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Abstract

Small power reactors are in demand in many countries around the world and have undeniable advantages in ensuring energy supply to remote areas. Today, Russia has unique experience in implementing projects involving floating power units with a KLT-40S reactor unit, as well as promising land-based modular reactor units such as RITM-200. Since 2019 to present days, several problems have been identified in operation of floating nuclear power plant (FNPP) equipment and systems. Structural and design deficiencies have been analyzed. Then relevant action plans have been developed and implemented. The paper includes the results of FNPP operation, identified problems and ways to solve them. 
1. MAIN CHARACTERISTICS OF THE FNPP AND THE POWER SYSTEM
Floating nuclear power plant is under operation in severe environmental conditions of the Far North of Russia [1].

Floating nuclear power plant has a unique design. FNPP includes a floating power unit (FPU), a pier (hydraulic structures) and a shore site [2].

The Akademik Lomonosov floating power unit comprises two KLT-40S reactor installations with a thermal capacity of 150 MW, and two TK-38/35 turbo-generators, providing an output of 35 electric MW in normal operation mode.

The refueling interval according to the reactor operation model is from 2.5 to 3 years. The designated service life of the FPU is 40 years.

The floating nuclear power plant, the Chaunskaya CHPP and the Bilibino NPP, are connected by two 110 kV high-voltage lines (OHL) and operate simultaneously as part of the Chaun-Bilibino energy hub. The FNPP is capable of delivering more than 60 MWe to the grid with its auxiliaries being 7.1 MW. The annual electricity production is 459.900 MWh. The annual thermal power output from the FNPP collectors is 219.000 Gcal [3].

As of now, the FPU has been in operation for 4 years, which constitutes 9.2% of its designated service life. 

The amount of electricity supplied by the FNPP in early 2024 was 37.0 million kWh.

The amount of power energy supplied by the FNPP is 10.2 thousand Gcal, which is 100% of the heat needs of the town of Pevek.

Every 12 years of operation, the FPU requires intermediate-level maintenance with the replacement of the part of the main and auxiliary equipment, due to its resource characteristics.

Operational performance indicators of the FNPP from 2020 to 2024 were below the designed operation model due to the need to introduce new transit lines and the load from industrial consumers [4].
During the operation of the FPU and the FNPP as a whole, from 2019 till present, operating experience has been accumulated and problem areas of equipment and system operation have been identified in the following areas [5]:
· replacement of internal devices of steam generators (SG);

· handling of fresh nuclear fuel; 

· elimination of structural and design shortcomings of FNPP equipment.

· handling of spent nuclear fuel;

· preparation for conducting intermediate-level maintenance of the FPU at its permanent base.
2. REPLACEMENT OF INTERNAL DEVICES OF RU-1 SG DURING THE PREVENTIVE MAINTENANCE IN 2023
During the operation of the FPU from 2019 to 2024, a beyond-design number of leaks occured in the tube systems of the internal devices of the steam generators (more than one heat exchange section every 2.5 years per tube system).

To restore the design characteristics of the FPU, replacement of internal devices of the steam generator has been planned and partially implemented. During the RU-1 preventive maintenance in 2023, two of four internal devices with leaking heat exchanger sections were replaced.
Their replacement was carried out using new manufactured equipment, which ensures the transportation of defective SG internal devices, cutting out the SG internal devices from the casing, welding work and transportation and technological operations with the equipment [6]. Transport and technological works on removal of internal devices from steam generators and installation of new SG internal devices were performed indirectly via storage container located in the refueling room with decontamination of SG internal devices in the CPS testing facility room.
To cut out internal devices from steam generator casings, special equipment has been manufactured. It ensures cutting out an internal device from the steam generator casing and welding a new internal device to the steam generator casing.
For the transportation of defective internal devices from the FPU, two containers (TUK-170) were manufactured. TUK-170 is designed and manufactured for transportation of defective SG-28s internal devices. Radiation safety during transportation is provided in compliance with the requirements of NP-053-16 regulations, SSR-6 (2013), OSPORB-99/2010, IMDG Code.
Characteristics of the TUK-170: 

· Package type according to NP-025-16 and IAEA SSR-6 regulations – Type А;
· Classification designation according to NP-016-06 – 3N;
· Radiation safety category according to NP-053-16 – 3 yellow (on the terms of exclusive use);
· Calculated weight of loaded TUK-170 – 30000 kg max;
· Tightness class according to GOST R 50.05.01.-2018 – 5;
· Designed service life – over 20 years;
· TUK height – 6.2 m;
· Diameter – 2.03 m.
3. DELIVERY TO THE FPU OF A NEW CORE SET TO THE FPU FOR RU-1 REFUELING
To organize the delivery of a new core set to the FPU and the subsequent refueling of RU-1, a plan was developed and implemented, including two logistics delivery schemes:

· delivery by sea vessel via the Northern Sea Route; 

· delivery by air and road transport.

In order to optimize costs for the combined delivery of fresh nuclear fuel (FNF), internal devices, equipment, and accessories for the replacement of SG internal devices, and to mitigate risks associated with the unavailability of the Pevek airport to receive an aircraft with the reactor core set.  The preferred delivery method in 2023 was chosen to be combined delivery by sea transport [7].
Characteristics of the core:

· Height – 1,200 mm;
· Circumscribed diameter – 1,220 mm;
· Weight – 5 t;
· Number of fuel assemblies – 121 pcs;

· Number of fuel rods – 8673 pcs;

· Fuel cladding – E110 zirconium alloy;

· Fuel – dispersed UO2 pellets in silumin matrix;

Thermal capacity – 150 MWt.
4. COMPOSITION AND HANDLING OF THE REACTOR CORE AT THE FPU
The equipment of the refueling complex, which is part of the nuclear power plant, ensures all transport and technological operations with nuclear materials within the nuclear facility, namely:
Schemes 1.2 Reception of fresh fuel assemblies on board of the FPU (from a sea vessel, from vehicles in the FPU transport corridor);

Scheme 3 Unloading spent fuel assemblies from the reactor core and loading them into cooling pool;
Scheme 4 Loading of fresh fuel assemblies into the reactor;
Scheme 5 Unloading spent fuel assemblies from the spent fuel pool and loading them into dry storage tank covers; 

Scheme 6 Unloading spent fuel assembly casings from the reactor core and loading them into the storage pool.
5. RU-1 REFUELING
The reloading of the FPU RU-1 reactor, combined with the replacement of steam generator internal devices, modernization, maintenance, and repair of FPU systems, was carried out during the scheduled preventive maintenance of 2023.

The scheduled period for the preventive maintenance was 211 days, from July 22, 2023, to February 3, 2024. Due to organizational and technical measures, the maintenance period was reduced by 46 days, from July 24, 2023, to December 19, 2023.

The increase in the time required to unload the reactor core from the RU-1 into the fuel storage tank (FST-1) by 3 calendar days was due to the refinement of the equipment ensuring reactor disassembly before unloading the spent fuel assemblies, as well as the lack of experience in performing reference works for unloading spent fuel assemblies from the reactor by the FPU operational services.

The reduction in the time for replacing the internal devices of the steam generators of RU-1 by 51 calendar days was achieved by organizing simultaneous works to cut out defective internal devices from the steam generator casings.

Additionally, based on the accumulated experience from loading fresh nuclear fuel into RU-1 and assembling the reactor during the comprehensive tests of the FPU's nuclear power facility in 2018, the period was optimized by 2 calendar days.

The accumulated experience of the 2023 FNPP maintenance gives the opportunity to reduce the duration of future preventive maintenance periods throughout the entire lifecycle of the FPU [8].

6. PROSPECTIVE DEVELOPMENT DIRECTIONS: DEVELOPMENT OF A NEW REACTOR CORE WITH INCREASED ENERGY RESERVES
In line with plans to increase electricity consumption in the Chaun-Bilibino energy hub and, consequently, to reduce the refueling interval, Rosenergoatom, Joint-Stock Company is considering the transition of FPU RU-1 and RU-2 reactors core with increased energy reserves.

This initiative will allow, with an average annual capacity factor of 64%, to increase the refueling interval of the KLT-40S reactors to 3.7 and 4.8 years, respectively. This is economically feasible given the territorial remoteness of the FNPP and the duration of reactor assembly and disassembly for core replacement (55-60 days), and it will ensure the energy security of the Chaun-Bilibino energy hub [9].
7. PROSPECTIVE DEVELOPMENT DIRECTIONS: CONDUCTING INTERMEDIATE-LEVEL MAINTENANCE OF THE FPU AT ITS BASE LOCATION
According to the technical design, the FPU intermediate-level maintenance should be carried out every 10-12 years of operation at a specialized shipbuilding or ship repair enterprise.
Due to the absence of replacement capacities for the FNPP during the FPU intermediate-level maintenance, there are plans to conduct this maintenance at its permanent base in the town of Pevek while continuing to generate electricity and heat “on board”.
To support this initiative, the following issues are being addressed:
· creation and optimization of transport and technological schemes for the unloading of spent nuclear fuel, liquid radioactive waste (LRW) and solid radioactive waste (SRW);

· construction of a multifunctional nuclear maintenance vessel (MSAT);

· development of advanced technologies for repairing the underwater part of the hull and bottom-side fittings of the FPU at the pier in Pevek town, as an alternative to dock repairs;

· development of technologies for replacing equipment at the FPU’s base [10].
8. PROSPECTIVE DEVELOPMENT DIRECTIONS: IMPLEMENTATION OF STRAIGHT-TUBE INTERNAL DEVICES FOR STEAM GENERATORS
This initiative aims to ensure:

(a) Increasing the service life and service life limit. 

(b) Reducing the number of replacements of steam generator internal devices over the life cycle. 

(c) Increasing the manufacturability of the device.

A comparison of the characteristics of the types of internal devices is presented in the table 1.

TABLE 1. THE CHARACTERISTICS OF THE TYPES OF SG INTERNAL DEVICES

	Name
	Internal device type

	
	Serpentine-tube
	Straight-tube

	Service life cycle of the steam generator tube system, years
	12
	20

	Number of SG tube systems during the life cycle of the FPU, pcs.
	24
	16

	Number of failed sections of the SG tube system, pcs
	1 section every 2.5 years per 1 tube system
	no more than 1 section per 20 years per  tube system


The table clearly shows the advantages of straight-tube internal devices compared to the serpantine-type internal devices currently in use, in terms of increasing the service life of the device by 8 years, reducing the number of device replacements over the FPU lifecycle from 24 to 16, as well as increasing the reliability of internal device tube systems.
The implementation of this initiative will reduce operating costs and provide a positive economic effect from its introduction over the horizon of 2032÷2060 [11].
9. CONCLUSIONS
The operational results are positive.

The analysis of the FNPP operating experience indicates the necessity of implementing the following measures:
Development of a new reactor core with increased energy reserves:
· Increase in energy reserves, service life and service life limit of the KLT-40S reactor cores;

· Transition to a longer fuel cycle;

· Reduction of refueling for RU-1 and RU-2;

· Reduction of power unit outages, increase in capacity factor (CF) and generation of electric and thermal power.
Prospective development and subsequent implementation of straight-tube internal devices in the steam generators of FPU RU-1 and RU-2 [12]:
· Increased reliability of the internal device tube systems;

· Reduction in the duration of intermediate-level maintenance for the FPU;

· Reduction in the number of internal device replacements over the FPU lifecycle;

· Reduction of power unit outages, increase in CF and generation of electric and thermal power.
Organization and conduct of intermediate-level maintenance of the FPU at its permanent base:
· Ensuring “on-board” generation of electric and thermal power;

· Eliminating risks associated with transporting the FPU in the Northern Sea Route waters;

· Development of the FNPP's own repair base.
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