
XA0102758

The European Technical Working Group on ADS

A European Roadmap for Developing
Accelerator Driven Systems (ADS)

for Nuclear Waste Incineration

April 2001



A EUROPEAN ROADMAP FOR DEVELOPING
ACCELERATOR DRIVEN SYSTEMS (ADS)
FOR NUCLEAR WASTE INCINERATION

2001 ENEA
Erne per le Nuove tecnologie, FEnergia e 1'Ambiente
Lungotevere Thaon di Revel, 76
00196 Roma

ISBN 88-8286-008-6

ADS logo in che cover page by Bettina Bjdrnberg



EXECUTIVE SUMMARY

Background

In 1998 the Research Ministers of France, Italy
and Spain, set up a Ministers' Advisors Group on the
use of accelerator driven systems (ADS) for nuclear
waste transmutation. This led to the establishing of a
technical working group under the chairmanship of
Prof. Carlo Rubbia to identify the critical technical
issues and to prepare a "Roadmap" for a demonstra-
tion programme to be performed within 12 years.

In the following Roadmap, the technical work-
ing group (consisting of representatives from Aus-
tria, Belgium, Finland, France, Germany, Italy, Por-
tugal, Spain, Sweden and the JRC) has identified the
steps necessary to start the construction of an experi-
mental accelerator driven system towards the end of
the decade. This is considered as an essential prereq-
uisite to assess the safe and efficient behaviour of
such systems for a large- scale deployment for trans-
mutation purposes in the first half of this century.

Audience, Goals and Scope of the
Roadmap

Since this Roadmap is a result of a mandate
given to the technical working group, the report is
directed, in the first instance, to the Ministers' Advi-
sors Group. The document is of interest, however, to
policy makers throughout Europe, in particular to
research ministries in the Member States of die Eu-
ropean Union, to members of the European Parlia-
ment, and to the relevant Directorates General of
the European Union.

In addition, the report will be of interest to par-
ties involved with ADS research and development
within the EU and worldwide. It is also of general
interest to the public since it concerns the disposal of

nuclear waste - an issue which strongly dominates
public opinion.

The first goal of this Roadmap is to propose a
technological route to reduce the risks associated
with nuclear waste, based on the transmutation of
nuclear waste in accelerator driven systems (ADS);
and to assess the impact of this approach in the
reduction of the radiotoxicity of nuclear waste. The
report reviews historical developments and identifies
and assesses the status of current activities and facili-
ties related to ADS research in the EU and world-
wide. A decision to go ahead with the project will
require a detailed planning of the technical aspects, a
substantially increased budget, together with close
synchronisation with the 6th and 7 th Framework Pro-
grammes of the EU.

The second and main goal of the Roadmap is to
prepare a detailed technical programme, with cost
estimates, which will lead to the realisation of an
experimental ADS within 12 years, covering the 6th

and 7th Framework Programmes. The programme as
described in the Roadmap will lead to the develop-
ment of innovative fuels and reprocessing technol-
ogy, a co-ordination of human resources and experi-
mental facilities, a training ground for young re-
searchers, spin-offs in the fields of accelerators, spal-
lation sources, liquid metal technology, radioisotope
production and actinide physics and chemistry.

A final goal of the present Roadmap is to iden-
tify possible synergies that this programme could
have within the scientific community, indicate po-
tential spin-offs, show how competence can be main-
tained in the currently stagnating field of nuclear
energy research. This is also consistent with the Eu-
ropean Research Area policy for synergism among
research programmes and activities in the EU.
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Nuclear Energy in the EU and
Spent Fuel Disposal

The recent European Commission's GREEN
PAPER: Towards a European strategy for the security of

energy supply clearly points out the importance of
nuclear energy in Europe. With 145 operating reac-
tors with a total power of 125 GWe, the resulting
energy generation of about 850 TWh per year pro-
vides 35% of the total electricity consumption of the
European Union. The GREEN PAPER also points
out that the nuclear industry has mastery of the
entire nuclear fuel cycle, with the exception of waste
management. For this reason, research "focusing on
waste management has to be continued'.

The spent fuel discharged from nuclear power
plants constitutes the main contribution to nuclear
waste. Most of the hazard from the spent fuel stems
from only a few chemical elements — plutonium,
neptunium, americium, curium, and some long-lived
fission products such as iodine and technetium at
concentration levels of grams per ton. At present
approximately 2500 tons of spent fuel are produced
annually in the EU, containing about 25 tons of
plutonium and 3.5 tons of the "minor actinides"
neptunium, americium, and curium and 3 tons of
long-lived fission products.

These radioactive by-products, although present
at relatively low concentrations in the spent fuel, are
a hazard to life forms when released into the envi-
ronment. As such, their disposal requires isolation
from the biosphere in stable deep geological forma-
tions for long periods of time.

A measure of the hazard of these elements is
provided by the toxicity and in particular the
radiotoxicity arising from their radioactive nature
rather than their chemical form. Some general fea-
tures of the radiotoxicity of spent fuel are shown in
figure 1. A reference point is the radiotoxicity associ-
ated with the raw material used to fabricate 1 ton of
enriched uranium, including not only the uranium
isotopes but also all their radioactive progenies. The
radiotoxicity of the fission products dominates the
total radiotoxicity during the first 100 years. There-
after, their radiotoxicity decreases and reaches the
reference level after about 300 years. The long-term
radiotoxiciry is solely dominated by the actinides,
mainly by the plutonium and americium isotopes.

The reference radiotoxicity level is reached by spent
nuclear fuel only after periods of more than 100,000
years.

This is the basis of the motivation for partition-
ing and transmutation programmes worldwide, and
for the development of dedicated burner reactors
such as ADS.

Partitioning and Transmutation

Different concepts have been proposed and re-
flect national policies on nuclear energy.

For example, both countries such as France and
Japan consider plutonium as a valuable resource for
energy production. Therefore, the uranium fuel irra-
diated in light water reactors is reprocessed, to sepa-
rate plutonium. This recovered plutonium is used
together with uranium to fabricate mixed oxide fuel
for thermal reactors. The remaining waste contain-
ing minor actinides and fission products will be dis-
posed of in a repository or transmuted.

In other countries, for example in Sweden, plu-
tonium for various reasons is not separated. The
spent fuel is considered as waste, which either has to
be disposed of in geological repositories or will be
transmuted.

In the transmutation scenario there are two op-
tions. The waste can either be recycled and trans-
muted in available conventional critical reactors (ho-
mogenous fuel recycle option, with no separation of
plutonium and minor actinides), or in dedicated
burner reactors. In the double strata fuel cycle op-
tion, plutonium is kept separated from the minor
actinides and 5 to 20% of dedicated burner reactors
in the reactor "park" would be required. If pluto-
nium and the minor actinides are kept together, the
fraction of dedicated burner reactors would be ap-
proximately 20%.

Accelerator Driven Systems

In contrast to conventional nuclear reactors in
which there are enough neutrons to sustain a chain
reaction, sub-critical systems used in accelerator
driven systems need an external source of neutrons
to sustain the chain reaction.

These "extra" neutrons are provided by the accel-
erator.
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Fig. 1 - Ingestion radio-toxicity of 1 ton of spent
nuclear fuel. With a separation efficiency of
99.9% of the long-lived by-products from the
waste, followed by transmutation, reference radio-
toxicity levels can be reached within 700 years

More exactly, the accelerator produces high-en-
ergy protons which produce neutrons via a spallation
source.

But why build such a sub-critical system when
critical reactors already work? The answer to this lies
in the fact that one has more control and flexibility
in the design and operation of the sub-critical reac-
tor. This is required when the reactor is being used
to transmute large amounts of nuclear waste in the
form of minor actinides (MAs). Today it appears
that ADS has great potential for waste transmutation
and that such systems may go a long way in reducing
the amounts of waste and thereby reducing the bur-
den to underground repositories. Figure 1 shows how
the radiotoxicity of spent nuclear fuel can be re-
duced through partitioning and transmutation.

With a separation efficiency of 99.9% of the
long-lived by-products from the waste, followed by
their complete transmutation in a dedicated burner
reactor, the radiotoxicity reaches the reference levels

of the original ore, used to feed the power park, in
about 500-700 years.

Accelerator driven systems therefore open the
possibility of "burning" or incinerating waste mate-
rial from existing light water reactors in dedicated
actinide burners.

These actinide burners can burn safely large quan-
tities of minor actinides per unit (in contrast to critical
reactors), and generate heat and electricity in doing so.
In addition, schemes have been proposed, in which the
long-lived fission products are also destroyed. An ad-
vantage of accelerator driven systems is that, since there
is no criticality condition to fulfil, almost any fuel com-
position can be used in the system.

It must be emphasised, however, that there are
safety issues, which are common to both critical and
sub-critical reactors, e. g. appropriate cooling during
normal operation or decay heat removal.

Development and Deployment of
Accelerator Driven Systems in Europe

The development and deployment of accelerator
driven systems requires three steps:

• a comprehensive mid- and long term R&D pro-
gram, to develop the single elements and compo-
nents of the system. This includes development of
new fuels and fuel cycle systems;

• planning, design, construction and operation of an
Experimental Accelerator Driven System for the
demonstration of the concept;

• planning, design, construction and operation of a
large size prototype accelerator driven systems with
subsequent large-scale deployment.

Following a first phase of R&D focused on the
understanding of the basic principles of ADS (al-
ready partly underway), the programmes should be
streamlined and focused on a practical demonstra-
tion of the key issues. These demonstrations should
cover high intensity proton accelerators (beam cur-
rents in the range 1-20 mA), spallation targets of
high power (of power in excess of 1 megawatt), and
their effective coupling with a sub-critical core.

In the field of fuels1 and materials, the realisa-

This Roadmap covers only solid fuel systems. An alternative approach to transmutation is through the use of molten salts in which solid fuels are not
required. Such an approach, which merits detailed consideration, is not within the scope of the present study.
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Table 1 - Time schedule and milestones; Jor;the development of an experimental -Accelerator driven system (ADS)
and accelerator driven transmutation {ADTJ technology itfEy rope

Year 2000+

ADS (Phase 1]

Basic & Supporting R&D
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Low power testing

Full power testing
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tion of representative MA-based fuels and targets,
the assessment of their physico-chemical properties
and behaviour under irradiation, together with the
assessment of the related processing methods, be-
comes a priority for a credible waste transmutation
programme. The time schedule and milestones for
the development of ADS technology in Europe are
shown in table 1.

In the next few years (2-3 years), a broad system
analysis will be performed on the two concepts un-
der consideration: the Pb-Bi cooled system and the
He cooled concept. After a decision on the most
suitable concept, to be made prior to 2004 a detailed
design of the ADS could be started. For the first five
to seven years, the R&D shall concentrate on a) the
development of high intensity accelerators and mega-
watt spallation sources, and their integration in a
fissile facility and b) the development of advanced
fuel fabrication and reprocessing technology.

Start of construction of an ADS could be 2008
and start of operation 2013-

The fuel to be used in the first phase of opera-
tion will be conventional mixed oxide fuel. Use of
existing fuel stemming from SNR-300 or Super-
phenix can be envisaged. Innovative and dedicated
minor actinide fuel will be tested in the accelerator
driven system and will replace the mixed oxide fuel

in a second phase of operation (XADT). This mode
of operation is envisaged for 2025.

Around 2030 construction of a prototype could
be started. This prototype has to have all features of
the ADS to be deployed at a later stage (power,
coolant, fuel etc.). After successful operation of the
prototype, it could be deployed on a large and in-
dustrial scale starting around 2040.

Cost Estimates

At present (March 2001), the total manpower com-
mitment in different member states in the EU is esti-
mated to be approximately 300-400 my/y (man-years
per year). Most of this effort is concentrated on basic
R&D support for partitioning and transmutation.

The projects launched (or to be launched) within
the 5 European Framework Programme, will allow
a better visibility of activities directly related to ac-
celerator driven systems. The total budget for related
projects is 50 M-£ over 3 years, of which 50% will be
financed by the EU.

A considerable part, however, of the national
efforts, e.g. the R&D on high-power accelerators,
ate not funded by the EU.

Following the first call for proposals for the 5th

Framework Programme, seven ADS related projects
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were selected for funding. The projects have been
grouped into three clusters: partitioning (chemical
separation), transmutation-technological support
and acquisition of basic data.

Recently three new projects have been proposed
to the EU (still within the 5th Framework Pro-
gramme): the system analysis of two possible ADS
configurations, the megawatt pilot experiment for
spallation studies and the project for development of
appropriate dedicated fuels.

The estimated costs for the development of an
experimental accelerator driven system (as opposed
to partitioning and transmutation in general) are
given in table 2. The total costs covering R&D,
engineering design, construction, and fuel is esti-
mated at 980 M-fe over a twelve year period until
2012. The estimated costs are grouped within the
respective Framework Programmes covering the 5C\
6th, 7th Framework Programmes and beyond.

Basic & Support R&D: at present, approximately
30 M € are devoted to basic R&D until 2002. This
effort (of 15 M-fe/y) should be increased during the
4 years period of the 6th Framework Programme for
which a total of 90 M-£ is required.

In the 7th Framework programme, some of the
R&D will be terminated (e.g. for the accelerator and
prototype target — by this time construction should
have started). The costs during this period should
decrease to 70 M/€-, followed by 10 M€, for the
period 2011-2012.

Engineering Design Studies: for the detailed de-
sign phase a total of at least 1000 man years for

engineering design is expected, with total costs
amounting to 150 M/€-. These studies will start in
2003 at the beginning of the 6th Framework Pro-
gramme and extend through the 7th Framework Pro-
gramme. In the first phase up to 2006, priority will
be given to the accelerator and the prototypical tar-
get; thereafter, the main emphasis will be on the
reactor and system integration.

Construction: a detailed assessment of the con-
struction costs must await the results of the engi-
neering design studies. As a first indication 450 tv£€.
can be assumed, contingencies and fuel excluded.
The site and infrastructure preparation, estimated at
the level of 80 M-6-, would start within the 6th Frame-
work Programme, the next phase contains the essen-
tial construction effort, with the accelerator and the
prototypical target terminated during this phase,
while the complete system is ready by 2012.

Fuel: from the numbers known from SPX or
SNR300 fuels it is expected that the preparation/
fabrication cost of an ADS fuel by conversion of
such existing fuels is in the order of 180 M'fe. The
effort for this task is essentially concentrated within
the 7th Framework Programme.

Dedicated Fuel for Transmutation: though not ab-
solutely necessary for the first phase of operation
of the accelerator driven system, the long-term de-
velopment of dedicated fuel and related fabrication
and reprocessing facilities must be started. For this a
constant effort during the next 12 years with a total
of about 180 M€- is anticipated. This effort needs to
be maintained beyond 2012.
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ADS Activities in Japan and US

In Japan, the Government has approved a new
project for a high intensity proton accelerator for
construction.

The first phase of the project has been approved
with a budget of 133.5 billion yen (1335 M-S) for a
six-year period. This will lead to the development of
a 400 MeV linear accelerator, a 3 GeV proton syn-
chrotron with a power rating of 1 MW, a 50 GeV
proton synchrotron with a power rating of 0.75 MW,
and a 1 MW spallation neutron source facility.
Thereafter, a second phase with a budget of 65.5
billion yen is foreseen in which an accelerator driven
system will be constructed.

In the USA, the Advanced Accelerator Applica-
tions program is underway to develop a technology
base for transmutation, to demonstrate this as an
approach to long-term nuclear materials manage-
ment, to build an accelerator driven test facility, and
to strengthen the domestic nuclear infrastructure.

An accelerator driven transmutation facility with
a power rating in excess of 20 MWth, driven by a
high power proton linear accelerator with a beam
power of approximately 8 MW, is planned to start
operation in 2010. The level of funding for the year
2001 is $68M. The foreseen cost of the 10-year
programme leading to the construction of the facil-
ity will be 1.5 billion dollars.


