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Preface 
Experience has shown that it is essential to start with preparations for decommissioning at a very early 
stage, at best during the design stage of the facility, and at least during the operational stage. Planning is 
a key issue to minimize delays and undue costs; to optimise personnel and other resources; and to initiate 
preparatory activities for decommissioning in a planned, timely and cost-effective manner, with the overall 
objective of ensuring safe and efficient decommissioning. 

This report summarizes the experiences and lessons learned that VTT Technical Research Centre of 
Finland has accumulated to date from the transition of the Finnish research reactor FiR 1 from operation 
into decommissioning. The report focuses to the period of about 10 years starting from re-licensing in 
2011, followed by shutdown decision, Environmental Impact Assessment for decommissioning, planning 
licensing and contracting of decommissioning, necessary organizational changes and competence 
management, and completed decommissioning actions to date. 

The case study is motivated by the International Atomic Agency IAEA’s request to VTT to prepare such a 
case study. The aim is to contribute to IAEA’s initiative on providing guidance on the consideration of 
decommissioning aspects to the designers and operators of research reactors. IAEA has under elaboration 
a Technical Report Series (TRS) publication on Considerations on Decommissioning in the Design and 
Operation of Research Reactors (tentative title). Accordingly, the structure of the report is as suggested 
by the initiative coordinators. IAEA may use the content as such or in an edited format as an Appendix of 
the TRS publication. 

Parts of the content have been previously published by the authors in [Airila et al. 2015, 2020, 2021a, 
2021b, Auterinen & Kivelä 2011]. 

The work reported herein is a team effort, which we have only written up on behalf of our present and 
former VTT colleagues, so there’s a good reason to write a long paragraph of acknowledgements. 
Contributors in the decommissioning phase include Eric Dorval, Aku Itälä, Joonas Järvinen, Emmi 
Myllykylä, Esko Ruokola, Merja Tanhua-Tyrkkö, Olli Vilkamo, Merja Airola, Kim Calonius, Asta Forsell, 
Juha Forsström, Tuukka Hahl, Jouni Hokkinen, Silja Häkkinen, Mikko Ilvonen, Anne Kemppainen, Emma 
Kleemola, Virpi Kupiainen, Topias Käyhkö, Maarit Lahti, Tiina Lavonen, Jari Likonen, Nora Pyhälammi, 
Tuuli Raatikainen, Jukka Rossi, Erja Schlesier, Jarmo Siivinen, Vesa Suolanen, Susanna Teppola, Kaupo 
Viitanen, Pekka Viitanen, Christina Vähävaara, Marja Ylönen, and many others including all our 
supervisors at VTT. Our long partnership with Anni Jaarinen, Matti Kaisanlahti, Antti Ketolainen, Petra 
Lundström, Ville Oinonen, Jukka Rahnasto and their colleagues at Fortum, as well as with Tapio Lahtinen 
and Uttrang Thor-Touch from PTC Services during 2019–20 greatly advanced the licensing, vital for VTT’s 
project. While the Finnish authorities MEAE and STUK are demanding, we at VTT want to acknowledge 
their solution-oriented attitude and willingness to exchange constructive feedback. Moreover, we at VTT 
are grateful for the various ways of support that our project has received from other domestic and 
international stakeholders. 
 

 

Espoo, Finland, 31.1.2022 

 

Authors 
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1. Introduction 
Finland’s only research reactor FiR 1, a 250 kW TRIGA Mk II open-tank reactor, was operated from March 
1962 until its permanent shutdown in June 2015 (see Figure 1). The reactor is now defueled and in a 
permanent shutdown state, the technical maintenance and security surveillance of the reactor and the 
premises continuing. Preparations for decommissioning are close to completion. In June 2021, the 
Government of Finland granted, following the Nuclear Energy Act [Nuclear Energy Act 1987], Finland’s 
first nuclear decommissioning licence to the operator, VTT Technical Research Centre of Finland Ltd, for 
decommissioning FiR 1.  

 

Figure 1. Reactor operator just about to shut down FiR 1 for the last time on 30 June 2015. At the end of 
the same year, the core was made permanently subcritical by removing a sufficient number of fuel 
elements. 

In this Case Study, we will (i) review the activities performed prior to decommissioning in the design, 
operation and maintenance of FiR 1, including spent fuel management; (ii) describe the reactor’s technical 
characteristics, past activities, and radioactive inventories; (iii) review the organizational and management 
activities between shutdown and decommissioning; and (iv) review VTT’s experiences and lessons 
learned concerning the decommissioning. 

In this Section, we summarize the uses of FiR 1 over the reactor lifespan, reasons for and implications of 
the decision to shut the unit, ageing management after the shutdown decision, and the arrangement for 
spent fuel management. 

1.1 Early history 

The reactor was purchased through an agreement between the International Atomic Energy Agency 
(IAEA) and the government of Finland for assistance by the agency to Finland in establishing a research 
reactor project. The purchasing contract between General Atomics and the Government of Finland was 
signed May 30th 1960. The fuel for the reactor was purchased through four Supply Agreements between 
the IAEA, the Government of Finland and the Government of the United States of America. The first 
agreement entered into force on 30 December 1960 and the fourth on 27 November 1969. The last fuel 
delivery arrived at the reactor January 4th 1971. All fuel is 19,9% enriched uranium. The FiR 1 reactor 
project at the IAEA was the first one concluded in this trilateral form and formed the prototype for next 
research reactor projects. [Auterinen 2015] 

FiR 1 was started ceremonially in the Otaniemi campus in Espoo on 31 August 1962 (the first criticality 
was achieved earlier on 27 March 1962). The opening culminated in a power pulse launched by Urho 
Kekkonen, the long-standing president of Finland. The 1960’s was a decade of training and basic research 
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in reactor physics and formed the basis for all upcoming operations. The facility acted as a central place 
of training for the key persons of the two Finnish nuclear power companies IVO (later Fortum) and TVO 
that started their power generating units Loviisa 1–2 and Olkiluoto 1–2, respectively, during years 1977–
1980. 

The most remarkable project in the early years was the power upgrade from 100 kW to 250 kW in 1967. 
The motivation for the project was not to increase the thermal power but specifically the neutron flux in 
order to carry out all irradiations in a shorter time, and a flux level of 1013 n/cm2s was achieved. At the 
beginning of the power upgrade project the whole power range up to 1 MW was considered, but model 
calculations, supported by indirect measurements, showed that the durability of aluminium-cladded fuel 
elements poses a significantly lower limit for safe operation. Power levels up to 318 kW were tested in 
February 1966 and a new nominal power of 250 kW was confirmed safe [Hiismäki 1999]. 

 
Figure 2. The core of FiR 1 in operation. 

In the 1970’s neutron activation analysis was developed intensively by installing sample changers and 
automatic gamma spectrometers with analysis software for instrumental multi-element analysis [Lipponen 
& Rosenberg 1988]. For uranium ore prospecting a rapid pneumatic transfer irradiation system with 
delayed neutron counting was developed [Rosenberg et al. 1977]. The activity evolved into a cost-effective 
service for companies carrying out ore exploration in Finland and Sweden, and in particular for the broad 
geochemical survey carried out by GTK (Geological Survey of Finland). The number of samples analysed 
annually approached 50,000 and the developed technology was also exported to some other countries. 
The analysis of some lunar samples from Apollo 12 were trusted to FiR 1 [Rosenberg 1971]. 

In the 1970’s  the first version of a reverse time-of-flight diffractometer (ACTACUS) was developed and in 
the 1980’s in collaboration with the nuclear physics institute of Leningrad a novel system based on a 
Fourier chopper and dedicated electronics was constructed. One of these devices is still in use at JINR in 
Dubna, Russia (HRFD). [Balagurov et al. 2015] 

In 1981, to enable reliable operation for another 10 to 20 years, a renewal of the reactor control 
instrumentation was carried out in cooperation with the Central Research Institute for Physics (KFKI) at 
the Hungarian Academy of Sciences, which delivered the nuclear part of the instrumentation and with the 
Finnish company Valmet Oy instrument works, which delivered the conventional instrumentation, including 
the automatic power control system and the control console. [Bärs & Kåll 1982] 
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1.2 Development of BNCT at FiR 1 

A major upgrade took place in the 1990’s when the reactor was complemented with radiotherapy 
equipment [Auterinen et al. 2001, Auterinen & Salmenhaara 2008a,b]. The goal was to achieve an 
intensive and clean epithermal neutron beam for Boron Neutron Capture Therapy (BNCT). Due to the low 
power level of the reactor, the treatment aperture had to be positioned as close to the core as possible to 
obtain sufficient beam intensity for practical treatments. This was realized by removing the thermal column 
and part of the concrete shielding of the reactor to release space for the treatment station, see Figure 3. 
The loading of the core was modified to maximize the flux towards the aperture. The vicinity of the aperture 
to the core required the development of an optimal moderator material that could sufficiently reduce the 
dose from direct gamma radiation and fast neutrons. Materials screening led to the observation that 
aluminium and fluorine would form an effective epithermal moderator. The development yielded the 
FLUENTAL™ moderator consisting of 69% aluminium fluoride, 30% metallic aluminium and 1% lithium 
fluoride for absorbing thermal neutrons. The constituents were combined into a metal-ceramic product 
(density 3 g/cm3) by hot isostatic pressing. VTT has delivered this patented BNCT material to the UK, 
Taiwan and three BNCT projects in the US. 

Clinical trials showed especially with head and neck tumours improved tumour control and survival of the 
patients [Kankaanranta et al. 2012]. BNCT treatments at FiR 1 conducted in collaboration with Boneca Ltd 
and Helsinki University Central Hospital were included in the national healthcare service system. 
Unfortunately this radiotherapy service ended in the bankruptcy of the Boneca Ltd, which organised the 
treatments, in January 2012. Totally over 300 patient irradiations were given at FiR 1. 

 
Figure 3. Schematic of FiR 1 with the BNCT treatment facility. 

Due to the BNCT project, FiR 1 became an important research and education unit for medical physics. 
Since the early 1990’s several graduate and postgraduate students from the medical physics program of 
the University of Helsinki worked at the facility and were credited up to one year of required hands-on 
experience for the hospital physicist exam. Research projects included dosimetry, radiation transport 
modelling, treatment planning, prompt-gamma imaging and other medical physics aspects of BNCT.  
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1.3 Isotope production for industry and medicine, education, and other 
service activities during the last years of operation 

The main use of the reactor after end of the BNCT treatments in 2012 was radioisotope (82Br, 24Na and 
140La) production for tracer studies in industry. The applications of the isotopes are calibrations of liquid or 
gas flow meters and analysis of disturbances in chemical or other processes. The total yearly production 
was between 3 and 4 TBq. Earlier also 153Sm was produced for bone cancer treatment and 165Dy for 
treatment of arthritis. The spin-off company established at the reactor in 1999, MAP Medical Technologies, 
has been successful but relies now on other sources for its radioisotopes, the accelerator at the Jyväskylä 
University in central Finland and international radioisotope producers. 

Neutrons from FiR 1 were also used for testing of scientific equipment. Neutron-tolerant MEMS (Micro 
Electro Mechanical System) magnetometers for the ITER fusion reactor and new radiation detection and 
imaging devices were tested by irradiating them in the reactor.  

Activation analysis was used for only some exotic applications like nuclear power plant accident studies 
and nanoparticles for radiotherapy development. 

Aalto University had yearly two courses for technical physics and energy technology students in reactor 
and neutron physics that utilized the reactor. One-day intensive courses with hands-on exercises, or 
demonstrations and excursions in connection to longer lecture courses, were organised also for students 
of Lappeenranta University for Technology and the personnel of nuclear power companies. In particular, 
the number of Swedish nuclear professionals trained at FiR 1 in 2007–2014 is over 300. Now this kind of 
training is organised in other European sites, e.g. in Czech Republic. 

The capacity factor of FiR 1 over the whole lifespan is shown in Figure 4. During the last years the total 
operating costs of FiR 1 were in the range of half a million € annually, including all personnel costs of the 
whole reactor organization as well as cost of premises. 

 
Figure 4. Capacity factor [Left axis: annual thermal output / (nominal power x 1840 h); Right axis: annual 
thermal output / (nominal power x 8760 h)] of FiR 1 during 1962-2015. The reactor was operated practically 
full office time until 1994. BNCT operations in 1999-2012 involved only short uptime of 20-60 min per 
patient, which shows as a significantly lower capacity factor. 

1.4 Ageing management 

Nuclear energy legislation in Finland requires that also a research reactor shall have a document 
describing ageing management. At FiR 1, the IAEA draft safety guide DS412 Ageing Management for 
Research Reactors was used in creating the ageing management system at FiR 1 prior to the license 
renewal in 2011. The work included extension and improvement of inspection and service procedures, 
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creation of an obsolescence management system for the systems, structures, and components (SSC´s) 
and identification of the SSC´s important to safety and reliable operation of the reactor as well as their 
degradation processes that affect safety and reliability [Auterinen & Kivelä 2011].  

The ageing management system includes procedures for detection and assessment of ageing effects as 
well as for prevention and mitigation of ageing effects. To improve the ageing management the quarterly 
and yearly inspections were extended to all SSC´s and the data logging was improved to aid the analysis 
of the ageing process. The inspection of the reactor tank walls and beam tubes includes a wider selection 
of methods and the number of inspection points was increased. 

The introduction of the ageing management program for FiR 1 almost coincidences in time with the 
decision to shut down the reactor, but the two events were not related. In fact, at the end of 2011, VTT 
was granted a new operating license that would have been valid until the end of 2023. The shutdown 
decision came soon after in July 2012, since the company responsible for BNCT treatments was declared 
bankrupt. Despite the sudden change of plans, VTT has continued implementing the ageing management 
program also in the permanent shutdown state to maintain a good condition of all SSC’s. 

1.5 Shipping of FiR 1 irradiated fuel for re-use in the United States 

The amount of irradiated fuel at FiR 1 after operation from 1962 to 2015 was 103 elements (about 15 kg 
U of which 3 kg 235U). The fuel was subject to the return programme of US DOE, which was set to expire 
in May 2019 but was extended to May 2029 just before its expiry.  The primary scenario for disposal of the 
nuclear fuel was to send it to Idaho National Laboratory (INL) in the USA where similar batches of nuclear 
fuel from TRIGA research reactors have previously been returned from various countries. The programme 
has, however, been halted from 2014 as Idaho State is blocking all nuclear waste transports to INL due 
breaches of Idaho Settlement Agreement. Since fuel removal from the site is such a key step in 
decommissioning, this blockage was a long-standing challenge for VTT in planning, licensing and 
contracting the following phases. 

VTT considered US return as the primary option for spent fuel and constantly maintained the possibility 
since 1981. Even the timing of the permanent shutdown of FiR 1 was decided such that it fulfilled the fuel 
return programme requirements (i.e., before May 2016). In parallel, VTT maintained a secondary option – 
final disposal in Finland, which would however have required proper additional licensing of the 
encapsulation and spent fuel disposal facilities that are now under construction by Posiva in Olkiluoto, 
Western coast of Finland. 

In July 2020, the U.S. Geological Survey (USGS) in Denver, Colorado, informed VTT that USGS would 
need additional fuel to continue operating its reactor. As the production of suitable fuel had been 
suspended for several years and was not available on the market, it was of mutual benefit for both parties 
that used FiR 1 fuel would be transferred to the USGS for further use in its reactor. The fuel has a 
remarkable remaining utility value, the maximum burnup being about 24%. At the end of operation, the 
United States Department of Energy will take care of the fuel. 

The contract for the supply of used fuel was concluded in November 2020, and VTT arranged for the safe 
international transport of the fuel from Espoo, Finland to the USGS with support from Edlow International 
Company. The transport of fuel by road and sea was supervised by the Finnish Radiation and Nuclear 
Safety Authority (STUK) and USA regulatory and safety authorities. In January 2021, the USGS received 
all the irradiated fuel from FiR 1.  

Arranging for cooperative international spent fuel management abroad is an exception permitted by the 
Nuclear Energy Act. Before sending the fuel abroad, Finland received a report from the USA authorities 
on their commitment to the management of the fuel batch. It is planned that when the USGS ceases to 
use its reactor, all its irradiated fuel will be delivered to INL. 



 RESEARCH REPORT VTT-R-00090-22 
10 (24) 

 
 

 

2. Description of the FiR 1 reactor 

2.1 Technical characteristics 

The supplier, General Atomics, has designed the TRIGA reactors for use in university environments. The 
name TRIGA comes from Training Research Isotopes General Atomics. Also FiR 1 was originally in the 
possession of Helsinki University of Technology (which became the Aalto University in 2010), but it was 
transferred to VTT Technical Research Centre of Finland by government decision in 1971. In this Section, 
we summarize the reactor design with its unique characteristics and the extensive characterization that 
has been done in order to collect reliable background data for the planning of dismantling, nuclear waste 
management and all related project activities. The main nuclear characteristics of the FiR 1 reactor are 
listed in Table 1. 

Table 1. Main nuclear characteristics of the FiR 1 reactor. 

Type TRIGA Mk II (open tank reactor with graphite 
reflector) 

Maximum steady-state thermal power 250 kW 
Maximum pulse power (duration 30 ms) 250 MW 
Maximum excess reactivity 4 $ 
Maximum thermal neutron flux 1.0 × 1013 n/cm2s 
Fuel composition Uranium-zirconium hydride 

(about 8 % U, 91 % Zr, 1 % H in weight) 
Uranium enrichment 19,9 % 
Core loading 2.7 kg 235U (13.7 kg U) 
Fuel element cladding 0.76 mm aluminium or 0.5 mm stainless steel 
Dimensions of the active configuration 355 mm × 436 mm (height × diameter) 
Control rods Three boron carbide rods, one boron graphite rod 

(pulse rod) 
 

2.2 Estimate of radioactive materials and waste generation 

2.2.1 Overview of waste characterization strategy 

We present here in more detail our approach to activity characterization, since it provides the basis for 
waste management planning and cost estimation and has been the most valuable single set of input data 
for several purposes. Updating the activity inventories regularly during reactor operation is especially 
important with research reactors, since their operating history typically contains different applications and 
modifications to the reactor structures. Data on e.g. operating hours in each configuration and activating 
impurities in the reactor structures can easily be lost, if future decommissioning is not taken into account 
early enough. Figure 5 illustrates the progress of characterization process throughout a decommissioning 
project phases.  

VTT’s waste management is based on nuclide vectors and the scaling matrix approach. Material-wise 
nuclide vectors will be applied during the dismantling as presented in Figure 6. Characterization work in 
2015–2020 has focused on validating the calculated results by collecting samples from different materials. 
An important limiting factor has been that since the spent fuel was still in the reactor core in 2015–2020, 
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samples could be drilled only from the low active outer areas of the reactor, to avoid damaging the tank or 
core structures (Figure 7). 

 

Figure 5: Progress of characterization throughout the project phases. 

2.2.2 Activity calculations and formation of nuclide vectors 

In the preliminary phase, VTT conducted activity calculations using a model that combined several MCNP 
neutron flux models representing different reactor operation phases to ORIGEN-S point-kinetic 
calculations to take into account the operation hours in each configuration. Since this model assumes that 
the target is mathematically homogeneous, the ORIGEN-S calculations were repeated for all the reactor 
main components and structures separately [Kotiluoto & Räty 2015, Räty & Kotiluoto 2016, Räty 2020]. 
These results were used in the preliminary waste estimates and dismantling plan. 

VTT-Fortum contract in 2020 (see Section 3.4) has enabled setting Loviisa NPP waste acceptance criteria 
as boundary conditions to waste management planning. Therefore, forming the validated nuclide vector 
has been set to follow ISO 21238:2007 standard [ISO 2007] and special challenges related to especially 
waste final disposal can be discussed directly with the final repository facility owner.  

 

Figure 6: Waste classification using nuclide vectors. Here ICP-MS = Inductively Coupled Plasma Mass 
Spectrometry and LSC = Liquid Scintillation Counting. 
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