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Abstract

Currently several projects have been implemented at Chornobyl NPP site to different degrees under support of international organizations IAEA, EBRD and EC on creation of such facilities as Liquid Radioactive Waste Processing Plant, Industrial Complex for Solid Radioactive Waste Management, Industrial Complex for Containers and Drums manufacturing (packaging kits for RAW), Facilities for Radioactively Contaminated Water and Liquid Radioactive Waste Purification from Organic Compounds and Transuranium Elements, New Safe Confinement.  These facilities are at different stages of commissioning or pre-commissioning with a gradual increasing of production capacity. IAEA technical cooperation projects have significantly contributed to developing approaches for "problem" Radioactive Waste streams management. Jointly strategic directions have been developed for management of radioactively contaminated waters containing organic compounds, radioactively contaminated graphite, and significant quantities of radioactive soil, and the level of radionuclide composition characterization in radioactive waste has been significantly increased. The paper provides more detailed information relevant to the radioactive waste management projects at Chornobyl NPP and the exchange of experience among the organizations involved in these projects.
1. INTRODUCTION
The accident at Chornobyl unit 4 in 1986 led to release of a significant amount of radionuclides into the environment and, to a significant extent, into the area around the plant. The subsequent elimination of this accident consequences consisted primarily in bringing the destroyed reactor to a safe condition. For this purpose, in 1986 the remains of the power unit were covered with a sarcophagus and it is now known as the "Shelter" object. This structure is not durable and to bring it into an environmentally safe system, the New Safe Confinement construction was completed in 2019, which will ensure Shelter object unstable structures dismantling and the Fuel Containing masses retrieval.
At the moment of the accident occurred in 1986, the Chornobyl NPP didn’t have any infrastructure for safe processing of radioactive waste. Elimination of the Chornobyl accident consequences resulted in accumulation of significant amounts of both liquid and solid RAW in temporary storage facilities at the Chornobyl site, and there was a need to create the facilities for their processing and to develop technologies for safe management of accidental radioactive waste, contaminated with transuranium elements.
During decommissioning of the remaining Chornobyl NPP units and auxiliary facilities, which have been contaminated since 1986, there is also a need to establish facilities to manage radioactively contaminated equipment and materials (metal, concrete, graphite), to release radioactive materials from regulatory control
Chornobyl NPP with the involvement of international technical assistance and with the support of international organizations IAEA, EBRD, EC has successfully implemented projects on creation of such facilities as Liquid Radioactive Waste Treatment Plant, Industrial Complex for Solid Radioactive Waste Management, Complex for the containers and drums (packaging kits for RAW) manufacturing, New Safe Confinement for the Shelter object, Facility for Radioactive Materials Release from Regulatory Control, etc.


2. Liquid Radioactive Waste Treatment Plant
Liquid Radioactive Waste Treatment Plant (LRTP) is intended for processing of liquid radioactive waste accumulated during ChNPP operation (including elimination of the Unit 4 accident consequences) and those generated during ChNPP decommissioning, as well as operational waste of the Shelter object.
Taking into account the lack of experience in RAW processing in Ukraine, within the framework of input data preparation for LRTP designing ChNPP has studied the world experience with the support of experts from Westinghouse and AMEC NNC, and LRAW treatment technology based on the cementation method was selected.
LRTP was constructed under the international technical assistance project of Nuclear Safety Account Grant #006, administered by the European Bank for Reconstruction and Development.
Liquid Radioactive Waste Treatment Plant is a complex facility providing LRAW retrieval from storage tanks, acceptance, preparation, volume reduction, solidification, packaging and temporary storage of conditioned LRW. LRTP facility is located within ChNPP industrial site, close to LRAW storage tanks and is connected with them by a process pipelines system.
Implementation of LRTP project started in 1999 under the Contract between ChNPP and a consortium consisting of: BELGATOM \ SGN \ FMECANNІCA Sp D'AZІ A ANSALDO NUCLEARE.
The contract was terminated in 2006 upon agreement of the parties due to repeated deadline delays and impossibility to increase the cost. Following the funding resumption in 2008, construction work resumed with involvement of new Contractors, and in 2018 LRTP has started the industrial operation phase of one of three types of LRAW – evaporated bottom. 
The second type of LRAW, spent ion exchange resins, contains significant transuranium element contamination, which required additional analysis in terms of its safe disposal. It is planned to start this LRAW type treatment after regulatory approval of the results of comprehensive active tests of LRTP in 2022.
The third type of LRAW, filter perlite and sludge, is an abrasive product causing the failure of the existing LRAW separator. Therefore, a decision was made to postpone the filter perlite treatment after the ion-exchange resin. At the moment European Commission's International Technical Assistance Project No. U4.01/14A "Specification of waste forms to allow safe treatment, storage and disposal of problematic radioactive wastes held at Ukrainian Nuclear Energy Facilities" is being implemented; the adjustment of technology for this "problematic" LRAW stream management is under development.
3. Industrial Complex for Solid Radioactive Waste Management
Industrial Complex for Solid Radioactive Waste Management (ICSRM) is intended for processing of solid and combustible liquid radioactive waste accumulated during Chornobyl NPP operation (including consequences of the accident elimination at Unit 4) and those formed in process of NPP decommissioning, as well as operational waste of the Shelter object.
ICSRM was constructed in the framework of an international technical assistance project funded by the European Commission under the TACIS Action Plan for 1996. 
Industrial Complex for Solid Radioactive Waste Management (ICSRM) is an integrated facility, providing storage, sorting, processing and immobilization of all SRAW categories and incineration of combustible Low-Level SRAW.
ICSRM consists of four separate SRAW management facilities, which are interconnected into a single technological cycle (Lots):
Lot 0 - Temporary Storage Facility for High Level Waste (HLW) and Low and Intermedium Level Long-Lived Waste (TS HLW & LIL-LLW), designed for temporary (up to 30 years) storage with subsequent transfer of TS HLW & LIL-LLW to geological disposal facilities to be constructed.
Lot 1 - Facility for retrieval of all categories solid radioactive waste from the Solid Waste Storage Facility (SWSF) located at ChNPPP site. Location: directly above the SRAW storage facility building. The facility allows removal of SRAW from SWSF compartments, primary sorting, fragmentation of large and long fragments, and preparation for waste batches transportation to the Solid Radioactive Waste Processing Plant (Lot 2).
Lot 2 - Solid Radioactive Waste Processing Plant (SRWPP) is located within the ChNPP industrial site near the existing SRAW storage facility and is connected to SRW Retrieval Facility by a process gallery. SRWPP provides the following functions: sorting of all SRAW categories (HLW, LIL-LLW and LIL-SLW); conditioning of HLW and LIL-LLW for temporary storage in Lot 0; sorting of LIL-SLW into combustible, compactable and non- compactable; SRAW compaction; combustible SRW and LRW incineration with further ash compaction; immobilization of processed SRAW by cementation in reinforced concrete containers KZ-3.
Lot 3 is Engineered Near-Surface Disposal Facility for Solid Low and Intermedium Level Short-Lived Waste. The location is the Vector complex site in the Exclusion Zone. Disposal facility is intended for disposal of radioactive waste processed at Lot-2 (in KZ-3 containers) and LRTP (in 200-l metal drums).
Implementation of ICSRM project was carried out under Contract between ChNPP and NUKEM Technologies GmbH.
Within the framework of this contract implementation, Lots 0 and 3 of ICSRM were commissioned in 2014 and 2008 respectively. Lots 1 and 2 passed two stages of hot tests, after which a deficiency was identified in terms of radionuclide composition characterization - the radiation process control system of SRPP is not able to measure neutron fluxes with necessary accuracy. Based on the results of additional investigation of the identified deficiency, a number of IAEA expert missions were carried out to review the approaches to characterization of SRAW radionuclide composition, and at the moment ChNPP has implemented a modification to introduce the radionuclide vector method, involving the preliminary characterization of SRAW with subsequent measurement of only main reference nuclides at SRWPP and calculation of the entire radionuclide composition based on SRAW characterization data.
The final stage of ICSRM hot test is planned for the second half of 2021, after that Lots 1 and 2 will be commissioned.
4. Complex for Manufacturing Steel Drums and Reinforced Concrete Containers (RAW packages)
Complex for Manufacturing of Metal Drums and Reinforced Concrete Transport Containers for radioactive waste storage (CMMD&RCC) is intended to produce packaging kits to support Radioactive Waste Management processes at the Chornobyl NPP.
CMMD&RCC project has been implemented under the International Technical Assistance Project No. U4.01/04W funded by the European Commission under the TACIS Programme. The facility was commissioned in 2012.
Complex for Manufacturing of Metal Drums and Reinforced Concrete Transport Containers for radioactive waste storage belongs to the infrastructure necessary for Chornobyl NPP decommissioning. It was necessitated by the Industrial Complex for Solid Radioactive Waste Management (ICSRM) and the Liquid Radioactive Waste Processing Plant (LRTP) construction and commissioning at Chornobyl NPP.
The complex as an integral part of the radioactive waste management program ensures safety of technological processes of RAW management during Radioactive Waste collection, transportation, storage, processing and disposal.
5. Purification facility for radioactively contaminated waters and liquid radioactive waste from TUE and organics
One of the most problematic issues of radioactive waste management at Chornobyl is presence of organic compounds in the radioactively contaminated water, used in response to the 1986 accident and currently continues to be used for dust suppression inside the Shelter. The mentioned dust suppressing compounds (DSC) are water soluble, which causes contamination of the Shelter facility drainage water, and their further presence in the evaporated bottoms. A feature of DSC is the possibility of their polymerization under condition of increased concentration and temperature inherent to the evaporation processes. This property leads to evaporators failure during their deep evaporation to a higher salt content.
To address this problem, a process to remove organic compounds and transuranium elements from the Shelter waters and from the stored evaporated bottom was successfully developed as part of a technical cooperation project with IAEA, with involvement of the experts from the Institute of Chemistry, Far East Branch of the Russian Academy of Sciences. The process has been successfully tested on a small scale in a pilot plant.
Based on the results of the pilot studies, European Commission (EC) has scheduled, in the framework of the Instrument for Nuclear Safety Cooperation Program (INSC), funding for 2011 and 2012 for the implementation of Project №U4.01/11C on creation of the Industrial Facility for the Shelter water and evaporated bottom purification from organic compounds and TUE (IFLRWP) at ChNPP site.
The project provides for creation of the facility, performing the function of preliminary treatment of Shelter waters and LRAW from TUE and DSC for further treatment of the purified product in the Special Water Treatment Facility and LRTP. The purification technology of the industrial facility is based on the application of methods: coagulation with subsequent filtration - for the Shelter waters and hydrothermal treatment - for the evaporated bottom.
In 2014, a contract was signed with NUKEM Technologies GmbH to implement this project, but due to limited funding, the project has only been partially implemented - the design stage has been completed. Implementation of the next stage is pending.
6. Facility for free Release of Materials from Regulatory Control
The project for the Facility for Free Release of Radioactive Materials from Regulatory Control is funded by the European Commission under the Instrument for Nuclear Safety Cooperation Programme (INSC) for 2011.
The overall objective of the project is to improve the safety and cost-effectiveness of all types radioactive material management and to take all possible measures to reduce the waste volume.
As part of this project, taking into account the experience of other countries, the methods for radioactive materials free release from regulatory control have been analysed, a methodology and techniques for release from regulatory control have been developed for ChNPP, and pilot operation of the facility is underway. The first batches of decontaminated metal are expected to be released in the 4th quarter of 2021.
7. New Safe Confinement
The Shelter has been constructed under very tight terms to allow the destroyed reactor to be preserved as quickly as possible. At the same time, taking into account the radiation situation and the need to protect personnel, the work was carried out without compliance with traditional norms of nuclear facilities designing, construction and commissioning. The building structures of the Shelter are a combination of the “old” structures of the destroyed Unit 4 and the "new" structures built after the accident. They do not meet the requirements of the normative and technical safety documents in terms of structural integrity and reliability. This makes it impossible to determine its service life, and subsequent surveys have shown that a significant reduction of the shelter hazard is possible only as a result of the construction of a new containment structure over the facility - the New Safe Confinement (NSC).
The New Safe Confinement project has become one of the most significant projects at the Chornobyl site. The NSC is 257 m wide, 108 m high and 162 m long.
NSC project is part of one of the stages of the “Shelter Implementation Plan” into an environmentally safe system. This Plan involves sequential implementation of the stages: Stabilization (stabilization of the current Shelter object), Preparation for Transformation (creation of additional protective barriers, dismantling of unstable structures, preparation of infrastructure for RAW management and fuel-containing mass retrieval), and Transformation itself (fuel-containing mass and radioactive waste retrieval and disposal).
During 2004 - 2008 the stabilization phase was implemented, which allowed the safe operation of the Shelter facility to be extended until 2023.
Stabilization stage was implemented during 2004 - 2008, that allowed the safe operation of the Shelter object to be extended until 2023.
In 2019, 45 donor countries joined efforts with Ukraine to construct NSC and more than €1.5 billion of funding for the project was collected. A total of 10,000 workers from 40 countries were involved in the project.
As a result, NSC erection had a positive impact on the radiation situation around ChNPP and on the environment in general. According to gamma radiation measurements the levels in the former Arch construction zone, radiation levels decreased by an average of 10 times. The Arch also protect the Shelter facility from the atmospheric precipitations. In comparison, the amount of radioactively contaminated water pumped from the Shelter during the first half of 2017 decreased on average by more than 4 times compared to the same periods of previous years. In addition, the release of radioactive aerosols through cracks in the Shelter has also decreased. NSC made it impossible for the direct influence of sunlight and wind on the Shelter, which created air flows inside the Shelter and carried radioactive aerosols outside. The total volume of releases was reduced by an average of 5 times.
8. IAEA Technical Cooperation projects
Radioactively Contaminated Waters Management
From 2009 to 2012, pilot tests on treatment of radioactively contaminated water from the Shelter object and evaporated bottom containing TUE and organic compounds were carried out at ChNPP site under IAEA project UKR3003. These tests were implemented jointly with IAEA technical experts, in the process of these tests the technology of RCW treatment from TUE and organic compounds using the precipitation method was identified, and the technology of sludge treatment using the hydrothermal method was tested.  The testing of these technologies became the basis for the design of the Industrial Facility for treatment of the Shelter water and LRAW from TUEs and organic compounds at ChNPP. Within the subsequent period in 2016-2018 the works were performed to determine the acceptability of the secondary waste form from the Industrial Facility for treatment and disposal. Based on the results of these activities, the methods of LRAW treatment were specified and the volumes of expected RAW were significantly reduced.
Also, taking into account the technical changes at ChNPP site, occurred since the last power Unit shutdown in 2000, it has become necessary to review the whole Radioactive Water Management System at SSE ChNPP, since the volumes of RCW generation were no longer consistent with the capacity of existing evaporation units, and energy costs have increased significantly. During the IAEA expert mission in 2016, a simplified RCW treatment scheme was developed based on filtration and distillation methods. In 2021, ChNPP started to implement the adjustment of RCW treatment system with use of vacuum evaporators.
Radioactively Contaminated Graphite Management
[bookmark: _Hlk536004453]To date, in the world practice there is no unambiguous solution relevant to Radioactive Graphite Management, despite the fact that there are quite intensive scientific developments in field of the graphite management, aimed at finding technically and economically justified methods of the Radioactive Graphite management. At the same time, the following are being investigated:
methods of engineering barriers creation for long-term storage of graphite in the form of solid RAW;
methods of chemical transformation of the graphite in order to separate dose-forming isotopes and reduce volumes for further storage.
The major part of Radioactive Graphite from ChNPP in the form of reactor cladding, in accordance with the Decommissioning Strategy, will be enclosed in a “preservation zone” for long-term safe enclosure, but the remaining part in the form of channel graphite is to be retrieved and processed in preparation for preservation.
Approaches to the channel graphite management and characterization at Chornobyl NPP were addressed during the workshops organized by IAEA in 2017-2019. Based on the results of these workshops, recommendations for Graphite characterization and temporary storage (up to 30 years) at the Chornobyl site have been developed.
Radioactively Contaminated Soils Management
During the New Safe Confinement construction more than 125 000 m3 of radioactively contaminated soil was formed, which, taking into account the contamination levels at large areas around ChNPP site, was placed for temporary storage 5 km from ChNPP at the so-called Technological Materials Temporary Storage Site (TMTSS). Part of this soil was used for backfilling during excavations.
After NSC construction about 20 000 m3 of the most contaminated material was disposed in special surface storage at the Exclusion Zone territory and 100 000 m3 of technological materials remain at temporary storage at TMTSS. Necessary storage facility to dispose the rest of the technological materials is not available.
In 2019, during IAEA expert mission regarding the decisions on further management of the technological materials, the decision of ChNPP to extend the storage of these materials at TMTSS was addressed and a number of recommendations on the Radiation Safety Measures improvement for such storage were developed. Currently, ChNPP has developed a decision with the Action Plan for further safe storage of the accumulated materials and approval from the regulatory authorities of Ukraine is awaited.
RAW characterization
After the accident at Unit 4, many scientific institutes and specialized companies were involved in the emergency response to the accident; they used their developments to localize the consequences of the accident. Chemical agent and reagents as well as unknown materials, which are present now in RWDS, have been used. Characterization of this type of accidental waste requires a special approach and joint study. Therefore, Chornobyl NPP actively cooperates with IAEA in this area and organized a number of workshops and staff training involving specialists, specialized enterprises and companies.
In September 2019 the workshop within IAEA project UKR 9/038 was organized at Chornobyl NPP to gain experience in RAW management and to obtain information on modern methods related to the liquid, solid and accidental RAW characterization.
This workshop elaborated the close links between Waste Acceptance Criteria and the waste characterization and pre-disposal stages. The main focus was on the identification of Long Lived Difficult to Measure radionuclides and, in particular, on justification for a differentiated approach and links to international experience.
Practical examples of the post-accident situation at the Chornobyl NPP were presented and the need for extensive use of process knowledge as a very important tool, or characterization of the waste arising from the accident, was pointed out.
Supply of equipment
Cooperation between ChNPP and IAEA is also implemented in the framework of international assistance for procurement of equipment and materials to implement the projects and the programs related to RAW management. Particularly, in the framework of the testing of sedimentation purification scheme for Shelter object water and ChNPP evaporated bottom purification from dust suppression emulsion and transuranium elements, in 2010 and 2011 equipment was purchased under the IAEA Project UKR3003 for pilot facility installation. This equipment is currently being actively used to test methods for the RCW and LRAW management.
In 2015, the Raddec PYROLYSER-2 Trio System laboratory unit was purchased for Chornobyl NPP as part of international assistance from IAEA to solve problems in the field of RAW management. The main purpose of this equipment is to prepare radioactive samples and identify Difficult to measure radionuclides (14C, 3H, 36Cl). At the present time the adapted documentation on the safe operation of this unit at Chornobyl NPP was developed and the activity was implemented to extract 14C, 3H, 36Cl radionuclides from metal samples. Work with irradiated graphite samples is planned in the nearest future.
In 2019, a Stereozoom S9i digital stereo microscope was purchased as part of the IAEA international assistance project UKR9038. The basis for procurement of this equipment was laboratory research in field of radioactive waste management in order to visually study physical and chemical processes and samples with the possibility of video and photo recording of material for further study and analysis together with representatives of scientific institutes. Due to this equipment, Chornobyl NPP has determined the processes taking place during the hydrothermal treatment of the evaporated bottom containing dust suppression compound. Sediments on the heat and mechanical equipment and the presence of sludge in the spent ion exchange resins and filter-perlite pulp were analyzed.
Implementation of IAEA project UKR9040 is ongoing. At the moment under this project delivery of a set of equipment, consumables and manuals is awaited for the radiochemical separation of difficult to measure radionuclides and their specific activity measurement using radiometric equipment. The approach to measurement of alpha nuclides specific activity in RAW at Chornobyl NPP is presently limited by mass spectrometer with inductively coupled plasma using developed and approved methods. Unfortunately, this approach can be considered only for identification of radionuclides with high activity and error. Identification of radionuclides with low activity, which the Chornobyl NPP encountered in the accidental SRAW charaterization, this method is not suitable. Delivery of a set of equipment for alpha radionuclides chemical separation will allow the Chornobyl NPP to determine an individual approach to each group of alpha nuclides and obtain initial data on the content of difficult to measure radionuclides for each RAW stream.
Training courses
With IAEA international assistance activities were organized at ChNPP and Ignalina NPP as part of experience exchange and training of Chornobyl NPP personnel in up-to-date methods of difficult to measure radionuclides detection in RAW samples,.
In 2018-2019, IAEA engaged LOKMIS (Lithuania) to provide training to Chornobyl NPP personnel in operation and maintenance of Agilent 7500CS inductively coupled plasma (ICP MS) mass spectrometer as well as an Agilent 1200 Series high performance liquid chromatograph (HPLC).  This training included a short course on the theoretical basics in mass spectrometry and practical use of the equipment in LRAW characterization, including analysis of the results obtained and maintenance of the equipment.
In 2019, as part of IAEA project UKR 9038, specialists from Chornobyl NPP visited Ignalina NPP for training in RAW characterization. During the fellowship RAW sampling activities were studied and analyzed in practice. Additional knowledge was obtained in sample preparation and radiochemical analysis of standard and emergency RAW samples. On-job training was realized in radionuclide activity measurement using spectrometric equipment and in equipment maintenance.
This fellowship enabled Chornobyl NPP to exchange experience, obtain information regarding Ignalina NPP approaches and best international practice in RAW characterization, to analyze the obtained information and to start optimal implementation of this approach in the complex of RAW management measures at Chornobyl NPP.
9. Conclusion
In summary it should be pointed out, that namely international cooperation played a key role in the development of the radioactive waste management system at the Chornobyl NPP. When implementing the above projects and choosing the technologies for radioactive waste management the exchange of experience between organizations possessing the experience in similar radioactive waste streams management  and scientific developments in this area was an undoubted factor in the successful implementation. Taking into account the lack of necessary experience among the Ukrainian organizations, considerable assistance was provided at the international level.
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