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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-
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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.
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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 af:

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

Sustainable Nuclear Energy Technology Platform 83

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
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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
Sodium-cooled Fast Reactor
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