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Abstract

newcleo is designing MOX-fuelled Small Modular – Lead Fast Reactors (SM-LFRs), aiming at commissioning a MOX production plant and a demonstrator in the early 2030s, followed by a 200MWe First-Of-A-Kind (FOAK) and a fleet. The strengths of newcleo's reactor are safety, simplicity, compactness and cost competitiveness. These strengths arise from the beneficial properties of lead coolant and are enhanced by innovative solutions, resulting in the elimination of several components which are no longer needed. A broad R&D programme supports the company’s incremental strategy to consolidate mature technologies and close existing gaps. This is implemented in partnership with ENEA, and benefits from the subsidiaries SRS-Fucina’s know-how. The main technical areas include: structural materials, coatings, primary components integrity/performance, handling systems, in-service inspection and repair (ISI&R) and integral testing in large-scale facilities. Specific R&D needs are addressed through the refurbishment of existing ENEA infrastructure (e.g. NACIE loop for studies on heat transfer, CIRCE pool for components and SG tube rupture tests), and several new test facilities.
1. INTRODUCTION
newcleo aims at delivering its vision of advanced modular reactors and a closed fuel cycle in the early 2030s [1]. The company is working to design, build and operate Gen-IV Small Modular Lead-cooled Fast Reactors, with its commercial module called LFR-AS-200; the company is also designing and aims to operate a plant for the production of MOX fuel starting from already available, separated materials.
Lead and lead-bismuth cooled reactor technology has been a subject of extensive research over the past decades, primarily in Europe, and valuable insights can be derived from the operational experience of sodium fast reactors like Phénix and Superphénix, operational in France from the 1970s to the 2000s [2].
In particular, a crucial role in the understanding and development of lead-cooled nuclear technology has been played by ENEA, key partner of newcleo, over the last decades, both from a theoretical and experimental point of view. An important know-how on lead experimental facilities is also brought to newcleo by two recently acquired companies, SRS and Fucina Italia, which have a long-standing portfolio of LFR projects-
These represent a solid foundation, and newcleo is implementing a comprehensive development strategy to consolidate the most mature technologies, establish specific research and development (R&D) activities addressing peculiar lead-related aspects, and support the innovative engineering solutions and components developed by newcleo.
The broad R&D programme that newcleo is establishing encompasses several campaigns in non-nuclear, existing or newly developed test facilities, and culminates with the validation of large part of the developed solutions with the PRECURSOR, a 10 MW large-scale integral-effect test facility.


2. design and deployment strategy FOR newcleo LFR
Lead-cooled Fast Reactors technology, thanks to the characteristics of the coolant, enables design simplification, which in turn brings significant economic benefits as well as a high degree of inherent safety. In particular, LFR features include:
· High coolant boiling point, which allows operation of the primary system at atmospheric pressure eliminating the need of thick forging for the primary vessel;
· No significant energy release occurs in cases of vessel failure, meaning high pressure-resistant containment is not needed;
· Chemical inertness with water and air, eliminating the need of extra safety provisions and intermediate loop;
· Significant thermal inertia, which slows down transient and promotes benign behaviour in several off-normal and accident situations
· High operating temperature enabling non-electrical uses and high plant efficiency (40-50%).

newcleo's main design is the LFR-AS-200, where AS stands for Amphora-Shaped and refers to the shape of the inner vessel, 200 is the electrical power in MW. The embodied innovations exploit the lead properties and enhance the potential for future deployment, owing to plant simplification and compactness, while behaving passively safe; it is quite distinct from any previous LFR designs.
The absence of intermediate loops, the small primary system specific volume and the compact reactor building are key factors for competitive kWh cost. The primary market application is energy production, and can be used also for non-electrical uses, such as ammonia and hydrogen production. The reactor will use of stockpiled Pu and in perspective recycle of minor actinides without burden of long-lived transuranics in the waste. The breeding ratio is 0.9 without blanket assemblies and can be reduced with core design adaptation where required.
The LFR-AS-200 is a pool type reactor, with all primary components installed in the reactor vessel, characterised by a thermal power of 480 MWth and core inlet/outlet temperature of 420/530°C. Key components are: core with fuel assemblies characterised by stem extended above the lead free level and hung by their heads, six innovative and compact Spiral-Tube Steam Generators (STSG), six recirculation pumps, three + three dip coolers of the Decay Heat Removal (DHR) systems, the Amphora-Shaped Inner Vessel (ASIV). There is no need of in-vessel refuelling machine nor of intermediate loops.
FIG. 1 provides an illustration of newcleo’s development strategy. The first, crucial phase of newcleo’s development strategy focuses on the R&D programme, described in detailed in the paper and culminating with the PRECURSOR facility, a 10 MW-scale electrically-heated integral-scale test facility. 
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[bookmark: _Ref176251647]FIG. 1. newcleo LFR technology development roadmap

In parallel, newcleo aims at commissioning the LFR-AS-30 in the early 2030s, and a first LFR-AS-200 a few years later, followed by a fleet. newcleo is also designing a MOX production plant to be operational in France to feed the LFR-AS-30, the first LFR-AS-200 and the fleet. Both the demonstrator and the MOX production plant are in the pre-licensing phase, with a series of technical discussions with ASN and IRSN started in mid-2023 in order to assess the overall design maturity, with the target to enter into the formal licensing process.
The LFR-AS-30, shown in FIG. 2, will play the key role of demonstrator and irradiation facility, offering unique irradiation capabilities based on its neutron spectrum characteristics. The LFR-AS-30 will also be used to validate new fuel, components and solutions to be deployed in the LFR fleet, to increase the operating temperatures and to expand production efficiency and performance. 
With feedback and tight link with LFR-AS-30 developments, the design work for the LFR-AS-200 (First Commercial Unit or Generic Design) is also being currently conducted.
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[bookmark: _Ref175646840]FIG. 2. newcleo LFR-AS-30
3. R&D programme
In order to consolidate technologies with a higher level of maturity and to validate newcleo’s own patented solutions and innovative components, newcleo has developed and established a broad R&D programme, which is being rapidly deployed.
This programme greatly benefits from the close technological partnership with ENEA and the deep and well-established practical know-how of SRS and Fucina Italia.
newcleo non-nuclear activities encompasses the design, installation and operation of several new facilities as well as the refurbishment of several existing experimental facilities, extending and complementing the programme. Most of these experimental facilities are and will be located at the ENEA-Brasimone centre in Italy.
CAPSULE and CORE infrastructure: structural materials and coatings programme
One of the main topics of newcleo’s R&D strategy is validating structural materials and coatings with respect to corrosion and erosion phenomena and liquid metal embrittlement. In fact, high neutron flux, elevated operating temperatures and lead exposure represent a challenging environment for materials.
The short-mid-term strategy is to qualify in lead the currently qualified materials listed in nuclear codes such as RCC-MRx/ASME.
Developing and qualifying coatings and structural materials is part of the long-term strategy, as these will enable higher operating temperatures, meeting the target reactors performance.
Several infrastructures serve this scope:
· CAPSULE for corrosion tests in stagnant lead
· CORE for corrosion and erosion tests in flowing lead
· OTHELLO and PRECURSOR for post-test analysis of components
· LEAD/CHEM LAB to evaluate mechanical properties in lead, including slow strain rate tests, creep, long-term creep, creep-fatigue
· MATERIAL LAB to validate microstructure and mechanical performance
CAPSULE, shown in FIG. 3, is a state-of-the-art facility to test materials' resistance to corrosion in stagnant lead, with advanced temperature and oxygen concentration control. Its main objective is to provide a preliminary characterisation of the corrosion resistance of new alloys and coating technologies.
Five modules of three capsules each have been installed at the ENEA-Brasimone centre at the end of 2023 and are now operational.
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[bookmark: _Ref169017110]FIG. 3. CAPSULE: three modules on the left, close-up of one module on the right.

CORE, shown in FIG. 4, is a pure lead infrastructure consisting of a pair of experimental loops and its main scope is to perform corrosion and erosion tests in flowing lead on coated and uncoated samples, in oxygen-controlled environment. It also serves an additional scope, as it is equipped with a filtering section and a cold trap. Each loop includes a hot leg, where the corrosion test section (1 m/s) and bypass line with the cold trap and the filter test section are placed, and a cold leg, with the erosion test section (10 m/s) and the expansion vessel with the pump. The hot and cold leg cross in correspondence of the economiser. CORE-1 has been installed in early 2024 at the ENEA-Brasimone centre.
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[bookmark: _Ref169017147]FIG. 4. CORE scheme on the left, a close-up on the right
CIRCE and NACIE facilities refurbishment
CIRCE is a pool-type facility at the ENEA-Brasimone site, and is so far the major European heavy liquid metal pool-type facility [3]. Its main vertical vessel of 8.5m height and diameter of 1.2m is filled with about 70 tons of molten LBE. The facility includes argon cover gas and recirculation system, LBE heating and cooling systems, and auxiliary equipment, a storage tank, a transfer tank and the data acquisition system. The overview of the infrastructure is shown in FIG. 5.
newcleo's refurbishment programme, CIRCE-NEXTRA, is dedicated to test components such as the primary pumps and DHR system, as well as to study Steam Generator Tube Rupture (SGTR) scenarios.

Phase I - Primary pumps and DHR tests
In newcleo’s design, lead forced circulation is ensured by vertical single stage pumps coaxial with the steam generator, an innovative design solution to maximise compactness.
A representative mock-up is planned in CIRCE to:
· investigate hydraulic performances in a pool-type configuration;
· study vibration dynamics;
· assess mechanical loads;
· demonstrate endurance and long-term reliability of mechanical pars i.e. bearing/bushing and impeller;
This phase will also test key components of the DHR system, in particular the development of an innovative isolation condenser for the closed-loop DHR design option, integrating the campaign of the DCI programme described later in the paper.

Phase II - Lead-water interaction (Steam Generator Tube Rupture - SGTR)
In order to support newcleo’s LFR design and licensing, SGTR events will be investigated thanks to dedicated test sections in the second phase of the CIRCE-NEXTRA refurbishment.
In fact newcleo’s design pool-type configuration envisions the SGs located inside the reactor vessel, thus a leakage of the pressurised water secondary side into the low pressure lead pool leads to phenomena possibly compromising the integrity and safe operation of the primary system.
A first set of separate effect tests is planned within the LESTO framework, a project funded by the European Commission, to which newcleo and ENEA contribute. The understanding of possible phenomena and the validation of numerical tools will later be performed thanks to a representative test section of the Steam Generator and relevant operating conditions in CIRCE-NEXTRA.
The main phenomena investigated include:
· high-pressure wave propagation
· coolant sloshing
· gas entrainment in the primary flow potentially inducing positive reactivity insertion
· pressurisation of the reactor vessel
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[bookmark: _Ref169017201]FIG. 5. CIRCE test section overview

NACIE is an operational loop at the ENEA-Brasimone centre consisting of two vertical pipes, working as riser and downcomer, connected by two horizontal pipes, for a total 8m height and 2m horizontal length [4]. Its main scopes include campaigns in the field of thermal-hydraulics, component testing, chemistry control and corrosion protection.
NACIE-UP (UPgrade) is the updated configuration enabling the use of both lead and lead-bismuth eutectic (LBE) as working fluid, designed to work up to 550°C and 10 bar.
NACIE-LHT is newcleo’s upgrade dedicated to perform preliminary thermal-hydraulics tests on a test section representative of newcleo’s steam generator. The main objective is to provide lead-side transverse heat transfer coefficient data. NACIE-UP test facility and the LHT test section are depicted in FIG. 6.
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[bookmark: _Ref169017232][bookmark: _Hlk169017063]FIG. 6. NACIE-UP test facility and the LHT test section
Dip Cooler Instability (DCI) test facility
newcleo design employs two separate DHR systems, both in- and ex- vessel, designed to ensure the reactor temperature remains above the freezing point and below the safety threshold. The in-vessel system consists of independent water loops, each characterised by a bayonet tube heat exchanger penetrating the roof and submerged in liquid lead.
In order to investigate thermal-hydraulics aspects of this component, such as water flow rate instabilities and start-up, a dedicated facility has been designed and is planned to be operational in 2024.
DCI is a loop-type facility, shown in FIG. 7, that includes a test section of the dip cooler fed by a water tank positioned several meters above. 
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[bookmark: _Ref169017255]FIG. 7. DCI facility overview and 3D model of the test section.

In the test section, the two bayonet tubes are equipped with electrical heaters that provide uniform outer wall temperature. From the water collector, the water flows downward inside the inner tube and comes out vaporising in the annular chamber between the inner and intermediate tube. Helium fills the annulus between the intermediate and outer tube.

OTHELLO - Oxygen controlled Thermal Hydraulic Experimental Lead Loop
OTHELLO is a multipurpose loop composed of a pure lead primary circuit and a water/steam secondary circuit. This experimental facility shall support key primary system components testing, as well as support thermal-hydraulic codes validation. A notional scheme is shown in FIG. 8.
The primary system includes a fuel pin bundle simulation (FPBS), a circulation pump placed in an expansion vessel, and a Steam Generator Test Section (SGTS), where power is transferred to the secondary side.
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[bookmark: _Ref169017305]FIG. 8. Conceptual scheme of OTHELLO test facility
Fuel assembly mock-up test section
newcleo's reactor core employs MOX fuel, a well-known fuel for fast reactors, and also introduces several innovations in the fuel assembly (FA) geometry and the core structure. In the FAs, innovative ring spacers are introduced along the pins’ lengths to restrain the pins by interference. Also, the core is supported from above with radial restraint at the foot of FAs, creating specific mechanical constraints impacting the vibrational response of FAs. A further innovation is related to FA locking key mechanism.
With focus on the FA thermal-hydraulic characterisation, a full-scale electrically heated FPBS is under design and procurement phase to address the following topics:
· ring spacers thermal-hydraulic characterisation
· pressure losses in FAs (isothermal tests)
· FA convective heat transfer in forced circulation and natural circulation
· flow blockages and detection
The facility is designed to also accommodate an unheated fuel pin bundle simulator (u-FPBS) for flow-induced vibrations (FIV) investigations. The u-FPBS will be equipped with dummy pins to mimic the behaviour of prototypical LFR pins, representative of the LFR-AS-200 FA arrangement.
Steam generator test section
OTHELLO represents the main platform to test steam generators (SG), which include innovative features in terms of geometrical configuration, coupling with the primary pump positioned in the centre of the bundle and location in the primary vessel. A SG mock-up, featuring a lower number of spiral tubes but full-scale length will be tested in representative conditions to address key topics such as:
· heat exchange performance and heat transfer coefficient (HTC) in both primary and secondary sides
· flow distribution among tubes (mostly focused on secondary side)
· flow-induced vibration
· thermo-mechanical behaviour and loads assessments
· functional tests in excess-flow / check valves
Coolant freezing test section
OTHELLO will also be equipped with a test section, currently in conceptual design stage, dedicated to preliminary, limited-scope investigations on lead freezing phenomena.
PRECURSOR integral-effect large-scale facility
PRECURSOR is a 10 MWth pool-type facility representative of the LFR-AS design, equipping three steam generator-pump assemblies, in-vessel DHR systems, and a water/steam secondary system.
This facility will be crucial to provide an experimental demonstration of the overall thermal-hydraulic behaviour of the LFR-AS-30 both in stationary and transient conditions, in a scale sufficiently representative and coupled with the Balance of Plant (BOP) steam-turbine secondary system. The main areas covered by the programme are summarised below:
· integral thermal-hydraulic performance in stationary conditions, normal startup/shutdown and accidental scenarios
· BOP transients/instability and interactions with the Primary System
· core-system thermal-hydraulics
· SG thermal-hydraulic performance in normal and transient conditions
· primary pumps behaviour
· DHR operation assessment
· filling and draining system, coolant and cover gas auxiliary systems

Seismic response and coolant sloshing in the primary pool will be investigated thanks to a dedicated facility, EFESTO.
PRECURSOR will also enable experimental campaigns on plant accident response with focus on establishing set-points for safety system actuation and identifying transient Figure of Merits (FoMs), supporting the formulation of accident response procedures, providing an experimental dataset to substantiate the validation of thermal-hydraulic codes. The accident matrix to be investigated will encompass scenarios such as partial/total loss of primary flow, loss of DHR systems during shutdown states (normal/accidental shutdowns), loss of off-site power, turbine trip, loss of feedwater, loss of preheaters.
The facility is in conceptual design phase, with scaling options and preliminary thermal-hydraulic design ongoing, and is planned to be operational in 2026 at the ENEA-Brasimone centre.
MANUT infrastructure for Fuel / Component Handling and Control rods
MANUT is envisaged as an infrastructure to validate design choices with respect to fuel assemblies (mechanical aspects), fuel handling operation and equipment, as well as to enable similar investigation on primary system’s components handling. The main areas of interest related to fuel handling are summarised as follows:
· fuel assembly mechanical design and functional tests on handling procedure and equipment
· Rotating Plug System (RPS), which allow the connection between the Fuel Handling Machine (FHM) and the reactor while maintaining primary confinement function
· Fuel Handling Machine
The first phase of the programme foresees dry tests, followed by tests in lead that will be carried out in close collaboration with ENEA. A similar approach is envisaged for tests on component handling procedures and related components (counter flange / handling flask mechanism and leak tightness).
Within the frame of MANUT programme, testing activities are also foreseen on control rods mechanisms; newcleo proposes innovative control rod system design, serving both reactivity control and shutdown, composed of boron carbide rods placed externally to the core. Despite the standard nature of the drive mechanism, tests will be performed to validate its reliability and actuation in both normal operation and emergency conditions, to guarantee that the system fulfils its functional requirements.
A novel, fail-safe shutdown device is also in development phase, which relies on the use of small spheres of enriched boron carbide, contained inside steel spheres. The spheres are contained in a cylindrical body, actively held in position by pressurization to control lead free level inside the device’s body. When the system is triggered, the body is depressurized, and buoyancy carries up the spheres to be level with the fissile material. The design of this system will be tested and validated in a dedicated facility.
4. Conclusions
newcleo is establishing a broad R&D programme to consolidate existing LFR technologies, increase the technological readiness level of the main innovative engineering solutions envisaged and address remaining aspects specific to the use of lead as coolant.
An overview of the current infrastructure deployed or being developed by newcleo, including several new tests facilities as well as the refurbishment of existing infrastructure, has been provided in the paper. The main technical areas covered by the facilities described in the paper are summarised in FIG. 9:
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