical bonds of technetium are still being examined, 
but results will not be available for many years. 

Transmutation options 
The experimental research of ECN is specifically aimed at the transmutation of 
the two long-lived and mobile Fission products Tc-99 and 1-129. The HFR at 
Petten is an excellent facility for studying transmutation of these fission products. 
However, this facility is not appropriate for large-scale transmutation of Tc-99 
and 1-129 because of its small capacity. A neutron source suitable for this 
purpose should cause as little pollution and energy loss of its own as possible 
and there are many international scenario studies being performed to ensure a 
well-considered choice of such a transmutation facility. Transmutation can best 
be carried out by capture of therms! or epi thermal neutrons. Iodine will je 
converted into the noble gas xenon and technetium into ruthenium metal. Stable 
isotopes of the elements just mentioned are formed. 
Unlike transmutation of actinides, this transmutation does not produce energy 
but will cost some energy, because the neutron balance is negative (this cost 
would be expressed as extra enrichment ccst of the uranium). In addition to the 
extra energy cost, transmutation in nuclear reactors will also cause some new 
nuclear waste (for example, by the necessary extra mining of uranium per 
megawatt-year). 

5.2 Neutron sources for transmutation of fission products 

Reactors as neutron sources 
With an existing light-water reactor as a neutron source, transmutation cannot be 
performed very successfully, because the neutron flux is relatively low. For 
technetium a solution may basically be possible if this material is mixed 
homogeneously into the nuclear fuel. There will only be a successful net 
conversion possible if the technetium inventory is relatively high (a few percent of 
the fuel mass). Two difficulties are involved here. Firstly, a high concentration of 
technetium will lead to extra absorption of neutrons for which extra enrichment of 
the nuclear fuel will be necessary. Secondly, a homogeneous mixture is 
undesirable, because the remaining technetium will have to be separated from 
the nuclear fuel to be reprocessed. This latter difficulty may only be solved, if a 
chemical form could be chosen, in which technetium can easily be isolated after 
irradiation. It is also conceivable to position the technetium in foils throughout 
the entire reactor separated from the nuclear fuel, in order to use the neutron 
flux more efficiently and thus obtain a higher conversion efficiency. A real 
heterogeneous transmutation option (irradiation in a hermetically sealed 
capsules) seems preferable. A heterogeneous option has to be seriously 
considered particularly for the corrosive iodine. Large quantities of the material to 
be irradiated and a high neutron flux will be required because the cross-sections 
are effectively smaller. The duration of the irradiation in the reactor would 
otherwise become excessively long. On these grounds it could be concluded that 
ordinary light-water reactors offer no realistic option. In the HFR at Petten 
experiments are being prepared to examine transmutation rates and 

30 ECN-R-94-025 



Interim Results Fission Products 

transmutation technology in a relatively high flux of thermal neutrons (see 
Chapter 3). As mentioned previously, this research reactor is inappropriate for 
large-scale transmutation of fission products. 

One of the possible options is the use of a CANDC1 heavy-water moderated 
reactor, in which the thermal neutron flux is approximately five times higher than 
in a light-water reactor. This could result in a higher transmutation rate than in a 
light-water reactor. 

In France, experiments are being prepared in close collaboration with ECN and 
TtJI for irradiation of technetium and iodine in blankets of the Phénix fast 
research reactor, in which a higher (epi)thermal flux can be obtained by using 
special elements with moderating material. The experiment is limited to the 
heterogeneous option (irradiation in special capsules). Studies carried out in 
Belgium (as part of NEA) into the possibilities of using high thermal flux reactors 
as neutron sources, have shown that these reactors should not only have a high 
flux but also a (very) high power. It should be recognised that economically 
efficient conversion is only possible, if electricity can be produced simultaneously 
with such high flux reactors. 

Accelerators 
The ATW design mentioned in Chapter 4.5 of at Los Alamos National Laboratory 
would be very suitable for transmuting actinides as well as technetium and iodine 
in a very intense thermal neutron source. A. < with this system - which is driven 
by a large accelerator - electricity should be produced simultaneously to make 
economic efficient performance possible. 
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6. EXPECTATIONS FOR THE FUTURE 

Study and research 
The possibilities described above are primarily long-term research objectives. The 
NEA co-ordinates the exchange of information on the various research projects 
and for several topics co-ordinating actions have also been set up. In Europe, the 
European Commission and the Institute for Transuranic Elements (TGI) In 
Karlsruhe play an important role in this connection. The results of the studies 
initiated on chemical separation and transmutation will need to be verified firstly 
in laboratories and then in research reactors. Mew actinide burners and proton 
accelerators will also need to be developed. This will be a lengthy process and 
therefore, in addition to this long-term research, it is prudent to investigate relati
vely small corrections and modifications to the current fuel cycle in order 
optimize the present possibilities. 

International developments 
From the current studies a few preliminary conclusions may be drawn. There is 
no international consensus regarding the benefits offered by transmutation which 
could lead to a strategy for reprocessing nuclear waste. It is essential to reach 
such consensus and an accompanying strategy in association with countries that 
have reprocessing capacity at their disposal. In this respect the result of the 
European Strategy Study which should be presented to the European Parliament 
in 1995 is of major importance. Similar national studies are being performed in 
several countries, in particular, France and the USA. The United Kingdom 
supports reprocessing and the use of MOX fuel, but shows little interest in 
transmutation of higher ('minor') actinides or of fission products. The use of 
MOX in PWRs is also advancing in France, Germany, Japan, Belgium and 
Russia. In Germany, special interest has recently been shown for the option of 
'direct storage', which obviously rules out transmutation. In the USA, there is no 
civil reprocessing capacity, but this could change in the future, if the IFR fuel 
cycle r'.<:eives further support. However, this depends on political decision
making as does the development of transmutation systems based on 
accelerators. The prospects for government support in connection with the 
development of PRISM are unfavourable during the current administration. Direct 
storage may be encouraged by the federal government. It appears that in the 
USA the clean-up of waste from military installations and from dismantling 
nuclear weapons sets a precedent in the discussion about transmutation. In 
Japan, virtually all possible options are being studied as part of the OMEGA-
project. In Russia, attention is focused on possibilities with the fast reactors which 
have been developed there. Furthermore there is research and plutonium for 
energy production. 

Plutonium 
For the next few years non-proliferation will probably be the world's highest 
priority rather than extension of reprocessing and burn-up of plutonium. In some 
countries it could be decided to delay reprocessing for the time being, at least 
partly, and switch over to direct storage of fuel elements. For the amount of 
plutonium already processed and for plutonium from nuclear weapons long-term 
storage is undpsiiable. Due to lack of interim repositories and non-proliferation 
problems some countries may decide on conditioning followed by geological 
storage. However, it is preferable to burn plutonium in MOX reactors as far as 

ECN-R--94-025 33 



Transmutation of Nuclear Waste 

possible, thus restricting the growth of the amount of plutonium. The prognosis 
is that France, the United Kingdom, Germany, Belgium, Russia and Japan will 
partially follow the MOX option. If the uranium price increases (improbable 
though it seems), but also if a policy measure to this effect is taken, the MOX 
option will be further advanced in Europe and Asia. In this connection heavy-
water reactors may also be considered. In addition to using MOX in thermal 
reactors, attempts will probably be made to introduce innovative, safe fast 
reactor*; to burn plutonium. In the (JSA it may not be possible to use MOX for 
quite some time. Perhaps an exception is made for MOX made from military 
supplies. However it is likely that interim or direct storage will still have to be 
used there. It is also conceivable that in the future it will be decided gradually to 
make use of an IFR and install the necessary reprocessing capacity. 

'Minor actinides' 
(Jntil the end of this century 'minor actinides' will certainly be stored together 
with the fission products in the vitrified nuclear waste. However, during this 
period a great deal of international research will be aimed at transmutation of 
these actinides. Results of this partly experimental research will not be óvöüable 
for some time and therefore it is difficult to make a prognosis. If chemical 
separation losses are found to be sufficiently small, it could be decided to 
separate neptunium and americium. Then a MINOX line could be researched in 
several thermal power reactors, provided that calculations, strategy studies and 
irradiation experiments show that such a plan is viable. A large-scale experiment 
such as this could not be carried out before the year 2000. 

If the French Super-Phénix and/or Phénix reactors are devoted to research in the 
field of actinide transmutation, valuable data can be derived on the viability of 
large-scale transmutation. These experiments can also help determine the future 
of the fast reactor option but it will not become possible to implement large-scale 
burn-up of act'nides before the new generation of fast reactors are introduced in 
the period from 2000 to 2040. This new generation of fast reactors could be 
based on either oxide or else on metallic fuel, as in the IFR-concept, especially if 
pyro-metallurgical separation proves successful and the safety concept is 
acceptable. Finally, it may be expected that after approximately 20 years the 
results of experiments carried out with accelerator-driven reactors in Japan or the 
united States will be known, after which it may be decided to develop 
commercial installations. 

Fission products 
For the time being the long-lived, mobile fission products Tc-99 and 1-129 will 
partly end up in the nuclear waste and partly be collected, released to the 
environment or remain in the reprocessing factories. Research on better separa
tion methods, good conditioning, isotopic dilution and transmutation is now 
slowly getting off the ground. Irradiation experiments in thermal neutron spectra 
will have to confirm the transmutation possibilities. The requirement of a high 
(epi)thermal neutron flux and sufficient extra neutrons implies that heavy-water 
reactors, moderated sections in fast reactors and accelerator-driven systems are 
to be preferred for transmutation. Large-scale transformation will not be possible 
before the year 2000 and only after 2010 for accelerator-driven thermal systems. 

Perspecliue 
The expectations for the future as discussed above show clearly that changes in 
the nuclear cycle will require much time. Therefore, it is of major importance to 
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encourage international research. In due time it will become evident whether new 
strategies for waste treatment will materialize. The first result is expected to be a 
review of the entire nuclear cycle from the viewpoint of using raw materials as 
economically as possible, while burdening the environment as little as possible in 
the long-term. It is to be expected that in the long-term several of the above-
mentioned technical possibilities can be realized within the preconditions of safe, 
economic and proliferation-proof generation of nuclear energy. Research will also 
identify the possibilities for reprocessing nuclear waste in the event of termination 
of nuclear energy production. Rnally, it is also worthwhile noting the option of 
introducing reactors producing less waste, possibly in combination with 
transmutation, for which the thorium cycle offers good potential. 

The Netherlands 
For the relatively small amount of nuclear waste in the Netherlands there are few 
problems in the short-term: interim storage may continue for decades. Bearing in 
mind the fact that the plutonium has mostly been removed from this nuclear 
waste and that only small amounts are involved, this is a sensible solution. 
Further decision making concerning the nuclear waste in the Netherlands greatly 
depends on the future chosen for Dutch nuclear energy production and how the 
waste problems including the transmutation option will be dealt with internation
ally. According to the current government's position radioactive waste should 
remain retrievably stored. 

ECM-R-94-025 35 



Transmutation of Nuclear Waste 

36 ECN-R--94-025 



7. SUMMARY AMD CONCLUSIONS 

wherever nuclear energy is applied, nuclear waste is produced. Its volume may 
be relatively small (for the Netherlands approximately 50 cubic metres of highly-
active waste up to the present time), but its radiotoxicity is high. The hazards 
resulting from this waste must be minimized for future generations. Therefore, in 
addition to investigations of storage facilities in geologically stable formations, 
world-wide research is being carried out into the possibilities of reducing the 
hazards arizing from this waste as much as pos5:ble, at least, as far as its most 
dangerous constituents are concerned. In particular, the actinides and some 
long-lived fission products are under consideration. By means of nuclear 
transmutation these components can be converted into stable nuclides or 
nuclides of a relatively short lifetime. 

In 1989, a long-term research programme was started in the Netherlands on 
'Recycling and Transmutation of Actinides and Fission Products (RAS)". The 
purpose of the RAS programme is to investigate the reduction of the overall 
radiotoxicity after approximately 250 years of storage as well as the reduction of 
the remaining safety risks of long-lived, mobile radionuclides. An important 
additional goal is to study the re-use of valuable resources in the waste. 
especially for generating energy. In order to remain aware of ongoing 
developments the RAS-programme promotes intensive collaboration at EÜ and 
NEA (OECD) level as well as bilateral collaboration with research institutes and 
nuclear industry. In the framework of a European network, irradiation 
experiments have been \. pared, including experiments in the HFR at Petten. 

Recycling and transmutation implies prior reprocessing and separation ('par
titioning') of various components from the nuclear waste. Transmutation mainly 
takes place through nuclear reactions - fission and capture - with neutrons, but it 
is also possible to use other particles such as protons. For this purpose reactors, 
accelerators or hybrid systems are applied. Because the actinides are fissioned, 
there is not necessarily any significant energy cost for transmutation. However, 
large investments will be required for improving the chemical technology and 
investments in reactor and accelerator systems will also be necessary. 

The results of national and international research have been described in two 
chapters. A distinction has been made between actinides and fission products. 
For the actinides, evolutionary options based on the current thermal power 
reactors and accompanying reprocessing technology have been discussed. There 
are promising options for further optimization of the chemical separation factors 
with the PUREX and TRCJEX technologies. The significance of using MOX fuel 
has been underlined and suggestions have been made about a similar 
application for the other 'minor actinides' (MINOX). The opportunities offered by 
the present generation of reactors should be further examined along with 
additional facilities for transmutation and re-use. A great deal of attention is paid 
to the possible use of fast reactors, not as breeder reactors, but as actinide 
burners. Innovative fast reactors such as PRISM need a new supporting repro
cessing technology with high separation efficiency. Finally, some other methods 
of transmutation are discussed, including specific actinide burners and proton 
accelerator-driven subcritical transmutation reactors. 

37 



Transmutation of Nuclear Waste 

For long-lived fission products transmutation is limited to systems with a high 
thermal flux. This can be achieved in special light-water reactors or in heavy-
water reactors, in moderated sections of fast reactors or with proton accelerators 
coupled to thermal reactor systems. Geological storage is recommended for the 
remaining, relatively short-lived fission waste. 

In the preceeding chapter, an expectation of the future has been formulated 
regarding the implementation of the different methods for separation and 
transmutation. Because many of the proposals are still in the research phase, 
this prognosis is rather speculative. A rapid introduction of new methods is not to 
be expected, but evolutionary options may lead to some results within the next 
decades. This will primarily involve reducing the losses of separating plutonium 
and the other actinides from the Fission waste and increasing the application of 
MOX fuel in thermal power reactors. This could result in a limitation of growth of 
the plutonium inventory. Further research must reveal what contribution thermal 
power reactors can make to the transmutation of the other ("minor") actinides 
and fission products. In the long-term fast actinkJe burners can be used, possibly 
followed by accelerator systems. 

If new reactors are built in the Netherlands it is important to continue the 
established line of reprocessing nuclear waste. It is also advisable to make 
international agreements so that in the future nuclear waste will contain as few 
traces of (transuranic) actinides and long-lived fission products as possible. This 
could lead to nuclear waste being increasingly cleaned of long-lived components. 
The Netherlands could decide on an active policy on the transmutation of the 
actinides separated in foreign countries, by considering, in addition to further 
research, the possibility of using MOX fuel in future Dutch reactors. Further 
contributions towards the solution of these problems can only be made by the 
Netherlands on an international level. As such, the research and study performed 
within the framework of the RAS-programme may represent a useful international 
contribution. The opportunities offered by the High Flux Reactor (HFR) at Petten 
are of particular value. If a choice on a new generation of nuclear reactors were 
to be made, not only the safety aspects, but also the extent of the waste 
production and the transmutation possibilities (application of MOX, etc.) should 
be given serious consideration, including long-term risk analysis. It is therefore 
important to re-examine the complete nuclear cycle from a fresh perspective, 
with the aim to utilize resources as economically as possible and to cause the 
lowest possible degree of environmental pollution in the long-term. 

7his report is a translation of a report in Dutch by the same authors entitled: 
Transmutatie van Kemafual - Statusrapport Programma Recyclage van 
Acliniden en Splijtingsprotlukten (RASJ. The original report contains four 
annexes on the RAS programme, Chemical aspects of reprocessing. 
Transmutation with /feston reactors and Transmutation with accelerator 
systems. 
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9. LIST OF ACRONYMS 

ATW 
BNL 
BWR 
CANDU 
CEA 
CEC 
COGEMA 

COVRA 

EAF 
ECN 

EdF 
EFR 
EFTTRA 

ENGINE 

EZ 

GE 

GKN 
GWd/tü 
HLW 
HFR 
ICPR 
IFR 
IRI 

JAERI 
JENDL 
JRC-IAM 
KfK 
KVI 

LLW 
LWR 
MAVA 
MINOX 
MOX 
MW(e) 
MWh 
NEA 
OECD 
OMEGA 

Accelerator Transmutation of Waste 
Brookhaven National Laboratories 
Boiling Water Reactor 
CANadian Deuterium uranium reactor 
Centre d'Energie Atomique 
Committee of the European Communities 
'Compagnie Générale des Matières Nucléaires', French operator of 
a reprocessing facility 
Centrale Organisatie Voor Radioactief Afval 
(Central Organisation for Radioactive Waste in the Netherlands) 
European Activation File 
Energieonderzoek Centrum Nederland 
(Netherlands Energy Research Foundation ECN) 
Electricité de France 
European Fast Reactor 
Experimental Feasibility of Targets for TRAnsmutation, joint 
venture for experimental research with the following partners: CEA, 
ECN, EdF, KfK, TCJI 
ENergy Generation In the Natural Environment, ECN research 
programme 
Ministerie van Economische Zaken 
(Dutch Ministry of Economic Affairs) 
General Electric 
Gemeenschappelijke Kernenergiecentrale Nederland 
gigawatt-day per ton uranium 
High-Level radioactive Waste 
High Flux Reactor 
International Commission on Radiation Protection 
Integral Fast Reactor 
Interfacultair Reactor Instituut 
(Interfaculty Nuclear Reactor Institute, Delft, the Netherlands) 
Japan Atomic Energy Research Institute 
Japan Evaluated Nuclear Data Library 
Joint Research Centre - Institute for Advanced Materials 
Kernforschungszentrum Karlsruhe 
Kernfysisch Versneller Instituut 
(Nuclear Physics Accelerator Institute, Groningen, the Netherlands) 
Low Level radioactive Waste 
Light-Water Reactor 
Middelactief Vast Afval (medium active solid waste) 
Mixed Oxide with 'minor' actinides 
Mixed Oxide 
megawatt electric power 
megawatt-hour 
Nuclear Energy Agency of OECD 
Organisation for Economic Cooperation and Development, Paris 
Options for Making Extra Gains from Actinides, Japanese project, 
su, 'jorted by NEA 
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OPLA Programma voor OPslag van radioactief afval te LAnd (Research 
programme for storage of nuclear waste) 

Phénix French fast research reactor with liquid sodium as a coolant 
Super-Phénix French fast power reactor with liquid sodium as a coolant 
PHOENIX BNL design of a facility for transmutation of nuclear waste 
PRISM American design for a fast liquid sodium-cooled reactor 
PCJREX Plutonium (Jranium Refining by Extraction 
PWR Pressurised Water Reactor 
PWR-N4 French LWR of the Pressurised Water Reactor type 
RAS Integraal Programma voor Recycling van Actiniden en Splijtings-

produkten (Integral programme for recycling and transmutation of 
actinides and fission products) 

REPCI REProcessed uranium 
THOREX THOrium Extraction 
TRUEX Transuranium Extraction 
TÜI Institute for Transuranic Elements (CEC, Karlsruhe) 
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