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The «ideal» Nuclear Power Plant

Fission Nuclear Power 
Plants of a new type are 
being developed for a 
short-term deployment 
(beyond 2030) to replace 
the current fleet and better 
integrate future hybrid 
energy systems: smaller, 
more flexible, economically 
competitive, able to 
produce more than purely 
electricity.

Competitive LCOE

No long-lived waste

No carbon emissions in operation

High reliability and flexibility

No offsite emergency

100% usage of resources
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Closing the fuel cycle

The fission process used in nuclear
reactors produces a number of
isotopes that can be toxic to human
lives and the environment.

Since the start of the large scale
deployment of nuclear energy, disposal
of the long lived isotopes has been an
issue that has had a priority in most
nuclear countries.

Source: Phillip Finck and Massimo Salvatores, INL, FUNFI-2, Frascati, October 2016 44



Fast neutron spectrum reactors are the most adapted technology and offer 
flexible options for implementation. 

Reactor and Fuel Cycle Options to Implement P&T
The P&T objectives can be summarized as:

 Minimization of waste mass sent to a repository,

 Reduction of the potential source of radiotoxicity

 Reduction of the heat load in the repository

Strategies making use of P&T can be gathered into three categories:

 Sustainable development of nuclear energy and waste minimization (Pu as a resource)

 Reduction of MA inventory 

 Reduction of TRU inventory as unloaded from LWRs

5Source: Phillip Finck and Massimo Salvatores, INL, FUNFI-2, Frascati, October 2016 5

Closing the fuel cycle



Source: L. Cinotti, “IW on Innovative Nuclear Reactors cooled by HLM: Status and Perspectives, Pisa 2012

1) Present 
scenario

2) Near term
scenario 

3) Long term 
scenario (after 2040)

Light water reactors Lead –cooled fast reactors 
without Minor Actinides 
recycling. 

Lead –cooled fast reactors with 
Minor Actinides recycling. 

Natural Uranium 2100 10,8**
or  a, b, c

10,44**
or  a, b, c, d

Unused 
uranium, 

net generated  
Pu, 

Nuclear waste

Depleted Uranium from the 
enrichment facility.

1900
(a)

_ _

Uranium 
from the spent fuel. 

184
(b)

_ _

Pu 2,6*

(c)
Negligible Negligible

Minor Actinides
(Np,Am,Cm)

0,38
(d)

0,36 Negligible

Fission fragments 13 10,43 10,43

•*  It is possible to reduce the plutonium inventory with increased production of Minor Actinides.
•** Reprocessing losses not included

NUCLEAR MATERIALS INVENTORY (TONS) NEEDED TO PRODUCE 100TWH
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Recycle of all actinides in spent LWR fuel in fast reactors provides a significant reduction in the time required for
radiotoxicity to decrease to that of the original natural uranium ore used for the LWR fuel (i.e., man-made impact is
eliminated). From 250,000 years down to about 400 years with 0.1% actinide loss to wastes
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Main advantages and main drawbacks of Lead

Atomic 
mass

Absorption
cross- 
section

Boiling 
Point 
(°C)

Chemical 
Reactivity
(w/Air and 

Water)

Risk of 
Hydrogen 
formation

Heat 
transfer

properties

Retention of 
fission 

products

Density
(Kg/m3)
@400°C

Melting 
Point
(°C)

Opacity Compatibility 
with structural 

materials

207 Low 1737 Inert No Good High
10580
10580 327 Yes Corrosive
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How lead coolant improves the reactor design? 

Lead is a low-moderating medium and has a low-absorption cross section

 Fast neutron spectrum: operation as burner of MA and improve resource utilization (Sustainability)

 Long Life Core: unattractive route for the plutonium procurement (Proliferation resistance and
physical protection)

 Large fuel pin lattice (opened/closed): enhanced the passive safety (Safety and Reliability)

Lead does not interact vigorously with air or water

 Improve Simplicity and Compactness of the Plant and reduce the risk of plant damage (Economics)

 Increase the protection against acts of terrorism (Proliferation resistance and physical protection)
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Lead has a high boiling temperature, high shielding capability and very low vapor pressure

 Un-pressurized primary system (Safety and Reliability, Economics)

 Enhancements in passive safety (Safety and Reliability)

Lead has a high heat transfer, specific heat, and thermal expansion coefficients

 Decay heat removal by natural circulation (Safety and Reliability)

Lead has a density close to that of fuel, and retains fission products

 Reduce the risk of re-criticality and vessel damage in the case of core melt (Safety and Reliability)

 No need of off-site emergency response (Safety and Reliability)

How lead coolant improves the reactor design? 
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The use of a new coolant and associated technology, properties, neutronic
characteristics, and compatibility with structural materials of the primary system and of
the core.

Innovations which require validation programs of new components and systems (the SG
and its integration inside the reactor vessel, the extended stem fuel element, the dip
coolers of the safety-related DHR system, pump, OCS, …)

The use of advanced fuels (at least in a further stage).

A comprehensive R&D program is necessary because of:
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Code &
Standards

Prototypes

DesignSafety 
Analysis

Structural 
Material

Verification
&

Validation

Experiments



Safety Analysis
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Fuel Assembly characterization in transient 
conditions including flow blockage

LFR
Integral Tests including SGTR



Integral Test & Component Qualification
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Integral Test Experiments
OCS testing in large pool

Component qualification
SGTR Experiments

SG & Pump Unit Test



Performance
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HTC measurements
OCS testing in loop

Component qualification
Instrumentation Test



Separate Effect Experiments 

16

Code Validation
Component & Instrumentation qualification



Material Characterization 
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Corrosion test in flowing lead
OCS testing in loop

Component qualification
Instrumentation Test

Pump Unit Test



Coating Development
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Pulsed Laser Deposition Nanoceramic Coatings (IIT & ENEA)

 high quality coatings
 custom process: bottom-up approach
 process at room temperature

1 μm Al2O3 coating
no buffer layer

lead

substrate

Al2O3

Corrosion tests in static Pb: 
550°C -1000 h - 10-8/10-9 wt.% O 

1 μm Al2O3 coating 

Pb

coating

1515Ti



Coolant Chemistry

19BID-ONE

H2 from 
H-Gen

Ar from 
cylinder

mixing

To 
capsules

capsules for HLM chemistry (oxygen sensor testing, 
deoxygenation with gas) & corrosion tests of 

materials in Pb alloys 

capsules (small & large)

gas control system (Ar-H2 injection)

Stagnant Test up to 750°C



Modelling & Simulations
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LMC nuclear submarines

• Russian research into naval reactors began in the early 1950s. Two options were
considered from the early stages of development.

• The first approach used a water-cooled, water-moderated design (PWR) developed at
the Kurchatov Institute in Moscow under the leadership of A. Alexandrov.

• The second approach used a lead-bismuth cooled reactor design (also known as an
LMC reactor) developed at the Institute of Physics and Power Engineering (IPPE) in
Obninsk under the leadership of A. Leipunsky.

• The ALPHA class (NATO terminology) LYRA class (USSR terminology) LMC nuclear
submarines were very efficient and established the world underwater speed record
(design was for 40+ knots).

• This was possible thanks to the use of a titanium alloy hull. The use of titanium alloy
allowed the hull walls to be thinner and reduced overall weight.
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LMC nuclear submarines

• Coolant purification

• Oxygen control 

• Prevent slug formation 

• Cleaning of the system by Hydrogen injection

• Freezing

• Formation of Polonium

• 209Bi + n → 210Bi (β- ; 5 days) → 210Po (α, 138 days)
• However, no known problems of radiation in nuclear submarines

Lessons learned
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LMC nuclear submarines

• Many-year observations by Navy personnel allowed them to reach the following conclusion:
The radiation and sanitary conditions and morbidity of the crew at NSs with LBC cooled
reactors do not differ from those of the crew at NSs with water-cooled reactors. They also do
not differ from morbidity of the on-shore service personnel whose work is not directly related
to radiation”

• A low concentration of Po in the coolant and the formation of a thermodynamically proof chemical
compound of Po with lead (lead-polonide), decrease 210Po volatility by nine orders of magnitude
in comparison with a sole metal polonium.

• The good retention properties of lead are essential in preventing the release of Po outside the
primary system.

• Primary system cleaning was successfully performed through Hydrogen injection

Lessons learned
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LMC nuclear submarines
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ALFRED Layout

Inner Vessel: safety-related, 
removable for out-of-vessel 
inspection 

Internal Structure: no safety 
related, ensure pools separation 
and flow recirculation

Fuel assemblies: MOX fuel, 
grid-spaced, hexagonal, 
wrapped, extended stem

Reactivity control: Two diverse 
and redundant systems, control 
and shut-down rods

Pump

Steam Generator

Dip-cooler

Design to ensure FA handling under
lead during refueling operations
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LFR Technology: China

 CLEAR series LFR developed by International Academy of Neutron Science (IANS)
• CLEAR-M: Small modular transportable reactor with 10MWe
• CLEAR-400: Small modular LFR with 400MWth
• CLEAR-A: 1GeV/10mA proton accelerate coupled with 100 MWth LFR

 Validation platform for CLEAR
• NIRVANA: Verification Platforms were built to support LFR engineering verification
• CLEAR-M0: pool-type integration verification facility, >5MWth, started commissioning and core outlet

temp. reaches 550oC

CLEAR-M reactor NIRVANA 26



LFR Technology: China

 CiADS Led by CAS-IMP: the environmental impact assessment for the first phase of
accelerator has been approved in 2022

 LFR fundamental research is more active, especially primarily conducted by universities
(Xi’an Jiaotong University. , Lanzhou University., Shanghai Jiao Tong University, etc. )

 Nuclear power enterprises (CNNC, CGN, SPIC) were invested to the LFR conceptual design
and validation activities in recently years

Lead-water interaction 
experiment

by Shanghai Jiaotong Univ.
Offshore Floating LFR  

by Lanzhou Univ.
Long-Life full natural 

circulation SLFR 
by SPIC

LFR experimental 
platforms by CNNC

SARAX code for LFR
by Xi’an Jiaotong Univ.
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ATHENA, almost completed - the first step of 
ALFRED experimental infrastructure 
 2.21 MW Core simulator 
 Full height bayonet tube heat exchanger  
 Main Vessel hosting 800 tons of lead 

ALFRED is the European
LFR demonstrator
developed by the
FALCON consortium
together with European
research organization
and industries.

LFR Technology: Europe
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• Fundamental research for LFR in Science Tokyo
• Design study of innovative LFR
• Corrosion resistance of FeCrAl steel in flowing LBE

• ADS development study in Japan Atomic Energy Agency
• ADS concept study
• CFD analysis
• LBE corrosion study by OLLOCHI

LFR Technology: Japan
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5. ROK LFR R&D Summary

MicroURANUS R&D
I. Design Development

II. Materials Development
I. AFATi
II. Bimetallic Tubes

III. Applications
I. LFR Fuel Cladding
II. Steam Generators
III. Condensers for Load Follow Operation

LFR Technology: Korea
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Cooling down 
heat exchanger

CPS 
actuators

Steam 
generator 

localization 
system

(pressure 
compensation)

SG protection 
system

(2nd circuit 
protection)

MCP

CoreSG Reactor 
Vessel

Localizing 
safety
system

Boundary of the 
primary circuit

- Compliance with the requirements of regulatory 
documentation;

- Integral layout with a multilayer metal-concrete vessel 
without shut-off valves in the coolant circulation circuit;

- Reservation of normal operation and safety systems;

- Passive protective and localizing safety systems are widely 
used

- Lead coolant with high boiling point, radiation-resistant, 
low activation, not entering into violent interaction with 
water and air in case of circuit depressurization

- Mixed nitride fuel with high density and thermal 
conductivity, allows ensuring full reproduction of fuel in 
the core (core reproduction ratio ~ 1.05) and 
compensation of reactivity at fuel burnout.

BREST-OD-300: design basis

LFR Technology: Russia



The lower tier of the enclosing structure was 
immersed in the reactor shaft (December 2023)

Mounting of a steel base plate, weight 
165 tons (December 2023)

Construction of electricity transmission 
lines began: installation of supports and 

installation of wires
(end of December 2023)

Construction status at PDEC site (December 2023)
Mounting of the BREST-OD-300 reactor began 
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“Proryv” project: practical demonstration of all elements of the closed nuclear fuel 
cycle (CNFC) at the Pilot Demonstrational Energy Complex (PDEC)

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Construction and commissioning of the 
Fuel  (re-) fabrication  module

Equipment manufacturing, construction of the nuclear power plant with the 
BREST-OD-300  lead-cooled  fast  reactor

Construction and commissioning of the 
Reprocessing  module

Full Generation-IV technology of the Lead-
cooled Fast Reactor and the CNFC will be 

demonstrated on the PDEC site

LFR Technology: Russia
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 Nuclear Energy University Projects
 Simultaneous Corrosion/Irradiation Testing in Lead and LBE -

Massachusetts Institute of Technology (MIT)
o Status: Completed triple-beam (He/Fe3+/protons) irradiation testing of Fe-25Ni-

16Cr-5Al-1Nb, FeCrAl, and Fe-20Cr. Post-test analysis is being finalized. Final 
report is in preparation.

 Development of Versatile Liquid Metal Testing Facility for Lead-cooled 
Fast Reactor Technology - University of Pittsburgh
o Status: NEUP project completed. The new testing facility was installed at the 

University of Pittsburgh. Further collaborative research (ULV sensor testing, SAM 
code development) is on-going in collaboration with ANL and WEC.

LFR Technology: USA
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 Technology Commercialization Fund projects
 SAS4A/SASSYS-1 Improvements for Lead Fast Reactors – Argonne National Laboratory/WEC

o Status: Project completed. Performed the required testing for the recently developed oxide fuel model 
(OFUEL). Extended the SAS user interface to facilitate mechanistic source term analysis.

 Enhancement of PyARC for Westinghouse LFR Design and Modeling – Argonne National 
Laboratory/WEC
o Status: Major reorganization and improvement to NUBOW-3D (core deformation) code to streamline 

coupling with DASSH (sub-channel thermal hydraulics) and PERSENT (perturbation theory). Initial 
demonstration on the Westinghouse LFR.

LFR Technology: USA



Mariano Tarantino
mariano.tarantino@enea.it
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