


ageing. Finally, the chapter deals with various
aspects of enhancement of plant performance.

In the second chapter, the R&D challenges to
further improve the current fuel cycles are
addressed, with two objectives: improving the
use of natural resources in LWRs through
recycling strategies, and minimising the final
waste. Although the optimal use of uranium and
the minimisation of the final waste after multi-
recycling can only be achieved with Fast
Neutron systems together with a closed fuel
cycle (developed in the following chapter),
improved designs of LWR combined with fuel
reprocessing and recycling can contribute
significantly to the competitiveness of nuclear
energy.

In the third chapter, the development of fast
neutron systems (both GenlV Fast Neutron
Reactors (FNR) and Accelerator-Driven
Systems (ADS)) is addressed, together with the
need for demonstration. As already indicated in
the Vision Report, European stakeholders have
chosen to concentrate their efforts to develop
fast neutron reactors along two directions. The
first direction is that of the sodium-cooled fast
neutron reactor as a known and proven
technology but for which innovations are
necessary to fulfil the criteria of GenlV reactors.
The second direction is to develop an alternative
coolant technology to sodium, either lead or gas,
to offer decision makers a choice of reactor
systems, and to limit technological risks. The
construction of technology demonstration
plants or prototypes for fast neutron reactors is
the object of a European Industrial Initiative of
the SET Plan which SNETP is preparing.
Finally, in this chapter, R&D for ADS for
transmutation of high level nuclear waste is
described. The decision to select a technology
for transmutation, either fast neutron reactors or
ADS, will be made around 2012 on the basis of
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industrial and economic prospects.

Beyond the need to maintain the capability of
existing nuclear reactors and the need to develop
more sustainable reactors to produce electricity
there is another large market, which is new for
nuclear energy, and in which nuclear energy
could play an important role: industrial heat
application processes which today rely on fossil
fuel. This is the object of the fourth chapter.
Among industrial heat processes, the production
of hydrogen may need to be increased
significantly if the market for hydrogen-fuelled
vehicles develops. Production of alternative fuels
(coal to liquid, 2nd generation biofuels, etc.)
could also benefit from nuclear heat. This
chapter looks closely at the High Temperature
Reactor (HTR) technology as one having much
potential for such new applications (but other
reactor technologies could also be used).

Finally, the last chapter of the SRA addresses
the need to develop competences and research
infrastructure to support the R&D needs, and to
maintain safety research and develop expertise in
new systems. The chapter focuses on several key
cross-cutting  topics  (material  research,
modelling and simulation, fuel research, as well
as pre-normative research) for which a large
R&D effort is needed in the short and medium
term. To support the global R&D effort of the
SRA, research infrastructures are needed, from
small scale experimental loops to large scale
nuclear facilities. The construction and
operation of such facilities can only be achieved
today through a European effort, hence the
description in this document of the most
important facilities for Europe’s nuclear
research. Last but not least, education and
training needs are briefly described in this
document, but more detailed proposals are
addressed by the Education, Training and
Knowledge Management Working Group of the
platform.



* The general UN
definition of sustainability
is “Meeting the needs

of the present without
compromising the ability
of future generations to
meet their own needs”.
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More precisely, the nuclear fuel cycle includes
the following steps:

The “front end” of the fuel cycle, which consist of
uranium (or thorium) prospecting, mining and on
site purification, uranium (or thoriumy) conversion
(to get pure UF6 or UO2 or metal, depending of its
future use), uranium enrichment (if needed), and
fuel fabrication.

The fuel irradiation in nuclear reactors to produce
“The back end” of the fuel cycle, which consists of
interim storage of spent fuels, recycling (if this
option is implemented), which includes reprocess-
ing of the spent fuel to recover recyclable
materials and fabrication of new fuels with these
materials, transportation of radioactive materials
(spent fuels, conditioned radioactive waste, efc.),
final disposal of nuclear waste (spent fuel for
“open cycle” option or ultimate waste for the
“closed cycle™).

2.3 R&D to improve
sustainability of
Nuclear Fuel Cycles

any studies have been carried out
I\/I worldwide, and particularly in

Europe but also within the
framework of the GenlV roadmap, to analyse
the meaning of “sustainability” when it is
applied to the NFC. From these works, there is
a clear consensus today that a sustainable NFC
is mainly linked to the durability of the solutions
addressing the two following issues:

optimum use of natural resources,
nuclear waste minimization.

These two objectives must be pursued while
maintaining or increasing at the same time the
safety and the economic competitiveness and
ensuring the non-proliferation of the
technologies.

Therefore, before addressing R&D challenges
for the NFC, one must elaborate on the two
topics related to sustainability, taking into
account their temporal framework, in order to
better define the framework in which these
R&D challenges fall.

2.3.1 Short term objectives:
Optimum use
of natural resources

here are only two kinds of “natural
resources” for nuclear fission on earth:
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Uranium, containing mainly 2 isotopes: one
fissile, 235U, which constitutes only 0,71% of the
natural uranium and one fertile, 238U, which
constitutes 99,29 % of the natural uranium,

Thorium, containing exclusively one kind of
isotope, 232Th, which is a fertile isotope
(producing the fissile isotope 233U). Although
technically possible, the fuel cycle based on
thorium requires a supply of a fissile isotope
(235U or plutonium) to be deployed and is not
implemented today in any European country.

The optimisation of natural resources, to
maximise the electricity obtained per unit of
uranium mined, is progressively achieved by the
industry at each step of the NFC, through the
market laws and the current technical
knowledge. This is the case for example, in the
front end by the choice of cut grade of uranium
deposits or tail enrichment; fuel management
inside the reactor; or spent fuel recycling, in the
back end.

R&D challenges to “optimise” natural resources:

The optimisation at
each step of the NFC
deserves R&D pro-
grams. However, the
“front end” steps of
the NFC, such as ura-
nium prospecting and
mining or enrichment
process and fuel fabri-
cation (UO2), are more a matter for industry,
and in the phase of commercial competition.
Consequently, the SRA in this area should focus
on enhancing the usage of mined uranium and
generated plutonium in the present and future
reactors, and the NFC back end options.

The optimisation
of natural resources
is progressively
achieved by the
industry
at each step of the
Nuclear Fuel Cycles.

Core with high conversion ratios

Nuclear reactors are able to convert a part of
fertile isotopes which are loaded in the fresh
fuel, into fissile isotopes, e.g. 238U into 239Pu.
The ratio between the total amount of artificial
fissile material created inside the reactor core
and the total amount of fissile isotope
“consumed” is called “conversion ratio”. A part
of the artificial fissile isotopes is burned in situ
contributing to the generation of electricity and
saving natural fissile isotopes. However, the part
of the created artificial fissile isotopes which is
not burned in situ remains in the spent fuel
when unloaded. The recycling of this part can
further contribute to saving the natural fissile
isotopes.



Consequently, one of the most efficient routes to
reduce natural uranium consumption is to
increase the conversion ratio of present and
future reactors and to recycle fissile material.

Fast nuclear reactors can be designed to reach a
conversion ratio equal or even greater than one,
in such a way that no

more natural fissile  An efficient way of
isotope is needed to  reducing the natural
sustain nuclear ener- uranium consumption is
gy since the reactors to increase the reactor
generate more fissile conversion ratio and to

isotopes  than they ccycle fissile material.
consume to prOduce

energy. These reactors, called “breeders” need to
be fed only with fertile isotopes (U238 or even
Th232) which are available in huge amounts.

Therefore it must be underlined that “breeder”
reactors, in practice Fast Neutron Reactors
(FNRs), are the only solution which can lead
to the long term sustainable development of
nuclear energy, with regard to the “optimum
use of natural resources”.

Because of this critical role in the nuclear energy
sustainability, a specific chapter of this SRA is
devoted to the developments on FNRs, where
the associated R&D for feasibility and resource
optimisation are addressed.

Before the FNRs are commercially deployed, the
natural resource usage can still be improved by
optimising the conversion ratio of LWR, its fuel
design and the associated back end of the NFC,
as discussed here:

R&D in the short term should concentrate
on: parametric studies reactor cores of
Advanced Genlll reactors with High
conversion ratios (for LWR) (neutronic,
thermal-hydraulic, mechanic, safety,
control, and economic assessments).

In the medium term:

core and component tests on experimental
loops and critical mock-up towards the
design of an experimental high conversion
ratio reactor.

Very high burn-up fuels

A way to improve the uranium utilisation in the
LWR is to extend the time it is used in the core.
When this extended irradiation allows
extracting more energy per unit of fuel, it is
described as increasing the fuel burn-up. Higher
fuel burn-ups do not lead, per se, to a reduction
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of natural uranium consumption as normally it
requires higher fissile enrichment. However, a
higher burn-up allows the optimisation of other
parameters of the in-core fuel management,
such as an increase of the reload fraction of the
core, resulting in a net reduction of natural
uranium consumption.

R&D in the short term should concentrate
on: feasibility studies of fuels able to reach
very high burn-ups (100 GWd/tHM) for
LWR and possibly deep burn High
Temperature Reactors (HTR).

In the medium term:
irradiation and qualifications tests of these
fuels must be performed.

Recycling of the plutonium
and reprocessed uranium

Plutonium recycling in LWRs is implemented,
at industrial scale, in a few European countries
(France, Belgium, Germany, and Switzerland)
for a long time (inside the so called MOX -
Mixed Oxide - fuel). However, it is limited to a
single recycling, a small fraction of the core and
to a 12% plutonium concentration. Therefore,
increasing these parameters could enhance the
energy obtained from the plutonium, reducing
the fissile uranium
needs. Furthermore,
some other reactor
types such as High
Temperature Reactors
(HTRsS) are potential-
ly better than LWRs
for plutonium burning
and it could be worthwhile to further investigate
these solutions.

Investigating advanced fuel cycles for LWR
fuels, e.g. co-extracting plutonium and uranium,
could add significant benefit in terms of prolif-
eration resistance.

A higher burn-up
indirectly leads to
a net reduction of
natural uranium
consumption.

R&D in the short term should concentrate
on: studies on 100 % MOX cores and on
plutonium multi-recycling for LWR and
on 100% plutonium cores for HTR.

In the short and medium term: scenario
studies of nuclear materials management
issues at the European level on the evolu-
tion of nuclear reactor fleet, including
uranium and plutonium availability in the
case of delayed deployment of FNRs.



*The specific radioactivity
of one object is the number
of disintegrations per unit
of time in a given unit
volume or in a given unit of
mass. The half-life on an
isotope is the time interval
required for its radioactivity
to get reduced by half.

*Implementing Geological
Disposal Technology
Platform (IGD-TP)
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Finally, it should be
mentioned that there
are no short or medi-
um term industrial
prospects in Europe
for the deployment
of the thorium cycle
and thus, it will not
be a R&D priority.
However, thorium could become an attractive
option in the long term and a minimum level of
basic studies on this cycle should be maintained
at the European level.

Investigating advanced
fuel cycles for Light
Water Reactor fuels

could improve
significantly the
proliferation resistance.

2.3.2 Long term: Optimisation
of natural resources with
nuclear waste minimisation

Nuclear wastes (NW) are radioactive
residues produced by a process involving
handling of radioactive materials which are
considered as not reusable.

NW are classified in various ways in the
different European countries, but generally,
according to their intrinsic risk and their
possible management. The main parameters are
the level of specific radioactivity®, the decay
“half life” and the specific heat produced by the
radioactivity of the unstable isotopes contained
in the NW. There are commercially available
solutions to handle Low level waste (LLW) and
most of the Intermediate level waste (ILW),
already implemented in several EU countries.

High level waste (HLW), which contains either
highly radioactive isotopes, significant quantities
of long lived radio-nuclides, or are strongly heat
emitting, are mainly
generated by the
operation of nuclear
reactors. HLW can
be the spent fuel, the
wastes from its
reprocessing or from
other steps of the
NFC. The present
solution for HLW is
to properly condition them inside isolating and
protecting packages that are then disposed of in
a Deep Underground Geological Repository
(DGR). A number of technological and geolog-
ical barriers are setup in this way to avoid any
hazard to the population or the biosphere. The
R&D, technology development and implemen-
tation are the topics of another Technological
Platform (IGD-TP*) and will not be further
discussed here.

Several EU countries
have implemented
commercially available
solutions which allow
handling low and
intermediate
level waste.
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This solution has been proven scientifically to be
reliable and safe and most of its technologies are
ready for deployment. The first implementations
in the EU are expected in Finland, Sweden and
France within 10-20 vyears. To achieve
optimisation of HLW management, research is
focused in minimising several parameters of the
HLW:

the mass and volume of conditioned NW to be
disposed of,

the long term “radiotoxic inventory”, which is the
sum of activities of each radioisotope in the NW
weighted by the dose factor that indicate the risk if
this material would be dispersed within the
population,

the effective “lifetime” of conditioned NW,

the heat generation of conditioned NW, as
function of time, due to the radioactivity of its
unstable radioisotopes. This parameter strongly
affects the DGR capacity,

the “long term radiological impact”, that is the
calculated biological effect on living species of
possible radioactive releases in the biosphere once
part of the radio-nuclides (or their radioactive
daughters) have reached the surface.

A first way to min-
imise nuclear waste
is to reduce the
amounts of radio-
nuclides produced by
nuclear reactors. For
fission products the
production is direct-
ly proportional to
the electricity gener-
ation, so that the only way to reduce their
amounts is simply to increase the electrical effi-
ciency of nuclear power reactors. On the other
hand, there are several means to act on the pro-
duction of the different actinides including the
choice of reactor types (neutron spectrum) or
even the choice of a fuel cycle (for example, tho-
rium based fuel which could generate much less
amounts of high mass minor actinides - MA -
in the long term).

On the other hand, once the waste has been
produced, if the spent fuel is directly disposed of,
there is in fact no way to act on the previously
indicated optimisation parameters, except the
enhancement of confinement properties and its
durability (waste matrix or waste container).
This research could also contribute to reduce the
“long term radiological impact”. These topics
fall outside the scope of the SNETP and will be
probably addressed by IGD-TP.

The present solution for
HLW is to properly
condition them inside
isolating and protecting
packages that are then
disposed of in a Deep
Underground Geological
Repository.



Fig. 8: Fuel cycle pilot plant [Source: AREVA]

If the spent fuel is reprocessed, many technical
options are open to bring improvements in the
five NW parameters quoted above. To this
regard, studies, carried out, in particular, under
European R&D programs, such as Red-
Impact? and Pateros®, have shown that one of
the most promising route is the “Partitioning
and Transmutation”
of selected radio-
nuclides (particularly
actinides). The gen-
eral conclusion is that
the waste minimisa-
tion in advanced fuel
cycles should be con-
sidered within a
global objective of
sustainability. Furthermore the implications on
the reduction of the number and size of DGRs
and other societal aspects need to be considered
in the fuel cycle optimisation.

Waste minimisation
in advanced
fuel cycles should be
considered within
a global
objective of
sustainability.

In this sense, three types of objectives are
identified:

integral management of all the transuranium
actinides, in a long term sustained nuclear park,

integral reduction of the transuranium actinides
inventories and

specific reduction of some Minor Actinides (MA)
inventories.

These objectives can be achieved conceptually in
two generic types of scenarios:

A park of fast neutron spectrum critical reactors
that will simultaneously produce electricity and
transmute all types of actinides. Finally the only
input of the system (reactors and fuel cycle
facilities) will be natural or depleted uranium and
the outputs will be electricity and residual HLW
plus ILW. In this option, the MA could be
homogeneously diluted within the whole fuel or
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separated in dedicated targets. However, the core
design of these reactors should be optimised from
the point of view of neutron economy.

A “double strata” reactor park. The first stratum
will be a set of critical reactors dedicated to
electricity production using “clean fuel” containing
only U and Pu. The reactors in this stratum can be
either present or future LWR or fast reactors. The
second stratum will be devoted to transuranium
actinides or MA transmutation and will be based
on special fast reactors or subcritical fast systems,
ADS, loaded with homogeneous fuels with high
MA content.

In addition it is important to realize that the
process of deployment of these advanced fuel
cycles with partitioning and transmutation will
be progressive. In a first instance, economical
competitiveness will favour the extension of the
life of present reactors followed by their
replacement with advanced Genlll LWR. Later,
as the uranium resources become scarcer and
waste inventories grow, the fast nuclear systems
(FNR and ADS) will appear more attractive and
will eventually be progressively introduced.

The evaluation of this type of scenarios indicates
that while maintaining the safety of operation
and economic competitiveness, they should
ultimately be able to strongly reduce the long
term Uranium consumption, making the present
reserves worth several thousand years. At the
same time, the HLW long term radiotoxic
inventory could be reduced by more than a
factor 100 and its heat load by more than a
factor 10. According to available studies, the last
figure will allow reducing the DGR size by
factors from 3 to more than 10 (in hard rock,
clay and tuff geological formations). In the case
of large and/or long nuclear reactor parks, the
waste minimisation could help to minimise the
number of required DGRs. Smaller parks, might
need to participate in regional solutions
involving the cooperation with a country with
large nuclear park to improve the partitioning
and transmutation efficiency and its economical
feasibility.

There are many uncertainties and options
in the definition and evaluations of these
advanced fuel cycles, requiring:

R&D in the short term in the partitioning
and transmutation scenario studies with
clear emphasis in the evaluation of the
impact on the final DGR, taking into
account the regional and time dependent
components.

“"Impact of Partitioning,
Transmutation and Waste
Reduction Technologies on
the Final Waste Disposal
(Red-Impact)

*Partitioning and
Transmutation European
Roadmap for Sustainable
nuclear energy (Pateros)




40

The scenarios studies should include the
industrial implementation aspects and, possibly,
economical evaluations. These scenarios should
account for various reactor type combinations,
including FNRs or ADS, in order to identify
potential synergies. Furthermore, these scenarios
should allow to quantify indicators for decision
making that include all aspects of the problem:
consumption of natural resources, nuclear
material inventories to be managed,
environmental impact, costs, time projection to
reach equilibrium, industrial capacities required
for fuel treatment and fabrication (including
MA bearing fuels or targets), technical
difficulties, overall safety, secondary waste
generation, occupational exposures, proliferation
concerns, public acceptance, etc.

On the other hand, the deployment of these
advanced fuel cycles needs significant R&D to
meet technological challenges on:

new fuels (targets) bearing significant amount of
MA, and their fabrication technology,

new recycling technologies based on the advanced
aqueous and pyrometallurgic technologies,
adapted to the high active and hot fuels,

the technologies of the different Fast nuclear
systems (FNR and ADS), including new materials,
thermo-hydraulics, simulation tools and nuclear
data and in the case of ADS the coupling of an
accelerator and a subcritical core. This point is
further developed in the next chapter for each of
the fast system types and in the chapter on cross
cutting R&D topics.

In the short term the R&D can be performed in
several existing basic science and validation
facilities, but at medium term demonstration
plants for the reactors, fuel fabrication, advanced
reprocessing technologies.

To summarise, the priorities for the short,
medium and long term waste minimisation and
resources optimisation are:

Short term common trunk R&D on:

advanced reprocessing of LWR and
advanced fuels for MA separation, using
either hydro- (including coprecipitation
mix oxide uranium and plutonium) or pyro
metallurgical processes,

dissolution of MA-bearing MOX and
carbide fuels for FNRs and of MA bearing
targets (U-free or UO2 matrix),

conversion processes (after the separa-
tion steps and prior to the fabrication of
fuels/targets.
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Medium term R&D for Demonstration
facilities:

the decision to develop or not demonstra-
tion facilities for Fuel fabrication facilities
and Reprocessing facilities should be taken
about 2012 depending on the results of the
previous steps and the European availabil-
ity of equivalent facilities.

Within its programme to operate a sodium
cooled fast reactor prototype by 2020, France is
considering the construction of two facilities,
one devoted to the manufacturing of the core
fuel and the other one to the manufacturing of
minor-actinide bearing pins and assemblies
(named experimental pins facility). These
facilities, which would be built on the La-Hague
site, could also provide fuel fabrication services
to test and demonstrate alternative technologies
of reactors at the European level.

Meanwhile a smaller facility called ALFA
(Atalante Laboratory For Actinides Bearing
Fuel Manufacturing) has been proposed to be
built in ATALANTE facility (CEA/Marcoule).
The objective of this latter facility is to
manufacture experimental high activity fuels
pins with the capacity of producing from a few
pellets up to a few pins par year.

The decision to develop or not demonstration
facilities in the field of reprocessing should be
taken approximately in 2012. It will mainly
depend on the question of including curium or
not in the fuel and on the type of management
finally envisioned for this element. However, as
the experimental pins facility is likely to produce
americium only bearing fuels/targets in a first
step, no advanced separation workshop should
be needed. Then, in a future step, a minor
actinide separation facility could be considered,
depending on the achievements of R&D, in
particular with respect to curium.

Long term R&D towards industrial imple-
mentation of partitioning and transmuta-
tion:

the implementation of this phase will
depend on the results of the previous phas-
es and will be mainly carried out under the
control of the nuclear industry.
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3. GEN 1V Fast Spectrum
Systems with Closed Fuel
Cycle (SFR, LFR, GFR, ADS)

SRA

3.1 State of the art

United States, Russia and Japan, European

Laboratories and industries supported an
active development of Sodium cooled Fast
Reactors (SFR) from the 1960s to 1998.

No less than seven experimental demonstration
and prototype reactors were built and operated
over this period: Rapsodie, Phenix and
Superphenix in France, DFR and PFR in
United Kingdom, and KNK-II and SNR-300
(which was never put in service) in Germany.
However, the industrial development of SFRs
stopped in Europe when the political decision
was taken in February 1998 to abandon
Superphenix. It had stopped earlier in the
United States with the Non Proliferation Act
promulgated in 1978. Russia proceeded with the
development of SFRs in spite of budget
constraints and it is expected to put BN-800
(800 MWe) in service in 2012. Japan’s efforts
since 1995 where mainly devoted to putting
MONJU back into service. India and China,
which both plan on nuclear power to supply part
of the energy needed for their fast economic
growth have both aggressive agendas to develop
light water reactors and SFRs with respective
plans to start a prototype fast reactor (PFBR
(500 MWe)) and an experimental reactor
(CEFR (65 MWth)) in 2010.

In the current context marked by new builds of
advanced SFRs and by internationally
recognised needs for fast reactors with a closed
fuel cycle around 2040 for a sustainable
electricity production, European stakeholders
have agreed to develop a new generation of fast
neutron reactors, and have identified three fast
spectrum systems that were the most likely to
meet Europe’s energy needs in the long term in
terms of security of supply, safety, sustainability
and economic competitiveness:

I n parallel to similar efforts made in the
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the Sodium Fast Reactor (SFR) as a first track
aligned with Europe’s prior experience and

an alternative fast neutron reactor technology to
be determined between the Lead cooled Fast
Reactor (LFR) and the Gas cooled Fast Reactor
(GFR).

Technology Even though only
breakthroughs and  SFRs led to prototype
innovations are needed so far, all types of fast
for all GenlV reactor reactors  have a
types. comparable potential
for ~ making an
efficient use of uranium and minimising the
production of high level radioactive waste. They
may also all contribute to non-electric
applications adapted to their respective range of
operating temperature.

In the chapter on advanced fuel cycles, the role
of Accelerator Driven Systems (ADS) as
dedicated facility to transmute large amounts of
high level nuclear waste (Minor Actinides) in
concentrated approach is explained in the
context of Partitioning and Transmutation. The
development of Accelerator Driven System
technology shows large synergetic R&D with
fast reactors and in particular the Lead Fast
Reactor.

Technology breakthroughs and innovations are
needed for all reactor types. Innovative design
and technology features are needed to achieve
safety and security standards anticipated at the
time of their deployment, to minimise waste and
enhance non-proliferation through advanced
fuel cycles, as well as to improve economic
competitiveness  especially with a high
availability factor. In particular, structural
materials and innovative fuels are needed to
sustain high fast neutron fluxes and high
temperatures, as well as to comply with
innovative reactor coolants. It is important to
emphasise that the development and
qualification of new fuels require a significant
R&D effort in terms of resources and time.
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This chapter is organised as follows:

1 - Innovations for a new generation of
Sodium Fast Reactor so as to keep Europe
among the leaders in this technology. This track
is meant to enlarge at the European level
the French initiative for the construction of a
prototype (ASTRID for Advanced Sodium
Technology ~ Reactor ~ for  Industrial
Demonstration) in France by 2020 with the fol-
lowing milestones: 2009, pre-selection of design
options; 2012, confirmation of options, then
preliminary and detailed design, safety analysis
reports and construction of a prototype in the
range 250-600 MWe; by 2020, start of opera-
tion, followed by technology improvements and
system optimisations leading to commercial
reactors.

2 — Selection of an alternative fast reactor
technology between 2010 and 2012 as a result
of thorough assessments and comparisons of
lead- and gas-cooled fast reactors in terms of
potential to meet GenlV criteria, R&D needs
and quantification of associated efforts and
means to support this R&D. This track would
lead to the decision to construct an experimental
demonstration reactor of the chosen technology
in the range 50-100 MWith for operation in the
2020s followed by further technology
developments and a prototype in the 2030s.

3 - Assessment of ADS as a dedicated facility
for transmutation at industrial scale. This
assessment  will include transmutation
performance, dedicated fuel fabrication and
reprocessing, as well as avoidance of MA fuel
dissemination in the nuclear park and hence of
transports associated. ADS will be assessed
together with other systems for their potential to
achieve transmutation at industrial level and for
the selection in 2012 of systems featuring the
best industrial prospects. If the choice of ADS is
made, the feasibility of this technology should
be demonstrated by 2020 through a European
experimental demonstration such as that
considered presently with MYRRHA/XT-
ADS. Even though ADS is considered in first
instance for nuclear waste transmutation, part of
the generated power can be used for other
purposes.

This three-track research programme on fast
neutron systems needs to be supported by
research on advanced fuel cycle technologies to
possibly recycle minor actinides in fast reactors
or dedicated burners, and should afford
alleviating the long term burden of radioactive
waste to be ultimately disposed as explained in
Chapter 2.3.
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Furthermore, the development of these fast
spectrum reactor technologies requires specific
irradiation needs as outlined in Chapter 5, test-
ing and qualification facilities for systems
technologies and components (specific liquid
metal loops, gas loops and hot cells), as well as
code qualification and validation.

Materials for demonstrators and prototypes are
other critical issues. Because the development of
new structural materials is a very time-consum-
ing process, the construction of technology
demonstrators or prototypes envisaged to be
operational around 2020 will make use of already
available and qualified materials. In the longer-
term, 2030 and beyond, new materials able to
resist higher temperatures will be used so as to
possibly increase the plants’ thermal efficiencies.

3.2 Sodium Fast Reactor
(SFR)

3.2.1 R&D challenges

he main goals for innovation in SFR
technology are the following:

enhanced safety of the plant along the lines that
led to progress from Genll to Genlll light water
reactors especially towards a higher resistance to
severe accidents and external hazards (analysed
in a defense in depth approach),

economic competitiveness of the plant mainly by
reducing capital cost and investment risks, as well
as by improving plant operability (including
easier in service inspection and repair, high
availability factor),

improved sustainability through a better use of
fissile materials, reduction of proliferation risks,
and minimisation of long lived radioactive waste
possibly through minor actinide recycling.

Enhanced safety

R&D challenges to enhance the safety of
next generation SFRs include:

minimising the risks attached to
sodium (flammability, and reactivity with
water) while investigating:

- alternative power conversion systems

with gas turbines (He-Xe, supercritical

COy),

- hardened concepts of steam generators,

- innovative concepts of compact and sim-

plified intermediate systems with a

relatively non-reactive heat transfer fluids,



practically precluding large energy
release in case of severe accident (even
hypothetical) while investigating:

-core designs with moderate sodium
void effect and other favourable reactiv-
ity feedback effects,

- core designs and reactor vessel internal
structures likely to disperse core debris
and minimise risks of compaction,

assessing the impact of minor actinides
bearing fuels on the core behaviour
depending on various homogeneous and
heterogeneous recycling modes,

diversifying safety systems,

developing improved instrumentation
and techniques especially for in-service
inspection,

minimising the vulnerability to external
events and aggressions.

Economic competitiveness

R&D challenges to improve the economic
competitiveness of next generation SFRs
include:

simplifying the plant design to reduce
the capital investment cost and facilitate
the maintenance with:

- more compact reactor vessel and inter-

nal systems Intermediate Heat
Exchanger (IHX),
-combined components (IHX &

Primary pumps),

improving the plant operability trough
better monitoring, inspection and repair,
and fuel handling operation,

developing materials to guarantee a
plant lifetime of 60 years,

designing the core with a plutonium
hold-up in the range of ~10 t/GWe so as to
facilitate the deployment of a fleet of reactors,
developing materials to extend the fuel

burn-up from 100 GWAd/t currently to
200 GWwad/t.

Better use of resources

R&D challenges to improve the use of
uranium, minimise long-lived radioactive
waste and enhance non-proliferation
include:
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developing advanced mixed U-Pu fuels
that will be used as driver fuel for the
prototype of SFR,

developing Minor Actinides (MA)
oxide bearing fuels (and associated recy-
cling processes (treatment, refabrication))
that will be used as experimental fuel to test
both types of advanced recycling modes
(heterogeneous or homogeneous),

developing dense fuels (carbide, and
possibly also nitride or metal) and
associated recycling processes (treatment,
partitioning, re-fabrication) that will be
qualified in a second phase of operation of
the SFR prototype as advanced fuel for this
type of reactor featuring enhanced safety

and improved breeding.

Fig. 9b: 1500 MWe Innovative SFR Loop Design [Courtesy of CEA

The respective potential of pool- versus loop-
type systems to meet the targeted safety and
economic goals for new generation SFRs is to be
thoroughly assessed and compared. As demon-
strated by former prototypes in Europe,
pool-type reactors feature a robust confinement
of primary sodium (and thus contribute to pre-
vent sodium fires), a high thermal inertia in case
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of loss of primary flow accident and efficient
cooling by means of natural circulation. On the
other hand, loop-type systems afford suppressing
the intermediate heat transport loop and could
offer (besides reduction of overall plant capital
cost) easier maintenance and repair conditions
for large components (pumps, heat exchangers)
as they are outside the reactor vessel and may be
integrated in combined components.

The above R&D challenges may be structured
into four main areas:

1) core design and associated fuel type (for
enhanced safety, performances and
actinides management capability),
enhanced plant safety and security (includ-
ing a better prevention and management of
severe accidents and an improved physical
protection against external aggressions),
energy conversion systems and associated
materials (including Brayton cycle based
energy conversion systems to eliminate
risks associated with sodium),
optimisation of reactor design and opera-
tion (including plant simplification and
modular designs of components to enhance
the plant economic competitiveness).

2)

3)

3.2.2 R&D milestones

he R&D programme for the SFR

development relies essentially on the
construction of a prototype, to be followed a few
years later by an industrial First Of A Kind
(FOAK) reactor. During that period, the R&D
should address both the commercial scale
reactor (~1500 MWe) and the associated small
scale prototype (250-600 MWe).

2008-2010:
Innovation / Exploratory phase

This period is devoted to assessing and
screening  innovative  features  (design,
technology) likely to enhance SFRs' safety and
economics with a view to pre-selecting the most
promising innovations by 2010.

The main R&D items to be addressed
during this phase include:

1) design studies of large scale MOX
fuelled SFR cores (1500 M\We),
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2) re-establishing a set of modern
simulation tools for severe accidents
analyses and design studies of robust core
catcher,

3) feasibility studies of innovative features
to minimise sodium risks,

4) assessment of design features aimed at
enhancing SFRs' safety and economics (in
particular comparative assessment of
“pool” versus “loop” reactor and
technologies for in-service inspection,
maintenance and repair).

2010-2012:
Innovation / Confirmation studies

This period is devoted to confirming by
simulation studies and small scale experiments
the potential of design features or technologies
pre-selected at the previous step. This period
should lead to derive specifications for the SFR
prototype in 2012 and advance its licensing.

The main R&D items to be addressed
during this phase include:

dossiers on large SFR MOX cores:
-dossier on SFR MOX-fuelled core
design including feedback from severe
accidents studies and options for
recycling minor actinides,

- dossier on advanced fuels (carbide, and
possibly nitride or metal, etc.) to select
those of sufficient interest for
proceeding with an extensive R&D
programme of validation.

minimisation of mechanical energy
releases in case of severe accident: research
of design features allowing to minimise the
risk of mechanical energy releases,

design of robust core catcher: design
features for adequate containment, sub-
criticality and decay heat removal of
corium,

selection of a reference energy conver-
sion system and associated materials,

recommendation of innovations for
SFRs and preparation of a relevant qualifi-
cation programme requiring larger scale
experiments.



2012 - 2015: Performance phase /
Preliminary design & safety studies

This period is mainly devoted to demonstrating
the performances of the European SFR and
qualifying the new designs and technologies
selected in large experiments (experimental
reactors, large sodium loops and other large
research facilities).

Preliminary Design and Safety reports will be
prepared in time to allow the construction of the
prototype to begin in 2015.

The following experiments are to be
conducted in order to qualify new
technologies, new design features and
computational tools that will be used for
detailed design studies:

qualification of advanced fuels and
materials under irradiation,

critical  experiments  to
neutronic calculations,

qualify

tests of safety components and
instrumentation (in and out of pile),

tests of components and balance of
plant (especially tests in sodium loops),

tests of techniques for in service
inspection / Core surveillance / Sodium
quality control and monitoring,

test of mechanical equipments (e.g. on
shaking tables).

2015: Beginning
of prototype construction

2015-2020: Detailed design studies

2020: Start-up of European SFR
prototype and demonstration of
advanced recycling schemes

Beyond the operation of the prototype, work
will continue to design a FOAK reactor using
feedback from operation, optimisation etc.

In addition to the reactor technology
developments, R&D on the associated fuel
cycle must be carried out with the
following milestones:

Sustainable

2012 - selection of technologies for a
closed fuel cycle (e.g. separation, MA fuels)
based on technical and economic criteria
(e.g. long term radioactive waste radiotoxic
inventory and decay heat),

2012-17 - building of fabrication
workshops for the driver-fuel and the
experimental MA-bearing fuels.

3.3 Lead Fast Reactor (LFR)

he Lead Fast Reactor technology is one
I of the two alternative fast neutron sys-
tems to be studied. The road-map
of LFR foresees the
construction of
a 50-100 MWith
European  Tech-
nology Pilot Plant
(ETPP) by 2020,
followed by the
realisation of an
LFR prototype of the industrial plant at the
horizon of 2030 and the commercial deploy-
ment of GenlV LFRs by 2040.

The Lead Fast Reactor
technology is one
of the two alternative
fast neutron systems
to be studied.

Major technological issues identified for the
LFR development include:

system design and component development
(including integrated core designs with
appropriate safety features),

materials qualification and lead technology
development,

innovative fuels and fuel cycle (minor actinides
bearing fuels, high density fuels such as nitride or
metallic fuels).

3.3.1 R&D challenges

System design and
new components development

The main concerns which could challenge
the feasibility of the LFR are:

corrosion of structural materials,

large mass of lead,

in-service inspection of core support
structures,

refuelling at high temperature (400°C)
in lead,

managing of the Steam Generator Tube
Rupture inside the primary system.
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Corrosion by molten
lead of candidate
StrUCtural steels for structural steels for
the primary system the primary system
and advanced fuels

L and advanced fuels are
are the main issues . .
in the design of a the mgln issues in the
LFR. For near term design of a LFR.
deployment, the use of existing industrial mate-
rials for the most parts of the reactor equipment
is possible by limiting the core outlet tempera-
ture, whereas new materials are being designed
for special components such as pump impellers.

The mass of lead is kept low by means of an
innovative layout (Fig. 10), e.g. innovative spi-
ral-tube bundle Steam Generating Units,
Primary Pumps and Decay Heat Dip Coolers
installed in the reactor vessel. It has been verified
that, with such a configuration of the reactor
vessel configuration, seismic loads defined by

Corrosion by molten
lead of candidate

Fig. 10a: ELSY primary system arrangement
Courtesy of ELSY Consortium

Fig. 10b: ELSY-Primary system arrangements —
detail of the lead flow path [Courtesy of ELSY Consortium
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the European Utility Requirements can be
accommodated by means of 2D seismic isolators
of the reactor building.

The fuel assemblies are fitted with an extended
stem to permit fuel handling using a simple han-
dling machine that operates in the cover gas at
ambient temperature under full visibility. This
eliminates in-vessel fuel transfer equipment
which has never been designed or tested in lead.

3.3.2 R&D milestones

tarting from the year 2010, the design of a

small-scale European Technology Pilot
Plant (ETPP) with a power of 50-100 MWith,
(20-40 MWe) should integrate as much as
possible the best technological solutions of all
the ongoing international projects.

The ETPP will be initially loaded with
conventional enriched uranium or MOX fuel,
but will be designed to host different fuels as
soon as they are available, including MA-
containing fuels.
~ Moreover, the ETPP
From 2010, the design will use - at the
of a small-scale maximum extent -
European Technology simple solutions and
Pilot Plant should  classical ~ qualified
integrate the best  structural materials
technological solutions and will operate at
of ongoing international low temperature, in
projects. order to minimise
technological risks.

The objectives of ETPP are to demonstrate:

technology of system components and their design
lifetime,

stable and safe operation at any regime including
reactivity feedbacks,

coupling of a high temperature operating steam
generator with a steam turbine,

in-service inspection and repair feedback
experience.

To increase the attractiveness of the LFR, heat
process applications should also be considered.

Several technical activities will have to be carried
out before the construction of the ETPP,
including a preliminary design to confirm the
main options, followed by basic and detailed
designs supported by a consistent experimental
programme to be approved in a pre-licensing
phase. This includes the development of
appropriate models and tools to study the



nuclear — thermal-hydraulics feedback and the
reactor stability, as well as the reactivity margin
for not reaching prompt-critical conditions.

Large-scale integral tests to characterise the
behaviour of the main systems are necessary
especially for the licensing process.

Key-components testing is necessary for
performance and endurance demonstration.
Development of physical models is necessary, as
well as experimental validation of numerical
tools to be used for the system design and the
safety analysis. Neutronic code validation by
integral experiments will be needed to reduce
safety margins and operational constraints.

The steam generator tube rupture accident
entails new phenomena related to the in-vessel
location and the new design, such as pressure
wave generation and propagation in the large
pool. Experimental results are necessary for code
validation of pressure wave generation and
damping.

Lead sloshing (seismic induced or induced by a
steam generator tube rupture) is a phenomenon
whose importance is related to the high density
of lead; even with efficient seismic isolation of
the reactor building, the response of structures
containing the large mass shall be evaluated.

Thermal-hydraulics in a rod bundle plays an
essential role in the reactor core design. Up to
now, the LFR thermal hydraulic core design has
to rely on best practise numerical tools.
However, experimental support to set up a
proper benchmark case will be more convincing.

The density of lead is similar to that of fuel
(especially oxide fuel), and this opens the
possibility of a benign system behaviour even in
the case of partial core melt. Code validation for
severe accident analysis is nevertheless necessary,
including an experimental campaign for lead-
fuel interaction.

LFR specific materials qualification
and lead technology development

Due to the large
database available,
austenitic steels, and
especially those of
low-carbon  grade,
are candidates for
components operat-
ing at relatively low temperatures and low
irradiation fluence, e.g. the reactor vessel.

Ferritic-martensitic
steels are among the
best candidate
materials for fuel
cladding and structures.
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Ferritic-martensitic steels appear to be among
the best candidate materials for fuel cladding
and structures because of their resistance against
swelling under high fast neutron fluence.

The resulting R&D needs consist in the
qualification of:

an austenitic steel for the reactor vessel,

a lead corrosion resistant material for the steam
generators,

a protective coating for ferritic-martensitic steel for
fuel cladding and fuel element structural parts,

special materials for the impeller of the
mechanical pumps.

The use of molten lead as the coolant implies
also:

development and validation of a technique for
lead purification before reactor vessel filling and
with reactor in operation to prevent/control slag /
aerosol formation,

development and calibration of instrumentation
operating in lead and under irradiation,

development of techniques and instrumentations
for in-service inspection of the steam generator
tubes and the reactor vessel.

Innovative fuels and fuel cycle
(minor actinides bearing fuels,
dense fuels such as

nitride or metallic fuels)

In the near term an essential goal is to confirm
that ready-to-use technical solutions exist, so
that fuel can be provided in timing with the
ETPP operation.

In the mid-term, it is necessary to confirm the
possibility of using advanced MA (Minor
Actinide)-bearing fuels. The second goal is to
confirm the possibility of achieving high fuel
burn-ups.

In the long term, it is important to confirm the
potential for industrial deployment of advanced
MA-bearing fuels and the possibility of using
fuels that can withstand high temperatures to
exploit the advantage of the high boiling point
of lead. The achievement of this “Advanced high
temperature fuel” milestone will demonstrate
the sustainable nature and the multipurpose
capability of the LFR technology.

The R&D programme may benefit from
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synergies with the SFR for what regards the
qualification of the cladding materials.

3.4 Gas Fast Reactor (GFR)

he GFR features the unique advantage
of fulfilling two missions:
being an alternative reactor type to the SFR

primarily for electricity production with good
sustainability and safety characteristics,

having the potential to deliver high temperature
heat for industrial processes like hydrogen
production, and, as such, being a sustainable high
temperature reactor.

The main R&D topics are identified:
development and qualification of a refractory
ceramic fuel, with ceramic clad;

design of a high unit power core with GenlV per-
formance,

design of a safe primary circuit with high temper-
ature gas,

development of some specific technologies and
components,

design and evaluate a first GFR demonstrator for
fuel qualification.

3.4.1 R&D challenges

he main R&D challenges for the GFR
are the following:

Fuel development

In order to achieve a power density around 100
MW/m?, dense fuels with good thermal
conductivity are required. Carbide fuel is
selected as reference (with oxide as back-up) for
its high content in heavy atoms and good
thermal conductivity. Fuel cladding is made of
refractory materials (ceramic composites (SiC)
or metals (Nb, V or Cr alloys) as back-up).

Main R&D challenges for developing
GFR fuel include:

pre-selection in 2009 of a limited
number of viable solutions of fuel elements
(design, materials),

selection of front end (fabrication and
re-fabrication) fuel cycle processes,
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selection of a reference and a back-up
fuel around 2013 based on the knowledge
of materials properties derived from
irradiation tests,

optimisation of the fuel through irradi-
ations at higher burn-up, transient tests,
and simulation of accidental conditions,

preliminary design studies and
simulation of normal and abnormal
operating transients of plate and pin fuel
sub-assemblies,

confirmation of reference GFR fuel
concept by 2019.

Fuel fabrication processes also raise specific
R&D challenges:

developing flow-sheets for fabrication process
applicable to selected fuel concepts,

performing feature tests of key “technological
blocks” for selected process concepts,

interfacing fuel fabrication and recycle process,
assessing fuel fabrication costs,
assessing scalability to industrial process.

Fuel & sub-assembly development
and irradiation qualification

These experiments will concern uranium or
uranium/plutonium bearing fuels. They will be
performed in MTRs (e.g. BR2, OSIRIS, HFR,
JHR), or fast (e.g. Joyo, Monju, BORG60)
reactors. These tests include:
definition of test parameters,
examination/Evaluation of irradiated fuels,
interpretation and modelling,
initiation of the fuels down selection process.

Optimisation of GFR core design

Main challenges for GFR design studies
include:

core/vessel integration and verification
that detailed studies are globally consis-
tent,

optimisation of core design to achieve
performances:

- break even core (conversion =1?),

- flat power distribution over irradiation

time,

- control rod implementation and reac-

tivity margins for reactor operation,



-re-activity coefficients (Doppler,
expansion, void, etc.) enabling satisfac-
tory safety features,

management of accidents (especially
cooling accidents),

thermal-hydraulics ~ computational
fluid dynamics calculations at the scale of
fuel subassembly and core,

thermo-mechanic  calculations to
design core supporting structures and core
displacements,

other in-core systems studies (e.g.
control rods).

Fig. 11b: Lay-out of 50-100 MWth Experimental GFR (ALLEGRO
[Courtesy of CEA
detailed study of high temperature

intermediate heat exchangers,

simulation of the power conversion
system to assess its performances,

pre-design of safety systems.

Safety analyses

Computer codes will be used to perform design
studies and operating transient analyses of GFR
concepts including demonstration plants.
Accidental transient simulations are of particular
importance (cooling accident especially) as they
strongly contribute to safety demonstrations of
the GFR.

In parallel with the deterministic approach, a
probabilistic evaluation of GFR safety will be
performed. The objective is to demonstrate and
quantify that sufficient provisions exist to
prevent a core melt accident.

Analyses of severe accidents (in design extension
conditions) call for acquiring a sufficient

Fig. 11a: Lay-out of 1200 MWe GFR [Courtesy of CEA

knowledge of the ultimate behaviour of fuel

m iesan lance of plan .
System studies and balance of plant constituents at extreme temperatures (> 2500°C)

under several atmospheres and modelling the
associated phenomenology. They call also for
Main challenges for GFR auxiliary integrating these models into severe accident

systems: simulation codes.
pre-design studies of power conversion  Ultimately, in-pile transient tests on fuel
systems, elements at various burn-ups will be required to
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assess the cooling and fission product retention
on the design basis accident.

Analysis tools o
and experimental qualification

A set of codes for system design and evaluation
will be qualified at a first level in 2012:
neutronics, local and global thermal-hydraulics,
fuel behaviour, mechanics.

Benchmarking and qualifying codes should be
continued for both core neutronics and thermal
hydraulics codes making use of existing core
physics experiments and commissioning new
experimental studies where appropriate. On the
neutronic side, 3D deterministic calculation
scheme will be used after validation on reference
Monte-Carlo calculations on key
configurations. Uncertainty analyses will include
the nuclear data part. A precise evaluation of
reactivity coefficients is a key point for GFR’s
safety assessment.

Development and benchmarking of severe
accident codes is an area where much work is
required, particularly with regard to analysing
the progression of accidents with ceramic clad
fuel.

3.4.2 R&D milestones

Taking into account GFR challenges, the
year 2012 was chosen to issue a GFR
feasibility report, 2020 for starting a
demonstration reactor and 2050 for an industrial
deployment.

Starting from the existing GFR preliminary
feasibility report, R&D challenges to meet 2012
objectives include:

2009 — consolidation of reference design options,

2012 — GFR feasibility report and preliminary
design studies of the demonstration reactor,

2012 — decision to engage detailed design studies
of the experimental demonstration reactor,

2015 — qualification of fuel qualification,
technology assessment, optimisation of GFR
design,

2020 — start-up of demonstration plant.

The Experimental Technology Demonstration
Reactor project (called ALLEGRO) will be the
first gas-cooled fast reactor in the world. It will
be a low-power experimental reactor (50 - 100
MWsth) dedicated to validating on a pilot scale
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the specific GFR technologies and operating
principles (fuel element and sub-assembly, and
safety systems). ALLEGRO will also contribute
to developing and qualifying associated fuel
cycle processes. In addition to the GFR studies,
the goal of ALLEGRO's preliminary design
studies is to be able to take a decision of
construction by the end of 2012.

Priority topics for action

R&D priorities for the GFR/ALLEGRO
programme include:
development of refractory fuel,
design and trade-off studies for the GFR concept
to demonstrate its feasibility, safety and
performances,

design studies of the experimental GFR to prepare
a decision in 2012.

Priority R&D topics after the preliminary
feasibility report issued at the end of 2007 aim at
consolidating preselected design features in the
reference GFR and screening innovations to
achieve by 2012 an updated concept with
improved performances:

irradiation tests of representative GFR fuel
samples,

investigation of innovative processes to improve
the SiC cladding technology both for plate and pin
fuels,

assessment of innovative primary system designs
to mitigate risks of rapid depressurisation (e.g.
pre-stressed concrete reactor vessel),

resolution of possible issues associated with the
evolutionary nature of ALLEGRO's core.

Experience feed-back from the operation of
ALLEGRO as well as continuous research on
the GFR will allow the design of a first
prototype around 2030.

3.5 Accelerator Driven
Systems (ADS)

s a first important step for the demonstra-
Ation of this ADS, the construction of an

Experimental Transmutation Accelerator
Driven System (XT-ADS) is foreseen by 2020
with a power of 50-100 MWth. The MYRRHA
project is proposed by SCKeCEN to respond to
this need. In the longer term, a European Facility
for Industrial Transmutation (EFIT) is envisaged



as the final step of development, prior to full
commercialisation.

The major technological issues for the ADS
demonstrator are:

system and plant design,

necessary dedicated R&D support issues,
material qualification programme,

fuel qualification programme,

high intensity proton accelerator performances
and reliability.

For the medium-term (2020), the emphasis will
be on the construction of MYRRHA/XT-ADS
at the Mol-site (Belgium). For the longer term,
the development and qualification of innovative
fuels (especially minor actinide bearing inert
fuels) with appropriate cladding and associated
reprocessing techniques is a challenging item.
Having these innovative fuels is mandatory to
prove the technological feasibility of transmuta-
tion. Since the development of these innovative
fuels will need a long lead time, research on this
topic has already been started, but for the viabil-
ity demonstration of ADS, it is of high impor-
tance to focus current fuel qualification efforts
on the driver fuel for fast spectrum systems.

3.5.1 R&D challenges

he design activities for MYRRHA/XT-

ADS are on-going and should produce by
2012 the functional and technical definition of
all systems. In paral-

lel the necessary For the mid-term
dedicated support  period, component
R&D arld more  testing, fabrication
CTOSS'CUtt”_]g R&D and installation
on materials and will be the
fuels will be con- main issues.
ducted.

In the medium term (2020), the emphasis
will be on the necessary efforts for the
construction of MYRRHA/XT-ADS:
component fabrication and installation,
civil engineering works and the material
and fuel demonstration and qualification
programme.

For the longer term, feedback on the
operation of MYRRHA/XT-ADS will
become available and will influence the
further design choices of EFIT.
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System and plant design

Objectives for the design of MYRRHA/XT-
ADS in the short-term period (2012) are:

high intensity proton accelerator,
core and core support structure,
primary system,

secondary system & DHR system,

spallation target & loop and their integration in
the reactor,

in-vessel fuel manipulators,

reactor vessels and cover,

the lead-bismuth conditioning & control system,
the in-service-inspection & repair systems.

The aim is to bring all main components to the
same advanced design level. This will result in a
comprehensive functional description
complemented with the characteristics, and
main technical requirements, of the auxiliaries to
fulfil all plant functions and requirements for
both the sub-critical and the critical options, as
well as in an overall plant layout.

For the mid-term period, component testing,
fabrication and installation will be the main issues.

After a period of demonstration of the
performance of MYRRHA/XT-ADS, an
industrial prototype (EFIT) can be launched to
be operational in ~2035-2040. During the
operation of MYRRHA/XT-ADS, specific
components in view of EFIT can be tested. Also,
innovative materials and fuels for EFIT can be
tested first in MYRRHA/XT-ADS. Feedback
from the plant performance as a coupled system
will also serve as input to the updated design of
EFIT as well as for the technological
development of the LFR GenlV systems.

Dedicated R&D support

Several dedicated R&D topics have been
identified in support of the short-term design
activities mentioned previously, namely:

completing the design and construction of acceler-
ator test sections to demonstrate the capacity to
reach the adequate level of beam operational sta-
bility, control and reliability. A beam shut-down
system in case of a shut-down signal of the accel-
erator-reactor system should be implemented,

completing the support experiments for the spal-
|ation target design to a confidence level that the
feasibility of a windowless spallation target can be
demonstrated followed by the construction of a
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spallation target mock-up loop for component
testing and validation,

since the scope of zero power experiments current-
ly foreseen is not sufficient to allow a complete
validation of the on-line subcriticality monitoring,
an extension of the experimental programme
needs to be implemented. Also a dedicated exper-
imental programme for the validation of
neutronic calculation codes to reduce design safe-
ty margins and to support licensing applications
for the construction of XT-ADS will be needed,
continued improvement and validation the high
energy nuclear reaction models, particularly in
their ability to predict residual nuclei and gas pro-
duction,

demonstration of a working ultrasound camera
for in-service inspection and repair,

proof of principle of the feasibility of liquid metal
submerged remote handling,
development and calibration of specific and

generic nuclear instrumentation operating in
lead-alloys and under irradiation.

Many of these R&D items can be developed in
synergy with the R&D for the development of
LFR. Specific items such as ultrasound visuali-
sation can also be developed in synergy with
SFR.

Mid-term and long-term dedicated R&D needs
beyond MYRRHA/XT-ADS in support of
ADS development are in first instance related to
the U-free fuel heavily loaded with MA (> 40%
in weight) and structural materials able to oper-
ate at high temperature (> 600°C) and in
presence of heavy liquid metal.

Materials qualification programme

The materials qualification programme for
MYRRHA/XT-ADS shows a large common
trunk with the corresponding work for the Lead
Fast Reactor. Due to the large database
available, austenitic steels, and especially those
of low-carbon grade, are candidates for
components operating at relatively low
temperatures and low irradiation fluence.

Ferritic-martensitic steels (T91) appear to be
among the best candidate materials for fuel
cladding and structures because of their
resistance against swelling under high fast
neutron flux. However, to respect the planning
of MYRRHA/XT-ADS, it is possible that for
the first cores also austenitic steels might be
chosen for the cladding.

To have a qualified T91 material for internal
structures and fuel cladding in the mid-term, a

Strategic Research Agenda

thorough demonstration and qualification
should be pursued. To go to higher operating
temperatures, it is needed to demonstrate and
qualify T91 material (coated with Aluminized
protective layers) which is corrosion resistant at
higher temperatures.

The resulting R&D needs are the same as for
the LFR.

Fuel qualification programme

To respect the planning for the construction of
MYRRHA/XT-ADS, only well demonstrated
and qualified fast reactor fuels can be used.
Therefore, the choice for MOX fuel was made
for the driver core. Such fuel with austenitic
cladding was used in the French SFR reactors.
Due to the poor resistance of austenitic steels to
swelling under irradiation, the first choice for
cladding material for MYRRHA/XT-ADS is
however the ferritic-martensitic steel T91. Since
the cladding-fuel compatibility of MOX with
T91 has not been demonstrated and qualified
yet, the first cores of MYRRHA/XT-ADS
might be loaded with standard AIM1 cladded
MOX fuel.

In the mid-term period, it is necessary to
conduct the demonstration and qualification
programme for MOX fuel cladded with T91 and
possibly coated by aluminium by the GESA
technique. Also, meanwhile MA inert fuels
should be further developed.

In the long term, test assemblies with MA inert

1. inner vesscl

2. guard vessel

3. cover

4. diaphragm

5. spallation loop

6. sub-critical core

7. primary pumps

8. primary heat cxchangers
9

1

0. in-vessel fuel storage

Fig. 12: Overall design of 50-100 MWth
MYRRHA/XT-ADS [Courtesy of SCK=CEN

in-vessel fuel transfer machine



fuels should be constructed to be loaded in
MYRRHA/XT-ADS. Based on this experience,
the core design for EFIT can be further detailed.

3.5.2 R&D milestones

he first major milestone in the development
of ADS is the construction and full operation
of an Experimental Transmutation ADS as pro-
posed by SCKeCEN by 2020. To respect this
planning, the following tasks will be accom-
plished in parallel during the period 2009 - 2013:

bringing the entire design up to a level of
advanced engineering (2009 — 2011),

drafting of the technical specifications for the
manufacturing contracts (2012 — 2013),
development and testing of key innovative
components (for the accelerator, the spallation
target/loop and for the reactor),

licensing activities to obtain the authorisation of
construction at the end of 2013.

The construction period of the components and
the civil engineering work is to be accomplished
in three-year period (2014 — 2016) followed by a
one year assembling together of the different
components in 2017. The commissioning at
progressive levels of power will be accomplished
in two year period (2018 — 2019) with the final
objective to be in full power operation in 2020.

From 2020 on, MYRRHA/XT-ADS will serve
as a test-bed for component qualification for
EFIT and LFR development and for
demonstration of efficient transmutation in
ADS based on MA bearing inert fuels. The

SFR Prototype
(250-600MWe)

LFR Demo
50 -100MWth

GFR Demo
50 -100NMWth

g MA fuel
B micropilot

H MOXfuel
H fab unit

facility is intended to be also operated as a
critical material and fuel fast spectrum testing
facility (see Chapter 5.3).

Based on the work accomplished within
MYRRHA/XT-ADS, a prototype for
industrial transmutation EFIT can be designed
in detail, constructed and put into operation by
2035-2040.

3.6 Framework
for demonstration of
FNR technologies:
European Industrial
Initiative

are planned in the frame of the SET Plan
European
sustainable fission.

B eyond the R&D, demonstration projects

Industrial Initiative for

These demonstra-
tion projects include
the SFR prototype
ASTRID  whose
construction IS
planned in France in
2020 and the con-
struction of a
demonstrator for an alternative technology —
either LFR or GFR - to be decided around
2012. In addition, supporting research infra-
structures, irradiation facilities, experimental
loops and fuel fabrication facilities, will need to
be constructed. This strategy is globally sum-
marised in Fig. 13.

Beyond the R&D,
demonstration projects
are planned in the frame
of the SET Plan
European Industrial
Initiative for sustainable
fission.

20‘12 2020

I Reference technology

Alternative technology

Supporting infrastructures, research facilities
Irradiation facilities
and fuel manufacturing facilities
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4. Other applications of
nuclear energy (HTR)

4.1 Introduction

he High Temperature Reactor (HTR) / its adaptation to industrial process requirements,
Very High Temperature Reactor but also for the applications and coupling,
(VHTR) is an efficient and flexible

I ble of industrial h a strong partnership is built between nuclear and
nuclear system capable of industrial process heat non-nuclear industries.

supply and cogeneration. The HTR could there-

fore extend the contribution of nuclear energy in _
curhing of CO: emissions, reducing energy cost 1he heat generated by nuclear reactors is
and improving security of energy supply. currently used mostly for electricity production,
However, coupling with industrial processes is a but C.OU|d aIsc_) b_e extensively used in non-
major technological, economic and licensing electrical applications. The range of possible

challenge for nuclear energy. Therefore before a  Non-electrical applications of nuclear energy
heat market breakthrough, an industrial includes all types of large heat uses in various
demonstration is necessary. Such a first @areas, for instance for district heating,

demonstration is possible by 2020 if: desalination,  chemical, ~ cement  and
petrochemical industries, production of

reasonable performance targets and existing synthetic hydrocarbons, coal liquefaction,
industrial applications are selected, hydrogen production, steel making, etc. (Fig.

a strong technology development programme is  14). These applications currently need huge
implemented not only for the nuclear reactor and ~ quantities of fossil fuel.

Temperature (°C)

200 400 600 800 1000 1200 1400 | 1600

: Glass manufacturing [T
Cement manufacturing [

Iron manufacturing
(Direct reEﬁul:tinn methods) (With blast furnace)
Electricity generation; O (Gas turbine)
Coal gasification! [
I Hydrogen (steam reforming)
I Ethylene (naphta, ethane)
R Styrene (ethyl benzene)
[N Town gas
I Petroleum refinerigs

[ De-sulfurisaﬁon of heavy oil -
I Wood pulp manufacture Appllcatlons
I  Urea synthesis : e
Nuclear heat )

I Desalination, district heating
Fig. 14: Range of operating temperatures for heat intensive industrials processes
(=100 MW of heat needed in each plant) (Courtesy of Michelangelo Network FP5 project)

HTR, GFR & 800°C VHTR > 800°C__
MSR ® 600°C

| |  SFR, LFR. SCWR = 500°C

B LR HWR & 500°C
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Cogeneration of heat and electricity makes the
best use of fissile resources. In principle, all
nuclear systems can be operated in cogeneration
regimes, at least for medium process
temperatures. However a high temperature heat
source can serve a much larger range of different
applications. Moreover, the modular HTR can
offer a competitive, flexible and scalable solution
for lower power levels than other types of
nuclear systems, in a range which is relevant for
most of the industrial process heat applications.
Finally, HTR development for heat applications
is based on proven reactor technology. In
Europe, it can rely on the past (AVR and THTR
high temperature reactors) experience of
industry, already being applied in international
projects (PBMR, NGNP, HTR-PM).

European industry
indeed already pro-
vides components to
some of these proj-
ects and can build on
the experience of
European regulators,
already involved in
their licensing. It can
also rely on the
achievements of HTR R&D obtained in
Framework Programmes and in national pro-
grammes. Compared to other next generation
concepts, the HTR is probably the one with the
lowest development risk. Therefore HTR can
provide an early nuclear process heat offer to the
growing non-electricity energy market, without
waiting for possible deployment of other
Gen-1V systems. For all these reasons, the
HTR, for which Europe has strong assets, is in
a privileged position to address non-electricity
energy needs.

For developing nuclear process heat
applications, it is necessary to build a strategic
alliance between nuclear and non-nuclear
industries. The first challenge is to prove the
technical, licensing and industrial pathways for
the coupling schemes between a moderate
temperature nuclear heat source and process
applications. Development of technologies for
improving performance or for new applications,
possibly at higher temperatures should be
pursued in parallel.

To support this approach, continuity of
technology developments started in FP5 and
FP6 for the nuclear heat source (fuel, materials,
design computer codes, etc.) shall be assured and
new R&D activities (e.g. instrumentation,
fission product transport) shall be initiated.

The High Temperature
Reactor, for which
Europe
has strong assets,
is in a privileged
position to address
non-electricity
energy needs.
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The HTR demonstrator will be operated first
with an open uranium cycle in order to focus on
reactor development and on coupling with
industrial applications. Solutions with different
types of fuel (U, Pu and also thorium which
allows better use of fissile resources and
minimisation of actinide production) are
possible. The industrial feasibility of closed fuel
cycles along with graphite decontamination and
recycling should be addressed for improved
sustainability.

HTR/VHTR development has been launched
in the present decade by many countries (US,
Europe, Russia, South Africa, China, Japan and
Korea). International cooperation (in particular
in the frame of the Generation 1V International
Forum) is an essential dimension of this
development that can accelerate industrial
deployment.

4.2 R&D challenges
for the short term,
medium term, long term

he three main milestones for the
I development of HTR for non-electric
applications are deadlines for finalising

major stages of HTR development (Fig. 15):

2012: confirmation of key technologies, launching
the preliminary design of the demonstration plant
and selection of target processes,

2020: start of operation of a FOAK industrial HTR
with demonstration of industrial process heat and
cogeneration applications,

2025-2030: industrial deployment, possible HTR
demonstration.

4.2.1 Challenges for
the short term (2012)

he confirmation of the industrial pathway

for the coupling of the reactor with process
heat applications and cogeneration is the main
challenge for the short term. Industrial process
heat user requirements will be different from
utility requirements for electricity generation,
and much more versatile, which will require a
high flexibility of the nuclear heat source.
Competitiveness of nuclear energy is usually
achieved via systematic standardisation. The
challenge will be to reconcile competitiveness
and flexibility requirements. It will require,
through a preliminary design phase, the
demonstration of:



2020 2025 2030

Definition of a
safety approach licensing frame

Definition of a

Licensing of demonstrator

Licensing of fuel

Develop ucleal
end-us ership

Choice of design option for the reactor, fpr th
system and foigprototypic industrial applications

Starting of operatio|
of the commercial HT)
industrial heat source

;::

pr the coupling

Starting of pperation
of the demqns trajto

a very robust, competitive and scalable nuclear
heat source that can accommodate different
operational requirements and loads imposed by
different applications without significant design
changes. In order to keep the design robust, the
performance requirements on the reactor, in
particular in terms of temperature and burn-up,
have to be reasonable, to avoid starting the
experience of coupling with innovative materials
and fuel with no feedback from operational
experience.

a flexible coupling system matching the nuclear
and industrial application systems are aimed at,
with major technical challenges (in particular for
temperatures higher than 600°C):

- the development of an intermediate heat exchanger
(HX),

- the transport of heat at high temperature over
significant distances, beyond current industrial
practice,

- the prevention of radioactive contamination of
industrial processes and of the products resulting
from these processes.

an adaptation of application processes or the
development of new processes, to match the
specific features of the nuclear heat source and to
reach a global optimisation of the coupled
systems, for instance:

- for some chemical processes, direct fossil fuel
combustion in the chemical reactor possibly
replaced by nuclear convective heat supply with a
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. 15: The scheduling of development of the HTR/VHTR coupling with industrial process heat applications

complete change in the distribution of heat fluxes
might require the development of new chemical
reactors and specific heat exchangers,

- some processes could be modified to better adapt to
HTR coupling. For instance, common steam
reforming operated at 850°C could be favourably
changed into a membrane steam reforming process,
which can be operated below 650°C,

- in'many cases the coupling with complex industrial
systems requiring different heat, hydrogen and
steam conditions will imply a complete re-
optimisation of the system.

the licensing of the coupling of the nuclear and
non-nuclear processes requiring consideration of
the impact of the non-nuclear production system
hazards. The European safety authorities will
have to be involved quite early in the definition of
this safety approach,

compliance with requirements for protection of an
industrial environment,

sustainable and proliferation-resistant options not
only for the fuel cycle, but also for the manage-
ment of irradiated graphite, which is produced in
much larger quantities than irradiated fuel.

The feasibility aspects of HTR fuel cycle and
waste management should indeed be addressed
right from the first phase of development of
HTR because they are key issues for public
acceptance.
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The industrial pathway for coupling can be
defined only with an active participation of end-
users. The need for a strategic alliance between
nuclear and non-nuclear industry is therefore an
absolute pre-requisite for the development of
HTR for industrial process heat applications
and cogeneration. The proposal EUROPAIRS
presented in the second FP7 call by a
consortium of HTR-TN (High Temperature
Reactor Technology Network) members and
industrial process heat users, is the first step
towards initiating such an alliance, which will
then have to be reinforced and involved into the
development of the demonstrator.

For this strategy to be successful, a funding
scheme has to be prepared for the second phase,
the Euratom R&D funding clearly requiring to
be complemented by other financial supports for
this type of demonstration project. Moreover
Euratom resources have to be combined in
Framework Programme activities with non-
Euratom resources needed for the development
of applications, which is a challenge, due to the
segregation affecting nuclear activities in
Framework Programmes. Finally establishing
international partnerships will be essential for
the success of the demonstrator development.

At the end of the period, a confirmation of the
pathway for coupling with industrial process
heat applications and an assessment of its
economic competitiveness are expected, as well
as identification of prototypic applications, for
the demonstration.

4.2.2 Challenges for
the medium term (2020)

he design of the demonstrator must be

finalised in due time for starting operation
in 2020. For that purpose, components must be
developed and qualified. This implies a
particular effort to be started right now on the
following developments that are on the critical
path due to their lead-times and the duration of
the subsequent licensing, procurement and on
site construction processes:

fuel qualification, which is critical for licensing
(robustness of the first barrier),

qualification of components and of their materials
requiring the development of large test facilities
(HX and possible other heat exchangers, circula-
tor, etc...), long irradiation (graphite) or a
long-lead procurement process (e.g. vessels), and

Strategic Research Agenda

the development of associated codes and proce-
dures,

qualification of the coupling system,

qualification of computer tools that must be
obtained early in the licensing process.

In addition, new developments will be needed
for the demonstrator: high temperature
instrumentation, modelling of fission product
transport, and so on.

On the other hand, between 2012 and 2020, the
required developments on the applications
selected for coupling with the reactor in the
demonstrator will have to be performed. The
detailed roadmap for these developments is not
defined yet and will be the object of the
EUROPAIRS project.

4.2.3 Challenges
for the long term (2025-2030)

he milestone of 2025-2030 corresponds to
two objectives:

industrial deployment of HTR coupled to industrial
process heat applications,

extending the application area, in particular to
emerging technologies (e.g. synthetic fuel
production, CO: recycling, water splitting for
hydrogen production), requiring performance
optimisation (VHTR).

Widening the scope of industrial applications
and scaling up manufacturing processes (most
particularly for fuel) will require new
developments. On the other hand, the industrial
deployment will benefit from the feedback from
operation of the demonstrator and will likely
require some additional developments that
cannot be predicted presently.

In order to shorten the development delays, the
demonstrator will most likely rely on an open
uranium fuel cycle. But large industrial
deployment will be possible only with
sustainable fuel cycles and minimised graphite
waste by closing the graphite cycle. Based on
feasibility demonstrations performed in the first
phase, industrial processes will have to be
developed for application in this area.

Further extension of HTR technology
application will be addressed, not only towards
higher temperatures (VHTR), but also for
increase in fuel burn-up, improving robustness
(and therefore in reliability) and enhancing
economic competitiveness.



4.3 Main existing and new
experimental facilities needed
to support R&D, together
with required human
resources and competences

4.3.1 Fuel development

laboratory scale facility for manufacturing

coated particle fuel set up at CEA
Cadarache and a second one, specialised on
actinide fuel, soon to be commissioned at JRC-
ITU are required for developing the fuel
fabrication process. However, with small
diameter coaters, they cannot provide process
conditions  representative  of industrial
production for qualifying the demonstrator fuel.
A pilot plant with a large coater is necessary for
that purpose.

An HTR fuel irradiation facility operated in the
HFR (Petten) and a second one under
development in OSIRIS (CEA Saclay) can
satisfy present fuel irradiation needs. These
reactors will be decommissioned by 2015 and
may no longer be available for final qualification
of the HTR fuel. Capacity for HTR fuel
irradiation should therefore be preserved in the
reactors that will replace them.

Hot laboratories are available for fuel post-
irradiation examinations (ATALANTE at CEA
Marcoule, JRC-ITU, NRG, etc...), but
dedicated characterisation equipment is not
sufficiently developed yet. A heat-up facility for
loss of coolant accident testing of irradiated fuel
has been built at JRC-1TU, but keeping only a
single facility might be insufficient and risky for
fuel qualification. Subject to future assessment
of the reactivity insertion accident risk that
might be design dependent, this could also be
the case for possible reactivity insertion accident
testing, for which there is only one available
facility worldwide (NSRR, Japan).

4.3.2 Materials and
components

eneric materials expertise, laboratories and

material testing reactors available in
Europe are sufficient for satisfying most HTR
materials development need. However, few
specific facilities for tests in helium atmosphere
with controlled impurities, essential for HTR
materials, exist: corrosion and creep loops, as
well as tribometers at CEA, EDF and AREVA
and a corrosion loop with an in-reactor test
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section in UJV ReZ For the large test
programme required, additional facilities may be
needed to maintain the schedule.

Small facilities including small helium loops for
initial testing of com-

Generic materials ponents are already
expertise, laboratories available in particular
and material testing at CEA and at
reactors available ~ ENEA Brasimone.

in Europe can satisfy ~ Larger helium  loops
most HTR materials ~ Will be necessary for

development needs. future phases: meqli-
um size

(~ 1 MW) for component and helium technol-
ogy development, and large size (10-30 MW)
for component qualification (IHX, circulator,
hot gas duct, isolation valves, etc...). In the
medium range, the HELOKA loop under
development at FZK for fusion R&D could be
adapted to satisfy also some HTR test needs.

The large helium loop will also be needed as
heat source for testing new industrial processes
to be coupled with HTR.

Codes and standards developments have recently
been restarted but will require specific adaptation,
as non-code established materials are necessary
for HTR application. An effort to ensure that
these materials are available under European as
well as ASME procedures is needed.

4.3.3 Computer codes for
design and licensing

G reat progress has been made for adapting
existing computer codes or developing new
ones for HTR design needs. But many
experimental data are still needed for code
qualification.

For reactor physics, critical experiments will be
necessary in available zero power reactors
(MASURCA at CEA Cadarache, PROTEUS
at PSI, GUINEVERE at SCK*CEN, ASTRA
at Kurchatov Institute, etc...). Thermo-fluid
dynamics of components requires specific mock-
ups, not necessarily in helium. For system
transient analysis codes, existing data from dif-
ferent systems
(reactors, gas loops)
should be sufficient,
except for air ingress
situations, where the
complex interaction
of different phenom-
ena requires more
qualification tests in

Great progress has
been made for adapting
existing computer
codes or developing
new ones for High
Temperature Reactor
design needs.
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the existing NACOK loop (FZJ) as well as in
HELOKA, L-STAR and HEBLO helium
loops in FZK.

For structural analysis, existing tools are well
qualified, except for core seismic behaviour
which requires tests on vibrating tables.

Data obtained from tests in fuel qualification
facilities will also be used for fuel performance
code qualification. Additionally, the acquisition
of laws for fuel coating layer material behaviour
under irradiation, started in the reactor HFR
with the PYCASSO experiment (RAPHAEL
FP6 project), should be continued.

4.4  Priority R&D topics

4.4.1 Continuing the
development of base
HTR/VHTR technology

he new step of HTR/VHTR development

towards application for heat supply to
industrial processes should not leave in the
shade the need to keep continuity in base
HTR/VHTR technology developments to be
able to design a competitive, safe and reliable
HTR industrial heat source. This base R&D is
far from being finalised with the FP6
RAPHAEL project:

fuel technology:

-the irradiation programmes undertaken in FP5,
continued in FPG, should be carried on with PIE
(HFR-EUZ, PYCASSO) and safety tests (HFR EUL) of
previous irradiations and new irradiations (newly
manufactured European fuel, advanced fuel,
continuation of PYCASSO programme to get
additional laws on coating materials behaviour
under irradiation),

-mastering of fluidised bed fabrication processes
using all coaters available in Europe in the frame of
a coordinated programme of manufacturing tests for
a better understanding of the relationship between
process parameters and production attributes, with
the support of a programme of refined cross-
characterisations,

materials qualification - the main objective is to
gather sufficient data in complement to those
provided by other Generation IV International
Forum partners for contributing to European and
US efforts for completing and updating codes and
standards on materials to be used for HTR/VHTR
design:

- PIE of FP6 graphite irradiation and new graphite

irradiation,

- optimisation of composites for control rod cladding,
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- coating development for corrosion protection and
tritium barrier,

- (evelopment of joining techniques,

- completing the qualification of Mod. 9Cr1Mo steel
for the vessel (large scale tests, irradiation, welding,
Leak Before Break, etc...) in cooperation with the
fast reactor and fusion technology programmes,

computer code qualification (test needs):

- reactor physics: critical experiment,

- thermo-fluid dynamics: mock-ups of critical zones
for fluid flow (most particularly the lower plenum
with simulation of mixing and thermal gradient
phenomena),

- more representative air ingress tests,

- seismic behaviour of the core,

- the resistance of the reactor to explosions is critical
for licensing the coupling of the nuclear reactor with
industrial process heat applications, and therefore
the relevant computer codes for assessing this
resistance should be qualified,

new areas of base R&D needed for the

demonstrator development:

- source term assessment and radio-contaminant
retention (experiments on fission product diffusion
in graphite, graphite dust deposition and re-
suspension in - representative conditions, and
adsorption of fission products on dust), taking in
particular full benefit from AVR experience,

- high temperature instrumentation (temperature,
neutron flux, impurity monitoring, flow rate etc.)

4.4.2 Assessing the
sustainability of HTR/VHTR
systems and of their possible
fuel cycles

In this phase the feasibility of sustainable
options for the fuel cycle and the
management of irradiated graphite should be
assessed. For graphite this task is at least
partially addressed through the
CARBOWASTE project, but more effort is
needed, in particular for demonstrating the
feasibility of graphite recycling.

For the fuel:

the long term tests on irradiated fuel behaviour in
geological disposal conditions which started in
FP5 and were continued in FP6, should be
extended to FP7,

the feasibility of technologies for separating the
irradiated fuel kernel from the matrix of the fuel
element and the coating layers should be
assessed,

the feasibility of actinide particle fabrication and
the assessment of alternative fuel cycles (U-Pu and



Th cycles, actinide deep burning), possibly in designs should be continued and its performance

symbiosis with other types of nuclear systems, assessed,
already studied in the FP6 PUMA project should materials and components: assessment of Oxide
be confirmed. Dispersion Strengthened materials (ODS) and
ceramics potential for heat exchanger applications,
4.4.3 Assessing the options advanced process development.

for extending HTR use towards
higher temperature
and burn-up

In this area the following activities are needed:

Fuel: the development of advanced fuel (in
particular with ZrC coating) and alternative fuel
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5.1 Cross-cutting
R&D topics

5.1.1 Structural materials

Introduction
aterials science and new material
IVI development are key aspects for a
further optimisation of Genll and
Genlll LWRs (e.g. with respect to plant
lifetime extension) as well as for meeting GenlV
nuclear systems objectives.

Significant differences exist among the different
innovative reactor concepts (see Chapter 3). At
present no definitive design has been established
for any of them. The operating conditions
envisaged for those systems are demanding and
will impact on the performance of the structural
materials. For the declared objectives to increase
efficiency and enhance economy, high operating
temperatures and high burn-ups are important
goals from the process engineering point of
view. However, the safety and the feasibility of
most of these nuclear reactor concepts and their
optimisation will depend crucially on the
capability of the chosen structural materials to
withstand the expected operating conditions.

Therefore, well targeted research activities are
required to qualify commercially available
materials under the extreme conditions that can
be encountered in the innovative concepts as
well as to develop and qualify new materials and
coatings, for longer term perspectives. Moreover,
aspects which are common to the different
reactor systems and which affect material
performance and therefore component lifetime,
e.g. in-service temperature and irradiation
exposure, can be addressed on a common
platform. This would allow organising and
managing the global effort in a more rational
fashion and an improved overall knowledge and
database to be generated in support of the

5. Developing

competences and
research infrastructures

materials assessment under relevant operating
conditions.

The common platform includes the following
areas:
materials ageing under operation conditions,
development of new structural materials,

characterisation and advanced qualification
including safety related assessments,

physically based and constitutive modelling,

supporting R&D for codes and design methods
development,

knowledge management and development of
expertise.

R&D challenges

Development of high temperature and neutron
irradiation resistant structural material is a major
challenge. Fig. 16 indicates schematically
operating temperature ranges and irradiation
damage (indicated as displacement damage)
windows for LWR, the new reactor systems as
well as for accelerator driven transmutation
systems.

1200 . y : ;
1000 |-
VHTR
) 800 [ SiC—
@ GFR
5
® 600 |- 1]
< V alloy
g' SCWR
FiM ste
2 400 | LFR =
200 . i
Current (Gen 1) fission reactors
ITER fusion reactor
0 2 | | ! |
0 50 100 150 200

Displacement Damage (dpa)

Fig. 16%: Operating temperature ranges and irradiation damage for
different reactor concepts (dpa: displacement per atom)
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A preliminary classification of candidate
structural materials on the basis of maximum
allowable temperature can be set as follows:

low temperature (300-600°C) range: austenitic
steels, ferritic / martensitic steels, and Oxide
Dispersion Strengthened (ODS) alloys,
intermediate temperature range (600-800°C):
traditional and modified austenitic steels, ODS
F/M steels, iron — or nickel- based super-alloys,
refractory alloys,

high temperature (= 800°C) range: Ni- based
alloys, ferritic - ODS and refractory based systems,
ceramics (silicon carbide composites), graphite
and carbon-carbon composite.

Moreover, a pre-selection of structural materials
can be suggested on the basis of relevant
phenomena that impact their allowable dose. A
further factor is their corrosion resistance for the
considered type of coolant and under the
expected operating conditions. This factor
depends on temperature, coolant chemistry,
thermal-hydraulics as well as on the possibility
of using inhibitor corrosion protection systems.

For long term operation updated design curves,
indicators and surveillance programmes of mate-
rials behaviour are needed to predict and monitor
environment-controlled materials ageing and
their impact on lifetime extension of reactor
pressure vessels and internals. These items will
become necessary for the long-term when the
use of new materials has been envisaged.

In the short term, classes of commercially
available structural materials, which can answer
the option selection criteria for prototypes, are
both high Cr ferritic/martensitic steels, due to
their favourable physical and thermal properties,
and nuclear grade
austenitic steels.

However, to support
the design selection
in the short term and
the detailed design
and safety analysis in
the medium term,
R&D programs are
needed to validate the material selection and to
confirm material performances in steady state
operational mode, under operational transients
and under accidental conditions.

For the 2040 milestone namely the construction
of GenlV type demonstrators, an important
effort on innovative materials should be started
without delays in a structured manner. In what
follows, the R&D needs in mostly cross cutting
areas are detailed.

The lessons learned
from the management
of the Genll/lll reactors

should be used as

guideline for establishing
the best and safest
practice in developing
new systems.
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Specific R&D issues

Materials ageing studies under
operation conditions

Life-time extension and higher burn-up are
high-priority topics for operation of currently
running LWRs. As for the plant life
management and the plant life extension, the
on-going activities are generally aimed at
understanding, quantifying and predicting the
effect of ageing of structural materials used in
critical components of LWRs. In particular, the
activities focus on the behaviour of the reactor
pressure vessel material and the behaviour of
primary circuit components in contact with their
environment. For the reactor pressure vessel
steels, the mechanical behaviour in terms of
neutron irradiation embrittlement measured
through fracture toughness is of primary
importance, while for the primary circuit
materials, stress corrosion cracking and fatigue
as well as neutron irradiation induced effects
such as creep and swelling for reactor internals
are of importance.

The higher burn-up objectives in LWRs are
currently addressed by developing new cladding
materials. However, these new materials need to
be validated for their behaviour under normal,
transient and accidental conditions.

The lessons learned from the design, long term
operation, increased burn-up and management
of the Genll/Ill reactors should be used as
guideline for the establishment of the best and
safest practice in developing the new systems.
For its use for the next generation of nuclear
reactors, it is mandatory to establish rational
approaches where the main differences between
Genll/lll and GenlV in terms of dose rate,
neutron spectra, coolant effect, and temperature
gradient, could be taken into account on a
physically based scenario.

Key material relevance for both Genll/Ill and
GenlV systems are: long-term thermal ageing of
austentic steels; reactor pressure vessel steel
embrittlement at high flow rates and long term
operation; irradiation creep and stress relaxation.

Short term challenge:

establish a platform with industries,
manufactures and public research
institutions for the knowledge transfer
from Genll/111 to GenlV.



Development
of new structural materials

The new concepts of nuclear plants foresee in-
service and off-normal temperatures beyond the
current nuclear industry experience. Longer
service lifetimes for components and higher
burn-up capability for fuels are the main
challenges for materials performance.

Consequently, sound knowledge and capabilities
need to be developed in Europe to produce and
qualify new structural materials that could
sustain higher temperatures in a nuclear
environment. For this purpose, the construction
of a platform or network between public and
industrial research laboratories appears as an
essential issue to develop the non-conventional
and specific technologies needed in the
manufacturing processes of materials for high
temperature nuclear applications.

Different types of
materials could be
considered depend-
ing on the require-
ments for critical
reactor components
which are F/M steels
with micro / nano
structures  (disper-
sion, carbo / nitride
precipitates), ODS iron based alloys, ceramic
composites, nickel based alloys, and refractory
alloys.

The creation of a
network between public
and industrial research
laboratories is essential
for the development of
materials for high
temperature nuclear
applications.

The R&D programme must include in-depth
investigations describing the relationship
properties/behaviour and  microstructure.
Moreover, the physical, mechanical and
microstructural properties and their evolution
need to be characterised under typical thermal,
mechanical loading and irradiation environment
and possibly chemical environment simulating
the in-service conditions.

Forming and working processes as well as
joining and weld techniques along with
corrosion protection systems need also to be
addressed for these innovative materials. In
general, the selection, development, fabrication
and qualification of a new material for nuclear
applications need a very long schedule. So, the
programme must be focused as soon as possible
on the most promising materials.
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Short term challenge:

set up of the fabrication platform between
public and industrial labs to develop and
improve specific manufacturing processes
for relevant metallic and ceramic materials.

Medium term challenges:

fabrication of selected (precursor) materials
and of corrosion protection systems, in close
collaboration with industry.

Medium term milestone:
ranking of the different materials
including their joining/welding and
corrosion resistance enhancement,
optimisation and specification of

fabrication routes for industrialisation and
cost assessment.

Characterisation and advanced
qualification including
safety related studies

The characterisation and advanced qualification
including safety related studies addresses both
the needs for the building of proto-
types/experimental facilities and FOAK fast
reactors. However, the steps to be taken are
different due to the different time-lines of the
two types of facilities.

For the prototypes/experimental facilities,
selection of commercially available structural
materials and validation experiments including
safety related issues needs to be accomplished,
even more if innovative design aspects have to be
considered. The R&D activities should also
include pre-normative research items.

Concerning the characterisation of materials for
FOAK fast reactors, the outcome of the ranking
process which concludes the “New Material
Development” phase will lead to a selection of
reference materials, their join/weld and
corrosion  resistance enhancement. The
characterisation and advanced qualification has
the aim to investigate material properties on
industrial scale batches. Data bases of
mechanical (fatigue, rupture, creep, brittleness,
erosion by coolant) as well as surface and bulk
corrosion (oxidation, interaction with coolant
and impurities) properties should be generated
on reference and irradiated materials. In this
framework a crucial parameter which has to be
considered is irradiation under fully
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representative conditions (energy and fluxes).

The impact of temperature excursions associated
to both normal and accidental conditions will be
explored as well. Finally, reasonably detailed
information on welding and other metallurgical
processing properties will be available.

The databases should be generated as to be of
use for validation of physical models and
development of constitutive equations, as well as
for the pre-normative research.

Short and medium term challenge:

irradiation studies for FNR using the
existing facilities in Europe such as the still
operating materials test reactors.

Medium term challenge:

qualification programme under nuclear
environment as a function of neutron
fluence, irradiation temperature and
environment.

Tools and facilities

Apart from the setting up of a comprehensive
collaboration with industry in order to produce
the selected innovative materials, a further crucial
issue is the availability of a fast neutron irradia-
tion facility complemented by hot laboratories
within which post
irradiation  experi-
ments (PIE) of the
mechanical proper-
ties and compatibili-
ty with the coolant

The availability,
in Europe, of a fast
neutron reactor,
in which irradiation
experiments can be

of the irradiated performed, needs
samples can be per- to be ensured.
formed. Europe

seems to be reasonably well equipped with hot
laboratories located in several countries.
However, the concern appears to be the availabil-
ity in Europe of a fast neutron reactor in which
irradiation experiments can be performed.

Long term challenge:

it is recognised that a European fast neutron
irradiation facility is a necessity for material
testing. Within SNETP a decision should be
reached urgently to support the construction
of a facility in which the irradiation
conditions expected within the prospective
reactors can be adequately simulated.
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Physically based
and constitutive modelling

The assessment of the integrity of a structural
component over the long term operation
requires reliable lifetime prediction tools for the
materials from which the component is
fabricated. The development of these tools
needs detailed knowledge and description of the
property changes and the constitutive material
behaviour under service conditions (e. g. high
temperatures, irradiation, stress, and contact
with coolant). Therefore physically based
models and predictive constitutive equations
have to be developed.

At the base of physical modelling is the
understanding and prediction of the structural
materials behaviour in the nuclear reactor
environment. Moreover, physical modelling
should enable the design of structural materials
with specific required properties. The objectives
of multi-scale physical models as well as
materials tools are to develop knowledge and
understanding of elementary mechanisms in real
materials and their evolution (and compared
with model alloys if needed) as a function of the
main parameters e.g. in-service temperature,
radiation damage, mechanical loading, coolant.

Constitutive equations will be developed
describing the deformation and damage
behaviour of the most promising materials
selected for FNRs. The constitutive modelling
will be based on the identification of most
important hardening and ageing mechanisms
and the physically motivated description of their
evolutions taking into account the role of
temperature and irradiation. Thereby the
characterisation data produced for FNRs will be
used whereas data still missing for the
application and verification of the constitutive
models will be generated performing
appropriate supplementary experiments.

Medium term challenges:

physical based models microstructure
and dimensional stability (including
models for environmental ageing),

constitutive equations for reference and
irradiated materials.



Supporting R&D
for codes and design methods

For GenlV nuclear systems, the technical
challenges are related to fast neutron damage,
high temperature behaviour and compatibility
with  the coolant (corrosion, erosion,
embrittlement) of the materials which will
determine the lifetime of the materials and the
components built from. The pre-normative
research activity defined in the frame of the
cross-cutting Codes and Standards programme
is devoted to materials, tests definitions,
destructive and non-destructive examinations,
welding, fabrication, in-service inspection,
mechanical design and analysis.

To capitalise in an
efficient way on the
R&D proposed in
the chapter devoted
to fast neutron
systems, an on-going
effort has to be
performed through a
mixed working
group involving the
Cross Cutting R&D
on structural materials, the Codes and Standards
programme and the designers. This group makes
sure that all research programs include a
standardisation goal, evaluates the observance of
the initially fixed planning and defines the
research results ready for the pre-normative task,
with action in priority on:
definition of material specifications in close
collaboration with manufacturer,
harmonisation of testing methods for the
qualification of materials systems for innovative
reactors,
material data, through a mechanical properties
data base,
identify the rules missing in available Codes and
Standards to cover the specific behaviour of new
developed materials (e.g. cyclic softening) and
their intended application conditions (e.g. lifetime
up to 60 years). Formulate and conduct necessary
R&D activities to resolve identified disqualifica-
tions.

A working group
involving cross cutting
R&D, the codes and
standards programme
and the designers will
allow capitalising
efficiently on the
proposed fast neutron
systems R&D.

Concerning the organisation, the basic research
is coordinated by the material group, and the
pre-normative activities needed to cover the use
of the material data in the design of components
by the Codes and Standards group.
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Short term challenge:

building of a working group to capitalise
R&D efforts for standardisation.

Knowledge management
and development of expertise
and knowledge

The research should be reciprocally linked to
skill base refreshment, to develop and retain
expertise and knowledge and it should generate
European know-how in a strategic domain, dis-
seminate knowledge and attract a young
generation of materials scientists. A methodolo-
gy of knowledge/expertise capture and transfer
should be defined. Collaboration among R&D
centres, universities and SMEs or large size
companies active in the nuclear field should be
promoted. A knowledge management capability
would be required to ensure the maximum ben-
efit obtained both from existing knowledge and
from that generated during the future research.

Short and medium term challenge:

continuous effort to ensure a high level of
knowledge management, development of
expertise and practical knowledge transfer
to young generation of scientists.

5.1.2 Pre-normative research,
codes and standards

his chapter presents the pre-normative

research activities required to convert the
results of European nuclear fission research into
harmonised guidelines or codes for GenlI-III,
GenlV and ultimately fusion nuclear power
plants. The development of a European code
based on the improvement of existing codes
such as RCC-MR or ISDC-IC is proposed.

For Genll-111 the main issue is the successful
management and operation beyond the
originally foreseen lifetime.

For GenlV power plants, the status and the
roadmap of the different projects naturally lead
to separating the pre-normative activities into
three steps:

the short term issues (2012) with pre-normative
actions focusing on the tools for design and
construction of 2020 SFR and VHTR prototypes,
based on existing data,
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the medium term issues (2020) deal with the R&D
results to answer to the technical challenges for
the GenlV reactors,

the long term issues (2040) aims to consolidate
feedback from prototypes and from the
development of commercial power plants.

R&D challenges for the short,
medium and long term

Design and Construction Codes provide a set of
essential engineering tools for the design assess-
ment and construction of systems components.

They define the _ g _
common  reference Design and Construction

between prime con- Codes provide a set of

tractors, operators, essential engineering
designers, engineers,  tools for the design
manufacturers, sup- assessment and
pliers, inspectors and construction of systems
safety authorities. components.
They define the

quality level of equipment necessary to meet
nuclear standards.

Whenever new materials are used, application
conditions extended or new tools for the assess-
ment of components developed, research is
required to advance existing codes and stan-
dards.

GenlII nuclear power plants

The successful management and operation
beyond the originally foreseen lifetime of Genl|I
and Genlll LWR is a main issue of a sustainable
and economically viable nuclear energy in
Europe. Two key issues have been identified:

Harmonisation of the long term operation
justification methodologies is needed on safety
demonstration and on ageing management. This
real mid-term challenge (2020 issues) has to be
focused on the needs expressed by designers and
end users to improve nuclear codes and
standards:

it will concern safety requirement at the design
level (on material, fabrication, examination, efc.)
and defence concepts such as leak before break
demonstration, break preclusion concept, defect
assessment, fc.,

probabilistic methodologies are a major point, in
the frame of safety margin determination.

Ageing management implies better understand-
ing of phenomena, in a context of optimisation
of the procedures and rules:
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a Dbetter knowledge of operating conditions
(feedback  capitalisation and  improved
instrumentation),

a better knowledge of the ageing mechanisms,
improved monitoring through new in-service
inspection procedures and considering radio-
isotope in-service inspection procedures,
development of advanced repair and replacement
technologies.

The last key point for Genlll nuclear plants is
the super critical water systems concept
assessment: to quantify the advantages and
challenges presented by the supercritical water
reactor concept, it is necessary to validate
existing design and construction codes with
regards to new materials selection, their
characterisation and rules applicability.

GenlV and fusion reactors

Mandated by the European Commission, the
CEN¥ is developing European codes and tech-
nical standards for design and fabrication of
pressure vessel equipment to support the entry
into force of the Construction Products
Directive, the Pressure Equipment Directive,
the Simple Pressure Vessels Directive, and the
Transportable Pressure Equipment Directive.
However these
Thereisaneed to Eyropean directives
reinforce European do not address
cooperation on the  nuclear equipment
development of nuclear and the present
system equipment for  European Codes and
the next generation of ~Standards are not
reactors. applicable to the

nuclear industry.

There is therefore a need to reinforce European
cooperation on the development of nuclear
system equipment for the next generation of
reactors. This can be done through pre-
normative actions whose main objectives would
be to capitalise R&D results on materials,
structural behaviour analysis, joining, welding,
fabrication and non-destructive examinations, to
bring together best European practice and
harmonise criteria and codes.

A sound European basis for these objectives is
the RCC-MR code. Written to collect feedback
from the design and construction of
Superphenix, the RCC-MR was adopted by the
European countries (France, Italy, Great Britain
and Germany) associated in the project EFR
(European Fast breeder Reactor), with the



support of the WGCS (Working Group on
Codes & Standards from the European
Commission). This also benefited from the
experience of the exploitation of Phenix and was
used especially for the safety reassessment of this
reactor between 1997 and 2003.

Today, the RCC-MR is internationally
recognised since it was chosen by India for the
construction of its fast breeder programme, and
by ITER for the design and fabrication of the
vacuum vessel and as the basis to develop
ISDC-IC (ITER Structural Design Criteria —
Internal Components), for the design of the
TOKAMAK internal structures.

Short term issues (2012)

Although the industrial deployment of GenlV
nuclear systems is planned for the long term,
first operation of a SFR prototype is planned by
2020. In addition, after completion of the
construction of ITER (2017) and experiments
on test blanket and diverter modules,
components of the first prototype of fusion
power plants DEMO are planned. These very
near milestones require that evaluation of
different technological solutions be completed
by 2012. On the same timescale, a VHTR
prototype is under study in the framework of the
RAPHAEL project.

With these milestones, the short term pre-
normative priorities should focus on the rules for
design and construction of the 2020 SFR and
VHTR prototypes, as well as fusion test
modules in ITER on the following topics:
mechanical properties,
fabrication processes,
identification of potential damaging phenomena
for new materials,
review and critical analysis of the current RCC-MR
version,
R&D focusing on design rules for very high
temperature conditions,

assessment of design rules for defect tolerance,
and associated inspection requirements.

These actions should be based on the RCC-MR
and ISDC-IC codes, in order to provide design
assessment and construction rules in time for the
technology assessment by 2012 and the
following construction contract discussion
phase.
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In parallel, it is necessary to develop a roadmap
for a European nuclear code on the RCC-MR
and ISDC-IC as a basis for GenlV Fast Systems
and other nuclear fission (excluding LWR) and
fusion applications. This road-map should be
discussed with European stakeholders, including
safety experts.

Medium term issues (2020)

Besides the SFR prototype, a V/IHTR FOAK
may be envisaged after 2020, for which new
components and materials are investigated such
as graphite for core structure or silicon carbide
composite for the fuel cladding. Pre-normative
actions are needed in terms of design rules,
materials, fabrication (including joining
technologies) and non-destructive examination
techniques.

Another domain of investigation is the design of
irradiated components under high dose
irradiation or with  significant  creep
deformations, where the interaction of creep and
other damage mechanisms remains an open
question.

The industrial deployment of GenlV reactors
worldwide also calls for harmonising Design and
Construction Codes. A harmonised international
codification in terms of design and construction
codes ought to be defined, particularly with safety
experts, stakeholders of the Generation IV
International Forum and participants in its Senior
Industry Advisory Panel.

Long-term issues (2040)

Feedback from fission prototypes and fusion test
components will necessarily lead to new
development in the different domains covered
by the design and construction codes:

completion of material specifications with the
support of manufacturers,

update of codification rules for manufacturing,
welding and examination processes,

design rules would probably have to take into
account new domain of working and eventually
new degradations.

In parallel, research work for new materials shall
be maintained and material properties shall be
tabulated.
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5.1.3 Modelling,
simulation and methods

Modelling and simulation significantly
support vendors, regulators and operators
in the reactor design effort, safety assessment,
licensing and issue resolution during plant
operation.

Theoretical models and codes form the basis of
simulations. They are inherently dependent on
nuclear data and also on experimental facilities
providing detailed measurements for the
validation of codes. Pre- and post-processing are
necessary to handle these large sets of high
resolution data and enable proper visualisation
of complex phenomena.

Theoretical models and codes

Theoretical models and codes span the domains
of neutronics (neutrons transport in the reactor
core), thermo-mechanics for nuclear fuel
modelling, thermal-hydraulics (fluid flow and
heat transport in the reactor systems) as well as
severe accidents.

Codes in support of existing reactors have
already accumulated a rich experience and must
be further developed in terms of improvement of
computational performance. They must incor-
porate new models addressing recent findings
from safety research as well as new demands

from the current .
Codes in support

plant operation (e.g.
new fuel designs,
higher resolution in
energy, time and
space). In the near
future, this set of
codes will be fruit-
fully extended to the

of existing reactors
have already
accumulated a rich
experience and
must be further
developed in terms
of improvement

application 0 of computational
GenlV reactor sys- performance.
tems.

Technical challenges for each area are listed
below:

Neutronics

Advanced neutronics simulation methods are
required by 2012 for core design and safety
related analyses of future reactor designs. They
should offer higher spatial resolution using
neutron transport as well as increased spectral
details with more energy groups, especially for
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modelling MOX cores.

In the medium term (2020), full time dependent
solutions of stochastic and deterministic 3D
neutron transport should be developed to model
heterogeneous core configurations.

Time dependent Monte Carlo methods taking
into consideration thermal hydraulic feedback
should be developed on the long term to provide
reference solutions for time dependent
deterministic calculations.

In parallel with the code and model
improvements, there is a need for new nuclear
and physical data.

Thermal hydraulics

The objective is the development of a multi-
scale approach for single- and two-phase flows.
This will allow modelling turbulence at local
scale and its impact on components’ scale.

In the short term, the objective is to develop
advanced numerical simulations for Light Water
Reactors. Current system codes are used for the
evaluation of transient and for demonstrating
compliance with regulatory safety limits. These
codes need continued development and
coupling to computational fluid dynamics codes
in order to better model 3D flows in case of
complex phenomena such as mixing,
stratification or natural circulation.

Existing codes can be efficiently adapted to
GenlV systems as a first practical step towards
scoping analysis.

In the medium term (2020), efficient sensitivity
and uncertainty propagation methods will be
developed to handle a larger amount of detailed
computational data.

Advanced Genlll and GenlV reactors may
feature passive systems. 3D two-phase flow in
natural circulation, possibly carrying non-
condensable, will need to be simulated
accurately, especially for the assessment of
emergency systems.

General design and analysis tools should be
developed for the different GenlV systems,
taking full benefit from available codes for LWR
reactors.

The extension to the multi-scale approach from
single- to two-phase flows is also a formidable
research challenge on the medium term.

In the longer term, the development of reliable
multi-scale two-phase analysis tools represents a
great research challenge.



Fuels

Specific codes for advanced fuels will need to be
developed in order to accompany fuels
optimisation. This will help consuming less
nuclear fuel, increasing safety and recycling
efficiently reprocessed spent fuel.

Currently, two types of fuel codes for normal
and accidental conditions in light water reactors
exist. Both should further be developed on the
short term (2012) for new fuel designs and
international benchmarks should be extended
accordingly. The current trend to move to 3D
models and to develop integrated fuel codes
dealing with both normal operation and
accidental conditions alike should be supported.

Existing codes should be adapted by 2020 and
possibly completed by new codes to simulate
advanced Genll1 fuels and the fuel concepts for
GenlV systems. Current efforts to develop
multi-time-scale simulation methodologies
should be further supported.

A common platform should be developed in the
long term wherein various generic material
properties and mod-
els can be combined
in a more straight-
forward manner. It
would enable simu-
lating various fuels
under consideration
for all reactor gener-
ations as a result of
the development of multi-scale approach.

Nuclear power
is a rich technical
field which involves
many types
of physical-chemical
processes at a wide
range of scales.

Common code platform with multi-physics
and multi-scale

Nuclear power is a rich technical field which
involves many types of physical-chemical
processes at a wide range of scales.

Nuclear power is a rich technical field which
involves many types of physical-chemical
processes at a wide range of scales. Advanced
numerical simulation tools in multi-physics and
multi-scale frameworks which couple existing
codes are therefore of great interest and should
be further developed.

Neutronics, fuel, thermal-hydraulic and
structural codes should be coupled by 2012,
mainly for pressurised water reactors
applications. This would require adaptive
modelling switching from higher to lower order
based on transient evolution.

Advanced coupling schemes should be
developed on the medium term (2020) for
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neutronic transport solution to enable pin-by-
pin analysis. They should be extended to two-
phase flows and adapted to GenlV systems.
Coupling between thermal-hydraulic and
thermo-mechanics with Monte Carlo codes is
also envisaged.

In the medium to long term, a common
platform where all European codes could
efficiently communicate with each other and
where code information could be exchanged is
strongly recommended. This would greatly
facilitate code development for GenlV systems
while taking the invaluable experience from
existing codes. As a consequence, a common
communication  reference  would  be
implemented.

A specific example for multi-physics, multi-scale
simulations is the prediction of material
behaviour when exposed to extreme conditions,
such as high neutron irradiation doses, elevated
temperatures and corrosive attack by liquid
metal coolants. This is mandatory for increasing
the safety.

Pre- and post-processing

As a consequence of the increased level of
simulation details, ever increasing data sets need
to be handled efficiently. Corresponding
powerful pre- and post-processing tools should
therefore be developed. Advancements in this
field will be of common benefit to all Genll,
Genlll and GenlV reactor systems.

Research infrastructures
for modelling and simulations

Experimental facilities for code validation

Simulations are symbiotic with experiments.
The performance of any simulation tools must
be verified and validated against an adequate set
of experiments.

New test facilities and advanced measuring
techniques are necessary to support the
envisaged developments in nuclear engineering
simulation and systematically validate models
for GenlV reactors. Simulations using validated
tools are expected to help using more efficiently
current and future experimental facilities.

More and better quality data

Availability of accurate nuclear data (cross sec-
tions, decay constants, branching ratios, etc.) is
the basis for precise reactor calculations both for
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current (applications
to higher burn-up,
plant life extension)
and new generation
reactors. Additional
experimental meas-
urements and their
detailed analysis and
interpretation  are
required in a broad
range of neutron
energies and materials. This is particularly true
for fuels containing minor actinides for their
transmutation in fast spectra.

In the area of thermal-hydraulics, higher
resolution data require novel measuring and
imaging techniques for traditional and new
physical parameters with highest possible spatial
and temporal resolution.

New test facilities
and advanced
measuring techniques
are necessary
to support
the envisaged
developments in nuclear
engineering simulation.

Access to advanced computational
infrastructures

Advanced simulations tools offering higher
fidelity will require high-performance comput-
ing facilities. It is therefore recommended to
organise easy access of nuclear simulation
research to European supercomputers.

5.1.4 Fuel

he performance

of fuels for  the management
Genll and Il reac- of actinides is
tors . 1S well a critical issue for
established for cur- :

. all generations
rent operational of nuclear systems
limits. Despite the y '
significant ~ know-

ledge base for these fuels, it is not sufficient for
designing innovative fuels for GenlV systems,
which will operate at more extreme conditions
(temperature, burn-up, presence of minor
actinides, etc.). A dedicated multidisciplinary
science based programme is needed to establish
fuel properties and basic understanding of fuel
behaviour to develop and qualify innovative
solutions, with shorter lead times, and minimis-
ing the cost and overall length of qualification
programmes.

The management of actinides, from fuel
fabrication to spent fuel treatment and waste
management, is a critical issue for all generations
of nuclear systems.

Genll and GenllIl light water reactors will con-
tinue to operate during most of the 21st century,
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and therefore there is a need for an improved
understanding of the behaviour of their fuels in
normal, incidental and accidental conditions, in
order to continuously optimise their safety and
economy (e.g. higher burn-up). GenlV fast neu-
tron systems, e.g. SFR, GFR, LFR, will require
innovative fuels with higher heavy metal densi-
ties, sustaining high fast neutron fluxes and
higher temperatures. Sustainability will be fur-
ther improved by the development of minor
actinide bearing fuels and the associated treat-
ment and recycling processes. These require
major efforts in fuel science and behaviour to
support the envisaged innovative designs.

R&D challenges for the short term,
medium term, long term

Table 1 summarises some of the fuels and
cladding materials that are either currently used
or will be needed for future systems. The fuels
for SFR, LFR, GFR, MSR (Molten Salt
Reactor), and even the VHTR should also
include minor actinides.

Basic properties of fuel materials

The reactor fuels of the future will contain
minor actinides and will operate under more
extreme irradiation and temperature conditions
than today, necessitating substantial innovation.
Thermo-chemical,  thermo-physical and
thermo-mechanical properties of these new
materials should be known to develop behaviour
model and introduce these models in fuel
performance codes.

Irradiation effects
for performance code development

The effect of irradiation on fuel properties is sig-
nificant. Its influence can be incorporated in fuel
performance codes in the medium term through
integral irradiation tests. Important empirical
correlations can also be determined through
dedicated fuel tests, whereby information on
separate parameters is sought (e.g. thermal con-
ductivity as a function of burn up). Such tests
have already been made for the thermal conduc-
tivity of UO2 and MOX, and are urgently
needed for other fuel compositions (e.g. MOX,
nitride, carbide, inert matrix fuel IMF) to adapt
and develop phenomenological models. The
development of coated particle fuel also requires



Genll/Il

LWR SCWR SFR LFR ADS GFR VHTR MSR
uo2, 02, OX MOX MC 02, Uco
Fuel MOX, MOX, MC/MN AN IMF MN/MOX Pu02 | LiF-ThF4-UF4
Th-MOX Th-MOX Targets (2rY,pu)02
AlML sic
Cladding | zralloy FIM steel 91 791 191 iPyC/SiC/aPyC
(0Ds)
0Ds
Liner WW/Re Buf Carbon |  Structures
Pellet Pellet Pellet
Fuel form Pellet Pellet (Sphere (Sphere Disk  |Coated particle|  Fluid
Sphere pac)
Pac) Pac)
Coolant|  Water Water Na Pb or Pb/Bi He He NaF-NaBF4

Table 1. Fuel and cladding materials for different reactor concepts

similar information,
for the behaviour of
the kernel and
encapsulating layers.
Swelling and gas
release are key fac-
tors in the design of
many advanced fuel
elements, especially
carbide and nitride
fuels for GFR, SFR or LFR. There is therefore
a need to provide relevant experimental data on
these mechanisms, to improve the understand-
ing of basic phenomena involved and to develop
models able to predict swelling and fission gas
and helium transport in steady state and tran-
sient situations.

A major effort
is needed before
a full understanding
of fuel behaviour
through fission or
radioactive decay is
achieved.

Nevertheless, a very major effort is needed
before a full understanding of fuel behaviour
through fission or radioactive decay is achieved.
A combined multi-scale theoretical and
experimental approach is needed to design
correctly (and limit) the number of heavy
experiments, and conversely to validate the
theoretical results.

Ultimately a link between experiments and
theory on isolated physical mechanisms must be
transformed and incorporated into multi-scale
models, and eventually into dedicated fuel
performance codes, which today are largely
based on empirical correlations derived from
integral fuel performance experiments. UO: and
MOX are by far the best known fuel materials,
and their understanding provides a very
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important basis for the exploration of alternative
fuel forms. Even for these fuels, major added
value can be expected from a better "science-
based" approach, for instance in terms of higher
burn-ups, safety, and fuel behaviour in
accidental situations (reactivity insertion
accident, loss of coolant accident).

Priority topics for action

A. Properties of MA Fuel (2010-2012) with
extension to 2020

Fabrication of solid pellet, coated particle (nitride,
carbide, oxide, fluoride) based on Th, U, Pu, MA.
Determination of phases, melting point, heat
capacity, thermal conductivity, and mechanical
properties of those pellets or particles and viscosity
for molten fuel forms.

Experimental investigation of fuel interaction
with: fission products and helium, coolant and
cladding, supported by modelling for
extrapolation to off—normal operating conditions.

B. Multi-purpose irradiation experiments
(2010-2012) with extension to 2020

The change in properties due to irradiation shall
be addressed in in-pile tests using samples to
study specific effects. Scoping experiments
consisting of oxide, nitride and carbide fuels
irradiation at different temperatures and burn-
ups will permit swelling rate and thermal
conductivity correlations to be made. A similar
scope should also be foreseen for VHTR fuels
containing Pu/MA fuel kernels.
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Fig. 17. Planning for the realisation of the fuel research SRA

C. Separate effects and modelling (2010-2012)
with extension to 2020

Major efforts will be needed to develop and val-
idate theoretical approaches towards the
establishment of a fully integrated engineering
scale approach. Specific experiments to elucidate
mechanisms and define key parameters shall be
performed. Inert gas behaviour in solid fuel
needs experimental investigation through dedi-
cated experiments using model systems (UQO:,
UN, UC, etc...). A close interaction to design
experiments and qualify theoretical models and
codes is essential.

The cross cutting activities should provide the
system designers with regular input data on fuel,
its performance behaviour and modelling. The
introduction and regular updating of a
"Handbook on the properties of Advanced
Nuclear Fuels" must be scheduled.

The planning for realisation of this SRA is given
in Fig. 17.

5.2 Safety

N

Looking ahead it can
happen that regula-
tors will put in place
more stringent safety
criteria for the older
reactors as well as
those to be built. As

eeds for safety research are identified by
both regulators and operators, from
their respective perspective.

The technical safety
organisations will
raise within
the platform
the safety issues
that need
to be studied.
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for the operators they will strive to optimise the
efficiency and availability of their plants by e.g.
improving fuel utilisation, increase nominal
power and prepare for an extended service time.

Safety research is needed to support the
licensing of these changes.

Regulators are not members of the platform but
their technical safety organisations are and will
raise the safety issues that need to be studied.

Selected R&D safety issues

The bulk of the safety research carried out today
in Europe is performed in national programs
supported by the government, regulator and
operators in the respective country. The research
agenda for the platform cannot integrate all
these national programs but will rather select
those issues that platform members agree are of
highest priority. As discussed in Chapter 1,
Current and Future LWRs, safety research is
now needed to support long-term operation of
existing LWRs in Europe.

5.2.1 Current and future LWRs

Issues in reactor physics
and dynamics

The major challenge in the field should be the
acquisition and the reinforcement of the funda-
mental knowledge, in such a way as to enable the
safety assessment of current reactor improved
core loadings and advanced operations, as well as
of evolutionary and advanced reactors and of
experimental and test facilities.



Among the main fields of interest and
endeavour, we mention:

Issues in thermal-hydraulics

The main investigation and research issues in
thermal-hydraulics  should comprise the
acquisition and the implementation of sufficient
knowledge to master the following phenomena
and events: passive safety features, pressurised
thermal shock, inherent dilution, re-flooding on
embrittled fuel, reactivity initiated accidents,
main steam line break, long term coolability and
thermal stratification, for which many suitable
data are already available, and harmonisation
and best practice development.

Issues in criticality

The objectives for the risks of criticality are less
needed for current nuclear power plants for
which qualified tools are worldwide shared. The
remaining progress to be done consist in taking
account of the burn-up credit in criticality risk
evaluation. The changeover to innovative fuels
and cycles will reveal new challenges for
criticality safety assessment such as fuel
characterisation, actinide content, new burnable
poisons, innovative reprocessing methods or
direct disposal of spent fuel. An active feedback
from the main actors in fuel design and cycle
would be required to establish the future trend
in criticality safety research. The current practice
being based on prevention, the main safety
concern addresses the consequences of a return
to criticality in the pool.

Therefore, the main actions should concern:

Issues in nuclear fuel

Research related to qualification of very high
burn-up fuel under normal operation and
accident conditions.

Issues in human
and organisational factors

Survey of the human and organisational practices
in current reactor normal, degraded and inciden-
tal operation.

Human and organisational factors in safety man-
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agement, including operation feedback, resilience
engineering, safety culture.

Issues in instrumentation
and control and electrical systems

Development of test methods to predict ageing
effects on instrumentation and control compo-
nents.

The adoption of programmable digital automa-
tion components, the implementation of new
technological solutions in instrumentation and
control systems including the Protection Systems of
current plants.

Issues in malevolent acts
and natural hazards

In recent years, new threats are coming up forcing
us to focus not only on internal hazards, but also
on the destructive action of external agents. When
assessing the safe behaviour of a system, a compo-
nent or equipment, its robustness and resistance to
the ageing-related phenomena and to all kind of
external aggressions is to be demonstrated (includ-
ing flooding, extreme whether condition, fire and
seism). All these issues are widely investigated and
discussed in Chapter 1 as the engines of potential
extended investigation and short-term and mid-
dle-term R&D, thus here only some safety-rele-
vant topics are mentioned, such as:

integrity of equipment and structures,
fire safety.

Issues in plant simulation
devoted to safety

Simulators for existing plants are mainly
confined to operator training and qualification
for operation and accidental conditions in their
qualification range, while for new generation
plant, simulators should include operation
outside their range of qualification to simulate
internal and external hazards.

Issues in severe accidents

The work carried-out in the framework of the
Severe Accident Research Network of
Excellence (SARNET) concluded to a common
view on the ranking of the research priorities in
the field. The results were based on the outcome
of the previous EURSAFE action (5th FP of the
EC), the effort of benchmarking and qualifica-



76

tion of the European Integral Severe Accident
Code ASTEC, already an international refer-
ence, the results of several accident scenario
calculations, and the recent research in the
domain of the probabilistic safety assessment.

5.2.2 GenlV safety issues

perating experience of current nuclear

power plants can contribute significantly to
identify crucial needs for further research in the
fission reactor field for advanced and evolution-
ary systems.

Advanced and innovative reactors encompass a
variety of different designs and operating modes.
They span a very large set of configurations,
including small and large size cores, fast-neutron
and moderated spec-

tra, gas, water and Operating experience of
||qu|d metal C00|ing’ current nuclear power
each one matching plants can contribute to
more or less com- identify crucial needs for
pletely and compre- further research in the
hensively the objec- fission reactor field.
tives of the GenlV

roadmap. Natural resource optimisation and
waste minimisation are goals more likely afford-
able for systems with fast neutron flux, such as
SFR, GFR and LFR. On the other hand,
graphite moderated, gas cooled high temperature
reactors such as the Very High Temperature
Reactor (V/HTR) are more likely to be inher-
ently safe; they also have the best potential for a
diversified energy production (electricity, but also
industrial heat and hydrogen).

In addition to the overall design, the core size
and the operating modes and, in some cases, a
strong coupling of neutron and temperature
fields which can show-up in some large-size
systems, the fuel, the materials for internals and
vessel, the coolant features generate urgent
needs which are incentive for specific research.
Looking ahead, the research needs for future
concepts are to be investigated, disclosed, and
emphasised very early, so that the delivery of
computation tools and the issuance of
experimental results could match the design and
safety-assessment schedules.

Designer, utilities, regulators and researchers are
presently facing a very open landscape as regards
the industrial maturity of concepts. Accordingly,
the risk exists that the research effort outcomes
will show up either quite poor or straight-
forward or false.

Strategic Research Agenda

That is actually very challenging from the safety
point of view, because, even if some common
features can be found among several advanced
and innovative designs (such as operation, fuel
behaviour, transients and severe accidents, their
consequences, and the ways to mitigate them, as
it is the case for reactivity insertion accident,
water or air ingress), the safety assessment is
strictly tied to design features, the details of
which are hardly disclosed and remain widely
unknown for the most concepts at the present
stage of development.

Common safety issues
of GenlV systems

Several among the above mentioned concerns
can be relevant to the next generation reactor
safety, but their assessment remains difficult due
to the limited
knowledge on the
design. As a com-
mon base, the “safety
by design” approach
can help in thinking
or re-thinking the
reactor designs, even
at their different
stages of development, by exploiting also the
adoption, since the conceptual phase and during
the entire development, of the deterministic and
probabilistic tools, e.g. in a risk-informed
approach. Moreover and similarly, “security by
design” will be centred on providing intrinsic
design features, which will preserve terrorist
attack or sabotage, without costly additional fea-
tures.

Among the main safety-relevant issues, which
can be seen as safety concerns for GenlV sys-
tem, we mention:
minimising the risks attached to the coolant
(sodium, lead, etc.),
practically precluding large energy release in case
of extreme DBA,
minimising the risk of severe accident,
minimising the vulnerability to external events
and aggressions,
assessing the impact of minor actinides bearing
fuels,
diversifying the safety systems (e.g. decay heat
removal),
developing an improved instrumentation for early
detection of abnormal situations,

developing improved instrumentation and
techniques for in-service inspection and repair.

The “safety by design”
approach can help in
thinking or re-thinking
the reactor designs,
even at their different
stages of development.



The relevant R&D activity can be grouped in
several main fields of endeavour:

core physics and simulation,
residual heat removal,

fuel integrity,

fission product release,

reduction of major risk of a broad and severe
damage of the core,

in-service inspection.

All these items demand a strong R&D effort,
devoted both to code development, validation
and qualification, and to measurements through
ad hoc mock-up experiments. In order to
achieve an optimum management of the
resources, a priority scaling should be
established in agreement to the envisioned
technological choices.

5.3 New nuclear large
research infrastructures

5.3.1 Introduction

To be deployed successfully, the SRA will
require new large research infrastructures. In
this chapter, a synthesis of these infrastructures
needed for the road maps is presented. This
includes new large flexible irradiation facilities,
major fuel cycle facilities as well as large
supporting  facilities.  Modern  research
infrastructures are essential to remain at the
forefront of nuclear fission science and
technology and to support industrial innovations
for nuclear reactors, fuels and fuel cycle.

Experimental and flexible testing
reactors are used to support many important
fields of industry and research in Europe: safety,
lifetime management and operation optimisa-
tion of current nuclear power plants, develop-
ment of new types
of reactors with
improved resources
use and fuel cycle essential for Europe to
management, mate- remain at the forefront
rial development for of nuclear fission science
fusion reactors and and technology.

for medical applica-

tions. Nearly all European experimental reactors
have been built in the 60's or 70's. With several
Material Testing Reactors (BR2, Halden, HFR,
LVR15, Osiris, R2, Siloe, Maria), and with
experimental reactors and prototype reactors
(Rapsodie, Phenix, PFR, KNK II, and AVR,

Modern research
infrastructures are
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THTR) for developing the sodium and gas
cooled reactor technologies, Europe has gained a
worldwide leadership. Some of these facilities
have already been closed. The others will be
more than 50 years old in the next decade and
will face increasing probability of shut-down
due to their obsolescence.

Based on the present infrastructure situation and
the challenge of the development of sustainable
nuclear energy there is a clear need to update the
large flexible irradiation infrastructures. In the
roadmap of new reactor infrastructures, these
large flexible irradiation facilities — will
complement the need for demonstration and
prototype reactors in support of the
development of new reactor systems. Chapter 3
describes the rationale for the need for a SFR
(ASTRID) prototype, a demonstration reactor
for an alternative technology to sodium, LFR
(ETTP) or GFR (ALLEGRO) and an ADS
demo after an assessment of the merits of
industrial transmutation via ADS. These fast
spectrum prototype/demonstrator reactors will
also provide some experimental irradiation and
minor actinide transmutation capabilities.

Fuel cycle research infrastructures are needed to
support mainly recycling options for what is
called “the back-end” of the nuclear fuel cycle.

To perform experiments about fuel separation
processes with samples of genuine spent fuel,
different hot facilities are available mainly at
CEA in Marcoule, UK's National Nuclear
Laboratory (NNL) at Sellafield and 1TU in
Karlsruhe. Some of them (such as for instance
the recently commissioned shielded cells in
ATALANTE and the new BTC facility in
Sellafield - now known as the Central
Laboratory of the NNL) enable demonstrative
experiments on up to 20 kgs spent fuel. Some
facilities have been satisfactorily operated to
design minor actinide recycling processes in the
past fifteen years.

The recycling step of advanced fuel cycle
options implies experimental irradiations which
require the suitable manufacturing facilities.
Here again, fabrication tools do exist at
laboratory scale (LEFCA in Cadarache, MA-
LAB at ITU, NNLs Central Laboratory at
Sellafield, ATALANTE in Marcoule). But they
present actual limitations lying both in their
flexibility (nature of elements and compounds)
and their throughput.

In order to respond to the specific challenges
posed in advanced fuel cycles (high levels of
radioactivity and heat load to be handled,
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diverse scopes of  separation processes,
conditioning of the final waste, or actinide-
bearing fuel fabrication) new large research
infrastructures are needed, in addition to
existing ones within EU.

For the “front end” of the nuclear fuel cycle, it
seems that there is no obvious need for
complementary large infrastructure in this area:
EU competitiveness here relies today on rather
well-established concepts and processes, and
innovative or alternative technologies possible in
a long-term perspective are rather a matter of
wide survey at this step.

5.3.2 New large flexible
irradiation facilities

urope can only hold on to its leadership in

the field of reactor technology if it main-
tains its efforts towards the realisation of a
European Research Infrastructure Area. The
irradiation capacity
for R&D and pro-
duction of medical

To hold on to its
leadership in reactor

isotopes (the medical
isotopes production,
including  invest-
ment and operation,
will be self-sustained
and recovered on a

technology, Europe
must maintain its
efforts towards the
realisation of a
European Research
Infrastructure Area.

commercial  basis)
should be based on
three pillars:

1)  Jules Horowitz Reactor (JHR) at Cadarache in
France, of which the construction has been started
in March 2007. JHR will be answering the needs
for industrial applications for Genll & Il in terms
of structural and fuel performance improvement
as well as some generic GenlV research. JHR will
be also acting as back-up irradiation facility for
radioisotopes production.

2)  MYRRHA at Mol in Belgium, a flexible fast
spectrum irradiation facility, operating as a sub-
critical (accelerator driven) system, and as a
critical reactor for material and fuel developments
for GenlV and fusion reactors and in a back-up
role for radioisotopes production. Operation as an
accelerator driven system allows responding to the
need expressed in Chapter 3 for an ADS demo,
demonstrating the ADS concept and the efficient
transmutation of high level nuclear waste (minor
actinides). MYRRHA will also be able to contribute
to the objectives of developing an alternative to
the sodium fast rector technology due to its heavy
liquid metal based coolant technology.
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3)  PALLAS at Petten in The Netherlands, presently
under design for serving the objective of securing
the radioisotopes production for medical
application for Europe and as a complementary
and back-up facility in support of the industrial
needs for technological development for present
and future reactors.

Jules Horowitz
material testing reactor (JHR)

To meet the needs
for the coming
decades, JHR will be
a high performance
100 MWth material
testing reactor pro-
viding high fast
neutron flux in an
under-moderated
core (10* n/cm2.s
perturbed flux above
0.1 MeV) and high thermal neutron flux in the
moderator (5x10* n/cmz2.s). Compared to exist-
ing material testing reactors, JHR will offer
advanced experimental capacities such as on line
fission product measurements and dedicated
cells to manage safety experiments with dam-
aged fuel samples.

The JHR is an on-going programme with a
European consortium of utilities and research
organisations. The construction phase was
launched in March 2007 in Cadarache (France).
The qualification of JHR components and its
experimental  devices development and
demonstration will make use of the existing
material testing reactors and expertise in the
field of research reactors in Europe.

JHR will offer
advanced experimental
capacities, e.g. on line

fission product

measurements and
dedicated cells to
manage safety
experiments with
damaged fuel samples.

MYRRHA

MYRRHA is conceived as a flexible fast
spectrum facility with a power between 50 to
100 MWith. The total neutron flux levels (1x10*
to 5x10% n/cm2.s) achieved within the facility in
large irradiation volumes in the core (about
20 000 cmd® in total), allow very high
performance testing conditions. Especially, a
very high fast neutron flux around 1x10®
n/cm2.s for neutrons with an energy higher than
0.75 MeV can be obtained. The high flux levels,
the fast spectrum and the large irradiation
volumes make MYRRHA a unique tool for the
study of material and fuel behaviour in support
of fast spectrum technologies (SFR, LFR, GFR)



and the study of fusion material behaviour. As a
flexible irradiation facility MYRRHA will also
be able to serve as a back-up for radioisotope
production which will be the primary task of
PALLAS.

Given the need in a
European context
for an ADS demo, as
expressed in Chapter
3, MYRRHA can
also address this
need, since in its
current design the
system is able to
work in subcritical
and critical mode. In subcritical mode, as an
Accelerator Driven System, MYRRHA is able
to demonstrate ADS technology in full scale in
the frame of research on transmutation of High
Level Waste and demonstrate the efficient
transmutation of minor actinides in an ADS.

Since MYRRHA is based on the use of an
alternative coolant to the sodium namely a lead
alloy, it will in this sense also be able to
contribute to the development of an alternative
to the sodium fast rector technology.

SCKeCEN proposes to host the MYRRHA
facility on the site of Mol, Belgium.

The high flux levels,
the fast spectrum
and the large irradiation
volumes will make
MYRRHA a unique tool
for the study of material
and fuel behaviour
in support of fast
spectrum technologies.

Pallas reactor

The Petten site, in
The Netherlands,
integrates on the
same site the reactor
HFR, hot cell labo-
ratories and med-
ical-oriented  pro-
duction  facilities.
The Pallas project
replacing HFR after 2015 will provide an inno-
vative irradiation facility and reinforce the sup-
ply of radio-nuclides for medical application in
Europe. Key elements are a flexible core and a
moderate power. Like the HFR, also the Pallas
reactor will act as complementary and back-up
facility for material, fuel and nuclear compo-
nents research.

The Pallas project will
provide an innovative
irradiation facility and
reinforce the supply of
radio-nuclides for
medical application in
Europe.

Nuclear medicine is important for the health of
European citizens with about 10 million
medical procedures per year and 15 million in
vitro analyses and a back-up function from other
European research reactors such as the JHR is
mandatory to secure the continuous supply of
the medical radioisotopes.
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5.3.3 Irradiation devices for
experiments

I rradiation experiments for screening,
characterising, qualifying testing beyond
normal conditions material and fuel are on the
path of progress in water cooled reactors and
even more for future technologies.

These experiments will be performed either in
flexible material testing reactors or in industrial
reactors or prototypes depending on the scope of
the experiment, the scientific state of art, the
degree of maturity of the technology to be
tested, the desired irradiation conditions and
cost effectiveness.

Beyond the availability of the irradiation
capabilities, it is necessary to develop state-of-
the-art experimental devices to go a step further
beyond existing knowledge, taking into account
progress in modelling, instrumentation and
modern  safety standards to  deliver
benchmarking grade experimental data.

Europe has a world-

A new generation of  wide leading posi-

experimental devices  tion in this field
must be developed, and has to keep
in order to meet the it through intra-

European synergetic
developments  to

major challenges

identified in
the Strategic Research O¥ercome Shoréage
Agenda. OT resources and In

particular in the field
of reactor technolo-
gy. The renaissance of nuclear energy may foster
severe competition with non-European labs.

To meet major challenges identified in the SRA,
it is mandatory to develop a new generation of
experimental devices with modern instrumenta-
tion and consistent to the progress of modelling.
For that purpose, the European reactor technol-
ogy community should go a step further in its
integration by pooling its forces and know-how
and sharing the development of top level exper-
imental devices, and their implementation in
existing or future irradiation facilities.

5.3.4 Fuel cycle research
facilities

esides existing facilities (ATALANTE,

ITU, the new BTC facility) on which we
can rely for years or decades, it is important to
improve the potential in the field of
experimental fuel fabrication.

A new “pin-scale facility”, able to provide in an



* The European Strategy
Forum on Research
Infrastructures (ESFRI)
roadmap is available at:
http://cordis.europa.eu/esfri/
roadmap.htm
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efficient manner the (very diverse) experimental
pins to be irradiated in experimental facilities
during the early phases of the design of possible
future fuel (MA-bearing fuel, other than oxide
fuel, etc.). Such a facility could take place in
existing hot labs, in ATALANTE for instance;
the goal is to get an efficient, modern and
flexible tool to address the probably many and
diverse experimental needs we will have.

“Pilot-scale” fabrication facilities to allow, in
further steps, if necessary, demonstrative
irradiation experiments at a larger scale. Such a
facility is matter of study in France, considering,
in connection with the fast reactor prototype,
the possibility of a MA-bearing pins fabrication
in La Hague (about hundreds pins per year, so
about tenths of kilograms of americium). Such a
facility could also be used to answer the needs of
other large scale facilities, such as the
ALLEGRO or MYRRHA facilities.

Another important (obvious) need is the
fabrication of the fuel itself, for the core of the
new experimental reactors. What is needed
here could be about several tons of (MOX) fuel
per year; an industrial facility to fulfil the needs
of prototype reactors is under preliminary
design in France by AREVA and CEA. Here
too, such a facility could be a core fuel provider
for others.

Concerning facilities for recycling processes, the
need for new large facilities seems less urgent.
Existing research large facilities (ATALANTE,
ITU, BTC) offer effective potentialities at lab-
scale, and should be used in the future to
develop suitable processes, and to perform
demonstrative runs on samples of spent fuel or
on irradiated targets (at up to pin-scale).

The need for pilot-scale demonstrative facilities
doesn't seem to be an urgent need for standard
MOX fuel. For oxide fuels processing, MA
recovery processes under development at lab-
scale mainly rely on well-known and industrially
mature solvent extraction technologies. The
important backgrounds coming from the
industrial plants feedback, or from the very
important work achieved in the past decades to
design modern reprocessing plants, make
extraction technologies a well-mastered
technology.

So, considering there are no important issues for
scaling-up hydrometallurgical processes, the
need in this field could be postponed.

The real need for a large-scale facility will come:
from transmutation large-scale experiments,
which could involve important MA amounts to be
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recovered: it seems it will be necessary to assess
the potentialities of existing reprocessing plants,
which could be adapted to this purpose or,

from innovative reprocessing and recycling
processes, such as pyroprocesses, to recycle
innovative fuels, today experimented at lab-scale;
but it seems we are addressing here longer-term
issues than the next decade, to several respects
(time needed to develop innovative fuels, or to
overcome technological gaps).

5.3.5 Other supporting
facilities

he needs for supporting facilities such as

dedicated liquid metal and gas loops are
addressed in the relevant chapters. They are
essential for components design, system
development and code qualification and
validation which are mandatory to sustain the
safety analysis.

Also, representative zero-power nuclear facilities
are needed for neutronic code validation in
support of the development of new reactor
concepts (SFR, LFR, GFR, ADS, VHTR) as
well as in support of LWR Genll and Genlll
development and operation.

The development of these facilities in Europe is
strategic for the success of the deployment of the
research agenda.

ASTRID

SFR Proto Large European Nuclear

Research Facilities:
Material Testing Reactors
and Technological

Demonstration
Reactors

Fast Spect / P&T

Therm Spect /RI Back Up

Fig. 18: New nuclear large research infrastructures
Source: CEA and SCK=CEN

These major research infrastructures can be
funded at EU level through private/public part-
nerships, involving national governments,
regions, research organisations, industry and the
European Commission. The research reactors fit
very well in the European roadmap for large
research infrastructures ESFRI*.

Fast Spect / PET

Radio Isctopes / Therm Spect



Research facilities

can be financed Research facilities
through coordinated can be financed
national - program-- ., coordinated

mes, but they must
also be supported at
EU level to give
confidence to private
partners and to
stimulate participation of Member States. Some
of the facilities can also take advantage of the EU
loans. The European Investment Bank has also
declared itself ready to support the financing of
large research infrastructures.

national programmes,
but they must also be
supported at EU level.

5.4 Education, training and
knowledge management

he development of research in nuclear fis-
I sion and the renewal of interest in nuclear
energy both require a skilled workforce.

Like other industrial sectors, many employees
who were hired in the seventies are to retire in
the coming years. The competition between
industrial sectors will therefore become fiercer
and it will raise the issue of maintaining the
knowledge base.

An important action for all industrial sectors is
to raise the attractiveness of scientific studies in
order to increase the number of graduate
engineers and scientists. Educating more
engineers is certainly the best way to diminish
the pressure on human resources of all industry
sectors.

It is also recommended to identify the needs for
new knowledge to support the R&D for future
generation reactors which is listed in the present
document. This will help adapting the current
courses and educate adequately the future work-
force of industry and research centres which will
carry out this research.
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A clear picture of the stand of education at
European level will be necessary in order to
enable coordinating universities and take
advantage of the strengths of each.

A broad picture of the different level of
education from school to university and of
training after graduation will help identifying
best practices and recommending actions for
collaboration between each stakeholder.
Employers such as industry, technical safety
organisations and research centres have
accumulated a rich operating experience and
universities are specialised in educating students.
Synergies are therefore obvious.

Education and train-
ing is a cornerstone of
international cooper-
ation with non-EU
countries, either hav-
ing already a nuclear
programme or devel-
oping a new one. It is
recommended  to
establish education
programmes for
cooperation and
mobility. 1t will help launching the national
nuclear programmes if necessary, building a
common understanding of nuclear topics,
extending the contact and networks in both
partners and finally opening common business
perspectives.

All industrial sectors
need raise the
attractiveness

of scientific studies

in order to increase

the number
of graduate
engineers and
scientists.

Finally, experimental facilities are crucial for
training students. The current experimental
reactors which are used totally or partially for
educational purposes will need upgrading and
replacement. The use of existing research
facilities for training engineers should also be
supported as much as possible.






The Sustainable Nuclear Energy Technology Platform

his Strategic Research Agenda gives a
I comprehensive overview of the R&D
requirements needed to achieve the
objectives described in SNETP’s vision report.
In the course of 2009 it will be complemented
by a small number of appendices focusing on
specific research topics (e.g. molten salt reactor
and thorium cycle) and detailed roadmaps.

The next step is the issuing of the Platform’s
Deployment Strategy, expected to be published
in the third quarter of 2009. The contributions
of nuclear fission to achieving the objectives of
Europe’s “SET-Plan” are being structured into a
European Industrial Initiative, for which
preparatory work has started since the end of
2008, and a concept paper is to be issued shortly
in 2009. Finally, an implementation plan will
establish the procedures, priorities, timing and
financing schemes for implementing the R&D
programmes of the SRA. The Platform will
adapt its internal organisation to best match the
management and monitoring of its future
activities.

Securing funding for all the proposed R&D
work presents a major challenge. The funding
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What next?

schemes considered today are shared between

private stakeholders and public funds at national

and European level. These relative shares may

vary as a function of the time horizon for

deployment of the research results. The foreseen

funding schemes are the following:
pre-competitive R&D projects co-funded under
Euratom’s Framework Programme;

joint programming between R&D organisations
(mainly suited for basic studies and cross-cutting
topics);

national R&D programmes co-ordinated for
example by Research Councils;

EU Structural Funding allocated according to
national and local priorities;

projects supported by loans from the European
Investment Bank;

the nuclear European Industrial Initiative, with
precise funding schemes to be defined shortly;

private funding by the final user (utilities) for

short & medium term R&D programmes in

support of technologies presently in operation.
SNETP’s Strategic Research Agenda will be
periodically reviewed and updated.

SRA






Glossary

ADS
ALLEGRO
ASTRID
DGR

DS
EFIT

ENEF
ESFRI

ETP
ETPP
FNR
FOAK
GFR
GIF
HLW
HTR
IGD-TP

IHX

ILW

IMF

LFR

LLW
LWR

MA

MOX
MSR
MYRRHA

NFC
NW
0DS

R&D
SCWR
SET
SFR
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Accelerator Driven System
GFR demonstration plant
SFR prototype plant

Deep underground Geological
Repository

Deployment Strategy

European Facility for Industrial
Transmutation

European Nuclear Energy Forum

European  Strategy  Forum
of Research Infrastructures

European Technology Platform
European Technology Pilot Plant
Fast Neutron Reactor

First Of A Kind (reactor)
Gas-cooled Fast Reactor
Generation IV International Forum
High Level Waste

High Temperature Reactor

Implementing Geological Disposal
Technology Platform

Intermediate Heat Exchanger
Intermediate level waste

Inert Matrix Fuel

Lead-cooled Fast Reactor

Low level waste

Light Water Reactor

Minor Actinide

Mixed Oxide fuel

Molten Salt Reactor
Multi-purpose hybrid Research
Reactor for High-tech Applications
Nuclear Fuel Cycle

Nuclear Waste

Oxide Dispersion Strengthened
material

Research and Development

Super-Critical Water Reactor
Strategic Energy Technology
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