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Preface
Finnish Ministry of Employment and the Economy appointed in December 2009 the
Planning Group with mandate to compose a proposal for the continuation of national
nuclear safety research after current SAFIR2010 programme (2007–2010). According
to its mandate, the Planning Group complemented itself with experts.
SAFIR2014 Planning Group was formed by Section Head Risto Sairanen (Finnish
Nuclear Safety Authority, STUK) who acted as chairperson, and members Chief Engineer Jorma Aurela (Ministry of Employment and the Economy), Councellor Jaana
Avolahti (Ministry of Employment and the Economy), Assistant Director Keijo Valtonen (STUK), Senior Technology Adviser Hannu Juuso (Tekes), Professor Anneli
Leppänen (Finnish Institution of Occupational Health), Professor Riitta Kyrki-Rajamäki (Lappeenranta Technical University), Senior Research Scientist Heikki Purhonen (Lappeenranta Technical University), Professor Rainer Salomaa (Aalto University), Professor Hannu Hänninen (Aalto University), Advisor Sami Hautakangas (Fortum), Senior engineer Ritva Korhonen (Fortum), Chief Nuclear Officer Juhani Hyvärinen (Fennovoima Oy), Human Resources Director Nina Koivula (Fennovoima Oy),
R&D Manager Liisa Heikinheimo (Teollisuuden Voima Oyj), Section Head Juha Poikolainen (Teollisuuden Voima Oyj), Technology Manager Timo Vanttola (VTT), Technology Manager Pentti Kauppinen (VTT), SAFIR2010 Programme Director Eija Karita
Puska (VTT) and PhD Kaisa Simola (VTT), who will be SAFIR2014 Programme Director. The last mentioned acted as a secretary of the group.
The objective of the task group was to compose a proposal for the framework plan
of the forthcoming national nuclear power plant safety research programme and a
proposal for the organisation of the programme. The task group heard, according to
its mandate, also other experts of this area by organising a strategy seminar.
The task group is grateful especially to the experts of the Reference Groups of
SAFIR2010 programme projects and researchers who gave their valuable contribution to the planning of the new programme.

October 2010, Helsinki
Ministry of Employment and the Economy
Energy Department
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1 Introduction
The Ministry of Employment and the Economy is initiating a four-year national
technical and scientific research programme on the safety of nuclear power plants
to take place between 2011 and 2014 [1]. The new programme is a continuation of
earlier government-led nuclear safety programmes that have proven their worth in
maintaining and developing know-how. The safety research programme is heavily
based on Chapter 7a (“Ensuring availability of expertise”) of the Finnish Nuclear
Energy Act. In essence, the programme covers the themes of the SAFIR2010 programme, which will end in 2010 [2, 3]. The programme is funded by the State Nuclear
Waste Management Fund (VYR), as well as other key organisations operating in the
area of nuclear energy. The annual funding of the SAFIR programme has been approximately EUR 7 million per year, but Government decisions-in-principle confirmed by
Parliament signify a sizeable rise in funding from VYR as compared to the SAFIR2010
programme. The new programme also aims for the funding from other nuclear organisations to remain constant or to increase slightly from SAFIR2010. The abbreviation SAFIR2014 is used for the new research programme.
The planning period for the national research programme on nuclear power plant
safety up to 2014 involves several licence procedures for new and existing power
plants: the automation for plant units Loviisa 1 and 2 is to be modernised, an operating licence application will be made for Olkiluoto 3, and construction licence applications will be made for new nuclear power plant projects. A construction licence
application will also be made for a spent fuel final disposal facility. These processes
are reflected in many ways on national safety research. Expertise developed in publicly funded research programmes is applied to the licensing processes.
As new plant projects start up, more expert resources are needed. The construction of the new plant unit has increased international interest in nuclear safety work
and research carried out in this area in Finland. The construction of the new unit
has also increased the attractiveness of the field as an employer, which is reflected
in the growing number of students in the field, as well as in the number of applicants to vacant positions.
Research into nuclear safety requires profound training and commitment. The
research programme serves as an important environment providing long-term activity that is especially important now that the research community is facing a change
of generation. A new generation of researchers has to be recruited and engaged. The
international evaluation of the current research programme [4] stated that the high
quality of results is partly due to long-term commitment to research by the Technical Research Centre of Finland (VTT) and Lappeenranta University of Technology
(LUT). Maintaining this kind of activity across different organisations in the hectic,
modern world is a demanding challenge. For example, the high turnover of personnel
9

in postgraduate university education is an obstacle to developing permanent intellectual capital and expertise.
During the planning period and in the following years, many of the experts who
have taken part in construction and use of the existing power plants will retire. The
licensing processes and the possibility of recruiting new personnel for safety-related research projects give an opportunity for experts from different generations to
work together, facilitating knowledge transfer to the younger generation. This ensures that the available experience of operating nuclear power plants is exploited in the
best possible manner. International analyses of nuclear power plant operating experience conducted by the IAEA (International Atomic Energy Agency) and the OECD/
NEA (Organisation for Economic Co-operation and Development/Nuclear Energy
Agency) have indicated that a lack of knowledge transfer leads to the recurrence of
similar events, and that the effectiveness of experience sharing should be improved.
Globalisation and networking highlight the importance of national safety research. This creates pressure to unify nuclear safety requirements and supervision procedures. Currently there are many projects related to national regulations and international safety requirements and guidelines.
In Finland, a structural reform of the Regulatory Guides on Nuclear Safety (YVL)
will be conducted during the planning period. The thorough revision of IAEA safety
standards, launched in 1996, now aims at developing nuclear safety in the member
countries, rather than retaining the minimum level. In 1998, the leaders of nuclear
safety authorities within the EU member states that use nuclear power established a
cooperation forum named WENRA (Western European Nuclear Regulators’ Association). Its mission is to respond to the public expectations concerning nuclear safety
and to secure an equitable environment for the use of nuclear power in all European countries.
The Ministry of Employment and the Economy appointed the administrative organisation and director of the new research programme on the basis of a public tendering process in December 2009, and appointed the members of the planning group
from representatives of central organisations taking part in nuclear safety work [1].
The objective of the planning group was to produce the framework plan for the research programme, as well as a proposal for its organisation.
The planning group started its active work in January 2010. The planning group
has supplemented its expertise by consulting experts, and approximately 50 professionals from different organisations have taken part in the planning. During the
process, the planning group subdivided into eight separate teams that will form the
fields of research of the SAFIR2014 programme. As a part of the planning process, a
SAFIR2014 strategy seminar was held in April 2010 at VTT. Approximately 100 delegates attended the seminar [5]. The group assignments of the seminar, which the
teams have since developed further, have provided a significant contribution to creating the framework plan.
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The international evaluation of the SAFIR2010 programme ordered by the
Ministry, whose final report was published in January/February 2010 [4], has also
provided valuable input into the planning process. The evaluation panel’s recommendations for the next programme were:
•

to coordinate the links between SAFIR and other safety research conducted in

•

to systematically emphasise cross-disciplinary research in the next programme;

•

to increase the flexibility of the programme for taking on new research topics;

•

to simplify the application process for research projects spanning many years;

Finland more carefully than before;

•

to improve reference group meetings;

•

to reform research proposal evaluation criteria such that the weighting of
international cooperation increases, and

•

to make SAFIR 2014 take on a leading role for international research in certain fields of research

The evaluation panel’s recommendations were taken into account in the SAFIR2014
framework plan. They will also be applied to future project proposals and the forthcoming operational management handbook revision.
The Finnish National Research Programme on the Safety of Nuclear Power Plants
SAFIR 2014 will begin with a public call for research proposals in September 2010.
The Ministry of Employment and the Economy will appoint the steering group for the
new research programme in autumn 2010. The programme will start at the beginning of 2011.
The operational model of the programme is formed of three levels. The highest,
the steering and planning level, is formed by the steering group. The second level
comprises the reference groups and ad hoc groups that coordinate the research
areas and projects. The third level consists of the research projects through which
the objectives of the programme will be achieved. On this level, the projects are conducted according to the management system of the research organisation in question. Administration of the programme is taken care of by the administrative organisation and the director of the programme.
The SAFIR2014 research programme is divided into eight research areas. The 9th
group is responsible for developing of the research infrastructure:
1. Man, Organisation and Society
2. Automation and Control Room
3. Fuel Research and Reactor Analysis
4. Thermal Hydraulics
5. Severe Accidents
6. Structural Safety of Reactor Circuits
7. Construction Safety
8. Probabilistic Risk Analysis (PRA)
9. Development of Research Infrastructure
10
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This document presents a proposal for the organisation of the programme, describes the operating environment, and elaborates on the research areas of SAFIR 2014
and on their needs for research. The research areas and research needs are based on
the knowledge at the time of making the framework plan. The research programme
takes into account the possible changes in the operating environment and, if new
challenges manifest themselves, new research projects supporting the objectives of
the programme can be included.
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2 Organisation of the Research
Programme
2.1 Objectives of the Programme
In accordance with Chapter 7a of the Finnish Nuclear Energy Act, which came into
effect in 2004, the objective of the programme is to ensure that if new matters related to the safe use of nuclear power plants should arise, the authorities possess sufficient technical expertise and other competence for determining the significance of
these matters without delay. High scientific quality is required of the research projects in the programme. Their results must be available for publication, and their usability must not be restricted to the power plants of a single licence holder.
The programme covers the themes of the SAFIR2010 programme, which will end
in 2010. Previous SAFIR programmes have not examined social questions. Public
debate on the need for increasing nuclear power in Finland and the planning of
nuclear power plants for new locations have created a need for social research.
Therefore the framework plan includes an opportunity for social research that fulfils the demands of Chapter 7a of the Nuclear Energy Act. Previously, social analysis has been included in the Finnish Research Programme on Nuclear Waste Management (KYT2010). Any social studies conducted within SAFIR must be coordinated
with similar research being conducted within KYT.
The SAFIR2014 programme is funded by the Nuclear Waste Management Fund
(VYR), as well as other key organisations operating in the area of nuclear energy
which decide independently on their contributions to the funding of projects. The
annual funding of the SAFIR programme has been approximately EUR 7 million per
year. A positive decision-in-principle signifies a sizeable increase in funding from
VYR as compared to the SAFIR2010 programme. The new programme also aims
for the funding from other nuclear organisations to remain constant or to increase
slightly from SAFIR2010.
The mission of the research programme, derived from the stipulations of the Finnish Nuclear Energy Act, is as follows:
The objective of the SAFIR2014 research programme is to develop and maintain experimental research capability, as well as the safety assessment methods and nuclear
safety expertise of Finnish nuclear power plants, in order that, should new matters
related to nuclear safety arise, their significance can be assessed without delay.
Cooperation and networking are established in order for the Finnish research on
nuclear safety to reach the following standard:
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The SAFIR2014 research community is an internationally respected and strongly
networked competence hub that has extensive expertise, equipment and methods for conducting internationally outstanding research on nuclear safety issues
important to Finnish nuclear power plants.

2.2 Launching of the Programme
The Ministry of Employment and the Economy (MEE) started preparations for the
new research programme in September 2009 with a call for tender from organisations that could conduct the research programme’s administration project, and to
fill the position of Programme Director. MEE appointed the programme’s administrative organisation and director in December 2009 (MEE Decision 1784/811/2009).
In December 2009, MEE appointed the members of the planning group from representatives of central organisations taking part in nuclear safety activity [1]. The
objective of the planning group was to produce the framework plan for the research
programme, as well as a proposal for its organisation. The planning group was authorised when necessary to supplement its expertise by consulting permanent or
temporary experts.
The planning group started its active work in January 2010. The planning group
has supplemented its expertise by consulting experts, and approximately 50 professionals from different organisations have taken part in the planning. During the process, the planning group was subdivided into eight separate teams that will form the
research areas of the SAFIR2014 programme. As a part of the planning process, a
SAFIR2014 strategy seminar was held in April 2010 at VTT. Approximately 100 delegates attended the seminar [5]. The group assignments of the seminar, which the
teams have since developed further, have provided a great contribution to creating
the framework plan.
The new research programme spans four years from the beginning of 2011. MEE
will appoint the steering group of the new research programme and will publish the
call for proposals for research projects for 2011 in autumn 2010.

2.3 Administration of the Programme
The operational model of the programme is formed of three levels. The highest,
the steering and planning level, is formed by the steering group. The second level
comprises the reference groups and ad hoc groups that coordinate the research
areas and projects. The third level consists of the research projects through which
the objectives of the programme will be achieved. On this level, the projects are conducted according to the management system of the research organisation in question. The administration of the programme is conducted by the administrative unit
and programme director appointed on the basis of the call for tender.
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MEE will appoint a steering group for the programme, comprising representatives of central nuclear safety organisations. The steering group will nominate the
reference groups for the research areas, as well as their chairpersons and members.
The research programme is divided into eight reference groups in line with the research areas, which are:
1. Man, Organisation and Society
2. Automation and Control Room
3. Fuel Research and Reactor Analysis
4. Thermal Hydraulics
5. Severe Accidents
6. Structural Safety of Reactor Circuits
7. Construction Safety
8. Probabilistic Risk Analysis
The reference groups steer the research in their respective areas. A further reference
group (#9) will be established for infrastructure development.
Research will be conducted in projects led by a project manager. The themes of
the research projects may be related to one or several research areas. For administration purposes, cross-disciplinary projects will be placed in one of the research areas.
Ad hoc groups with expertise from different fields will be established for these research projects. Ad hoc groups may also be set up to assist the project managers of
other projects as necessary.
The administrative practices of the research programme will be described in
detail in an operational management handbook.

Figure 2.1 Organisation and quality management of the research programme
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2.3.1 Steering Group
The chair of the steering group is appointed from the Radiation and Nuclear Safety
Authority and the director of the programme acts as secretary. The organisations
represented are the Radiation and Nuclear Safety Authority, Finnish power companies, research institutions and universities operating in the field, MEE and the Finnish Funding Agency for Technology and Innovations (TEKES). The representative
from MEE is also the contact person for VYR. The steering group can consult permanent or temporary experts. The mandate of the steering group will end on 31 March
2015. The organisations taking part in the steering group will each cover the costs
of their own representatives.
The steering group is responsible for the strategic alignments of the programme
and makes decisions on changing these when necessary. The group supervises the
planning of the programme and the quality of results, and makes formal decisions
on the practical execution of the programme. The group prepares a proposal for
MEE regarding the set of projects to be funded by VYR for the next year, by the deadline stated in the annual call for proposals. The group approves the annual plan
and annual report.
The steering group may make recommendations to MEE regarding the weightings of the various research areas in connection with the annual call for proposals.
The decisions of the steering group will be recorded in meeting minutes that
will be distributed to those taking part in SAFIR2014, as well as separately to other
stakeholders.

2.3.2 Reference Groups
The reference groups are responsible for the strategic planning of the national
nuclear safety research programme in their respective fields, for evaluating project proposals and for indicating to the steering group any needs for changes during
the programme. They take care of the scientific management and supervision of the
research projects in their research areas, and act as steering groups for the projects
in their areas.
The purpose of the meetings of the reference groups is to monitor the progress of
research and the results achieved, and if necessary to consider opportunities for realigning the research or dealing with anomalies. The reference groups must ensure
that the achieved results and realised costs are in line with the funding decisions.
They approve changes in emphasis within the research projects and related changes in funding. They discuss the links between the research projects and national
and international research in the area.
They make initiatives and proposals for the steering group’s consideration
when necessary. The representatives of the power companies and the Radiation
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and Nuclear Safety Authority may use the reference group meetings to inform the
research organisations on the current and future research needs of power plants.
The decisions of the reference groups are documented in the minutes of the meetings, which are distributed to the reference and ad hoc groups, to the appropriate
project managers and to the steering group for its information, as well as to other
parties when necessary.

2.3.3 Ad Hoc Groups
Cross-disciplinary projects are appointed an ad hoc group chaired by a member
of the reference group for the research area to which it was allocated. The ad hoc
group may also be a team that focuses on communication between several projects
and the reference group. Experts from all the fields related to the research project
will be included in the ad hoc group, which supports the scientific management of
the project.
Project managers or reference groups can also invoke ad hoc groups for the purpose of assisting the project manager in technical questions such as the arrangements for experiments.
The informal memos from ad hoc groups will be distributed for information to the
reference groups concerned.

2.3.4 Programme Director and Administrative
Organisation
The director of the programme and the administrative organisation, whose objective
is to take care of the administration of the programme, are chosen on the basis of a
call for tender. The duties of the director and the administrative organisation will be
specified in a separate annual order and an appended offer to VYR/MEE.
The director and the administrative organisation prepare the meetings of the steering group and implement its decisions, maintain the brochures and the website
of the programme, and take care of international cooperation at programme level.
The director and the administrative organisation work with the project managers
to prepare topics for discussion in the meetings of the reference groups, and ensure
appropriate coordination between projects.
The director and the administrative organisation prepare the annual plan for
the programme, as well as the annual report, progress reports and other required
reports, and follow up on costs to serve as a basis for invoicing VYR. The administrative organisation coordinates the annual call for proposals for VYR-funded projects
in accordance with the guidelines set out by MEE and the steering group.
The administration of the programme organises the interim and final seminars
required by the decisions of the steering group, as well as other common functions
of the programme.
16
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The director of the programme and the administrative organisation also assist
MEE in other tasks related to the programme.

2.3.5 Project Manager, Research Group and Research
Organisation
Research will be carried out in projects by groups consisting of the requisite personnel and led by project managers.
The project manager and the research organisation are responsible for executing
their project according to the project plan and the financing budget, as well as possible decisions of the reference group. The project manager oversees the subject-specific content (substance) of the project, carries out research in one or more sectors
of the project and takes care of communication with the research group, the reference group, other related projects and the management of the programme. The project manager is also in charge of the related reporting obligations.

2.4 Project Types and Project Application
Procedure
Research projects proposed for the programme can span one or several years. Projects can be divided into applied research and research maintaining or developing
basic know-how. Applied projects can be either descriptive of scientific phenomena,
development projects conducted on a pilot scale or projects for applying research
results to real conditions. Projects that maintain basic know-how ensure that there
is continuous availability of essential competence or research equipment in Finland.
Projects that develop basic know-how can focus on planning or equipping for research competence. These can include postgraduate thesis projects.
Regardless of the type or duration of a project, explicit aims and objectives must
be set. The projects have to be challenging and of high international quality. The originality of the project has to be evident in the project plan. The projects must reinforce Finnish expertise and contribute to national and international networking and
specific cooperation in the field. Benchmarking is pursued primarily within research
on nuclear safety, but also within other industrial fields when applicable.
An annual call for proposals will be published for the VYR-funded projects. Project proposals can be made for one or several years, depending on the nature of the
project. An updated project plan must be presented annually after the first year for
multi-year projects, in line with the annual call for proposals.
A part of the annual VYR funding is reserved exclusively for one-year projects.
The purpose of these projects is to increase the research programme’s flexibility
with regard to new safety issues. They must demonstrate significant originality.
The project plans must determine clear and measurable targets to be met within
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the year. Increasing flexibility was one of the recommendations of the international
evaluation panel based on the SAFIR2010 programme.
The selection criterion for project applications is the capacity of the project to
develop expertise, methodology, experimental methods and networking in the field.
Special attention is paid to the fulfilment of the requirement from Chapter 7a of the
Finnish Nuclear Energy Act: “ensuring that, should such new factors concerning
safe operation of nuclear facilities emerge that could not be foreseen, the authorities have such sufficient and comprehensive nuclear engineering expertise and other
facilities at their disposal that can be used, when necessary, to analyse without delay
the significance of such factors.”
The reference groups will evaluate the project applications according to the abovementioned criteria.
The steering group will present an annual proposal to MEE regarding the VYRfinanced research projects. The financing of multi-year projects can differ from the
originally presented plan. Reasons for a change can be possible changes in emphasis within the research programme, new research projects in various subject fields
deemed important by the steering group, the results obtained in previous years and
the success of the project in annual evaluations of the project application process
by the reference groups. The steering group can also propose the cancellation of the
financing of a multi-year project for a justified reason.
The selection procedure for research projects is described in more detail in the
research programme operational management handbook.
During the processing of the proposal by the steering group, the financiers can
agree (either mutually or, if applicable, with the authors of the project application)
to change the financing or scope of a project from the original application. Projects
with no VYR-funding can also be proposed for inclusion in the research programme.
The steering group will decide whether to include them. A common criterion for all
research projects within the programme is compliance with the framework plan.
Regarding projects that apply for VYR funds, MEE will present to VYR a proposal
of projects that meet the requirements of the Nuclear Energy Act.
When planning the projects and defining the portion to be financed by VYR, factors that should be taken into account are the nature of the research project and
the fact that each research area must have more than one research project. Funding
acquired from other sources will have an important effect on the size of the project.
Each project must comprise a number of smaller tasks with a common objective.
Research institutions and organisations conducting technological research can
receive VYR funding equivalent to a maximum of 67 % of the total cost of the project. Universities can receive a maximum of 100 % of the marginal cost. VYR funding
can be granted by the programme to companies that are believed to be truly committed to the field of research. In addition to the abovementioned funding ceiling,
the EU’s de minimis rule concerning state subsidisation applies. The research pro-
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gramme is not subject to notification to the European Commission, but notification
may be considered when necessary.

2.5 Effectiveness and Indicators of the
Research Programme
The impact and execution of a research programme can be evaluated from four
perspectives: effectiveness, resources and renewal, processes and structures, and
finance.
The impact of the research programme is principally measured by how well it succeeds in fulfilling its mission: in other words, how well the safety evaluation methods and expertise of nuclear power plants currently in use and under construction
in Finland have been developed and maintained in order to provide sufficient capacity for authorities to react without delay to new matters emerging.
The principal indicator when evaluating the success of a research project is documented feedback from the users of the research results. Independent national and
international evaluations measure the positioning of the research programme and
its research areas in the international field.
The quantity and quality of publications generated in the research projects can be
used as an indicator for measuring the scientific quality of projects.
From the viewpoint of resources and renewal, the direct indicator of the educational impact of a project is the number of academic graduate and postgraduate
degrees awarded.
With respect to processes and structures, the programme is evaluated on the
basis of internal audits and enquiries.
With regard to finance, the volume and man years within the programme speak
of the impact of the programme. The level of international cooperation indicates the
international impact of the programme. Good indicators for the international impact
of the programme are the proportion of international funding, research done in international projects and the inclusion of the research projects in more extensive international initiatives.
Due to its basic mission, the research programme includes different types of projects, which has to be taken into account when applying indicators and evaluation
methods to the programme.

2.6 Publicity Principles, Rights and
Responsibilities of Parties, and Archiving of
Research Results
The instruments, machines, software and results obtained or developed in connection with the research are the property of the performing party, unless otherwise
agreed.
20

Decisions concerning the publication of research results will be made between
the contact person named in the funding agreement and the performing party. As a
general rule, research results have to be publishable (Nuclear Energy Act, Section 53
d). Publications from the research programme will be collected annually for suitable
delivery to the steering group, for internal use by the organisations represented in it.
If the specific objective of a project is to develop new software either entirely or
mostly with VYR funding, the official bodies and other organisations taking part in
the research programme have the right to use the named software according to specified terms. Charges for use of the software will be agreed on a case-by-case basis.
The performing party (the responsible organisation named in the project application) is in charge of the completion and reporting of the research, in accordance
with the agreement between performing party and the orderer (VYR or other organisation). The person in charge on the side of the performing party is the project
manager. The performing organisation is responsible for the appropriate archiving
of research results in line with the management handbook. Funding terms attached
to orders define the invoicing schedule and conditions.
The administration of the programme is the responsibility of the administrative
organisation appointed based on the call for tenders, and of the programme director. The responsibilities of the administrative organisation are defined in the order
and the appended financing terms of the administrative project.
All VYR-funded projects must aim to provide their Finnish participants with open
access to the research results.

2.7 Education and Exchange of Information
The research programme plays a significant role in educating a new generation of
experts and in knowledge transfer. Education takes place for example when research
is conducted under the guidance of senior researchers. In this respect, the results
will be reported to universities and other higher education institutions as theses.
High-level research, close international cooperation and contacts between different scientific and technical fields created in research projects contribute to deepening and broadening know-how among senior researchers.
The in-depth development of researchers’ development requires competence building through postgraduate studies, which implies the completion of a thesis as the
result of many years of research. A number of theses were completed within the
SAFIR2010 research programme, but the programme has not until now included
projects that aim primarily at the completion of a thesis. This requires a new kind
of project whose application criteria are weighted differently from those of the applied projects described in section 2.4. The project application process must be developed in order to facilitate the inclusion of projects that aim for the completion of a
thesis. Postgraduate education can also be used to enhance the scientific standard,
the number of publications and the span of the programme.
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In addition to their administrative obligations, the steering group and reference
groups have an important role in sharing information, passing on the research
results to the end user organisations, and informing the researchers of the research
needs of the end users. Seminars organised as a part of the programme are effective
information sharing channels. They should also include presentations by end users
regarding their research needs.
Safety research funded by VYR is explicitly defined in the Nuclear Energy Act to
apply to existing power plants. The research programme, however, strives to encourage the exchange of know-how tied to developing a new generation of power plants
and to other related research that is not included in the research programme, such
as the KYT2014 programme.

2.8 Links to Other Nuclear Energy Research
Conducted in Finland
Nuclear energy research in Finland is divided between diverse organisations. Most
publicly funded research and development is conducted in the Technical Research
Centre of Finland (VTT). Other major research institutions are Aalto University, Lappeenranta University of Technology (LUT), the Geological Survey of Finland (GTK),
the Finnish Meteorological Institute and the Universities of Helsinki, Eastern Finland, Tampere and Jyväskylä. In addition, the Radiation and Nuclear Safety Authority, Fortum Oyj, Teollisuuden Voima Oyj (TVO) and Posiva Oy have funded their own
research and various projects conducted outside of Finland.
The total cost of nuclear energy research conducted in Finland in 2007 was approximately EUR 47 million. The distribution of research funding is shown in Figure 2.2.
Figure 2.2 Distribution of nuclear energy research funding in Finland in 2007

EU 4 %
TEKES 3 %
VTT 11 %

Other 0,4 %

Others 4 %
Power
companies
70 %

Research
funds
(VYR)
8%

Approx. EUR 47 million was invested in nuclear energy
research in 2007. The power companies directly cover
the cost of the research they carry out and commission.
In addition, funds are collected from power companies
for research funds (VYR) that finance the national reactor
safety and nuclear waste management research programmes.
Source: VTT
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impacts and radiation protection.

More than half of the research funding was applied to nuclear waste management
research. Most of that was research funded by the owners of Posiva Oy, focusing on
the safe disposal of nuclear waste. A major role is played by the ONKALO research
facility in Olkiluoto. The Finnish Research Programme on Nuclear Waste Management KYT2010 (2006–2010) is implementing some of the technical and scientific projects of the previous programme phase, with the aim of reinforcing national competence related to nuclear waste. The objective is to develop and maintain the basic
competence needed for carrying out the planned nuclear waste management solutions in Finland. The projects are divided into strategic analyses and projects that
examine the long-term safety of the geological disposal of spent fuel. The KYT2010
research projects involve VTT, GTK and several universities.
The SAFIR2010 nuclear safety research programme accounts for approximately one half of all the nuclear power plant safety research in Finland by volume.
Other nuclear power plant safety research comprises projects funded exclusively or
jointly by power companies, research institutions and universities. Research conducted by Fortum focuses on questions concerning Loviisa’s VVER-440-type plants,
for instance in relation to material ageing, thermal hydraulics, nuclear fuel, reactor
technology and plant technology. TVO’s research focuses on safety, waste management and fuel issues, and development related to new nuclear power plants. VTT has
conducted reactor safety research outside of SAFIR2010, particularly within EURATOM projects. Other research funded by VTT includes studies into next-generation
reactors (GenIV) and the development of internal competence that cannot be included under national research programmes.
The Sustainable Energy research programme (SusEn, 2008–2011) of the Academy
of Finland includes the project Critical Analysis of New Type Nuclear Reactors (NETNUC), conducted by a research consortium including Lappeenranta University of
Technology (LUT), the Aalto University School of Science and Technology and VTT.
The purpose of the NETNUC project is to test three main hypotheses:
1.

“Key phenomena affecting the safety of new types of reactors are understood
thoroughly, enabling the creation of systematic safety criteria that ensure adequate safety and security of the reactors and fuel cycle facilities (Safety)”.

2.

“Advanced reactors and the associated fuel cycles can be developed that utilize more abundant natural isotopes and increase the effectiveness of the fuel
resource usage and produce less high-level nuclear waste (Sustainability)”.

3.

“New types of reactors can be developed … capable of producing energy effectively and economically for electricity, process heat and hydrogen yields in cogeneration processes (Efficiency).”

The main aim of the Research Partnership in Fusion Energy (2007–2011) is to develop
technology for the ITER experimental reactor that interests Finnish industry, and to
participate in a carefully focused manner in fusion research being conducted in the
EU alongside ITER. The research areas of the FUSION Technology Programme are:
23
22

1. Fusion plasma research
2. Plasma-wall interactions
3. Fusion reactor materials research
4. Development of superconducting wires
5. Remote handling systems
6. System studies
The focal points of Finnish fusion energy research are evaluated according to the
focal points of the European Fusion Programme, which ensures maximum benefit for
the product deliveries and competence development of Finnish companies.

2.9 International Cooperation
International cooperation is an essential and indispensable part of nuclear safety
research. A considerable part of the research in this area is international research
conducted principally within OECD/NEA and funded by several participating countries. The projects are extensive in terms of funds and duration, and can cost tens of
millions of euros. Finland is currently involved in 16 OECD/NEA experimental or knowledge-sharing programmes.
Due to the abundance of international projects, the research programme plays an
important role in deciding which projects should be participated so that they maximise the benefits to Finnish nuclear safety research.
The typical annual participation fees of experimental research programmes are
EUR 10,000–30,000 per annum. Participation fees are covered by either MEE, VYR
funding or a consortium formed by Finnish power companies and TEKES.
The research programme is an important channel for transfer of the results from
international projects to Finnish parties. The benefit from international experimental programmes is multiplied if experiments can be carried out in Finland or if Finnish researchers can take part in planning and interpreting experiments carried out
elsewhere.
Other traditional international contacts have included the experimental programmes of USNRC (the US Nuclear Regulatory Commission), various working groups of
the IAEA, and Nordic cooperation within NKS (Nordic Nuclear Safety Research) and
the Nordic Thermal-Hydraulic Network (Northnet). Finnish researchers have a constant level of participation in EU research initiatives, and the aim is to continue this
within the Eighth EURATOM Framework Programme on Nuclear Fission and Radiation Protection.
The aim of the EURATOM Sustainable Nuclear Energy Technology Platform
(SNETP) is to maintain fission technology as a viable alternative in Europe, while
the Implementing Geological Disposal of Radioactive Waste Technology Platform
(IGDTP) develops long-term waste management solutions. SNETP is responding
through research to the challenges set for nuclear power by European energy policy.
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Figure 2.3 Aims and operation of the EURATOM Sustainable Nuclear Energy
Technology Platform.

The objectives and operation of SNETP are built on three pillars:
•

second and third-generation light water reactors (LWR GenII/III)

•

next-generation reactors (GenIV)

•

the joint production of process heat and hydrogen

In addition, three major cross-cutting topics have been identified: innovative materials and fuels; simulation and experiments for reactor design, safety, materials and
fuels; and R&D infrastructure.
For SAFIR2014, the most important aspect of this is the GenII/III working group
that is being developed. The objective of the working group is to support the lengthening of plant life cycles and the construction and licensing of new plants. In addition
it supports the development of new production technologies. Two extensive EURATOM networks operate in the working group’s field of operation: Nuclear Plant Life
Prediction (NULIFE) and the Severe Accident Research NETwork of Excellence (SARNET). The GenII/III working group offers opportunities for SAFIR2014 to increase and
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boost its European research cooperation and to create links to other international
programmes.
With regard to research into new reactor types, the Finnish NETNUC project and
SNETP have fairly similar objectives. Active participation in SNETP will increase networking with European operators.
The research programme encourages participation in projects that particularly
contribute to international cooperation with nuclear safety authorities. In this respect, international cooperation refers not only to funding a certain project and participating in its steering groups, but also to increasingly effective mutual exchanges
of knowledge. Figure 2.4 shows the national and international operating network of
the SAFIR2014 programme.
Figure 2.4 Operating network of the SAFIR2014 programme
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End users

3 Research
3.1 SAFIR2014 Operating Environment,
Challenges and Research Needs
The planning period for the national research programme on nuclear power plant
safety involves licensing processes for power plants that are in use and under
construction, as well as overall safety evaluations related to licence terms.
•

An operating licence application will be made for the Olkiluoto 3 plant unit.

•

A construction licence application will be made for the Olkiluoto 4 plant unit.

•

A construction licence application will be made for the Fennovoima 1 plant
unit.

These processes are reflected in many ways on national safety research. Figure 3.1
shows the schedule for licence applications or renewals of nuclear power plants in
existence or under construction in Finland.
Figure 3.1 Nuclear power plant licensing procedures from 2008 to 2018
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Know-how developed in publicly funded research programmes can be applied to
the licensing processes. As new plant projects start up, more expert resources are
needed. The construction of a new plant unit has increased international interest in nuclear safety work and research carried out in this area in Finland. The
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construction of the new unit has also increased the attractiveness of the field as an
employer, which is reflected in the growing number of students in the field, as well
as in the number of applicants to vacant positions.
During the planning period and in the following years, many of the experts who
have taken part in construction and use of the existing power plants will retire. The
licensing processes and the possibility of recruiting new personnel for safety-related research projects give an opportunity for experts from different generations to
work together, facilitating knowledge transfer to the younger generation. This ensures that the available experience of operating nuclear power plants is exploited in
the best possible manner. International analyses of nuclear power plant operating
experience conducted by the IAEA and OECD/NEA have indicated that a lack of knowledge transfer leads to the recurrence of similar events, and that the effectiveness
of experience sharing should be improved.
Globalisation and networking highlight the importance of national safety research. This creates pressure to unify nuclear safety requirements and supervision procedures. Currently there are many projects related to national regulations and international safety requirements and guidelines. New government decrees came into
effect in Finland in 2008. A structural reform of the Regulatory Guides on Nuclear
Safety (YVL) will be conducted during the planning period. The thorough revision
of IAEA safety standards, launched in 1996, now aims at developing nuclear safety
in the member countries, rather than retaining the minimum level.
In 1998, the leaders of nuclear safety authorities within the EU member states that
use nuclear power established a cooperation forum named WENRA (Western European Nuclear Regulators’ Association). Its mission is to respond to the public expectations concerning nuclear safety and to secure an equal environment for the use of
nuclear power in all European countries. In early 2006, WENRA completed the socalled European reference requirements that will be implemented in the national
requirements and regulations by the end of 2010.
The main apparatus of reactor safety research are experimental reactors in which
fuel behaviour and the radiation effects in the structural materials can be investigated in reactor conditions. The EU has initiated the construction of a new research
reactor that meets modern requirements. The Jules Horowitz Reactor (JHR) will be
constructed at the Cadarache research site in France. The new reactor is scheduled
for completion by around 2014. Through VTT, Finland is involved in the construction
phase of JHR by providing measuring devices needed for the reactor. Once complete,
the new research reactor will offer Finnish researchers a first-class research facility
that would be impossible to achieve with purely domestic resources. Finland must
prepare to make use of the facility and its opportunities in the coming years.
The renovation of experimental nuclear technology facilities and equipment
belonging to VTT in Otaniemi has become crucial due to the ageing, usability and
radiation protection of the equipment. The main research topics are the characterisation and fracture mechanics of active structural materials, the final disposal of
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nuclear waste, dosimetry and other nuclear technology experimentation, primary
wall material research for fusion reactors, and iodine filter testing. The planned research requires that the facility be equipped with hot cells.
VTT has considered that the new nuclear engineering facilities could also house
units carrying out modelling. The estimated construction time of the project is 2011–
2014, after which equipment installation will still continue. The high cost of the project will require an extensive funding base to which VTT hopes to receive contributions from some of the main operators and financiers in the field. Finland’s expanding nuclear power programme, the requirements of ageing power plants, and participation in international projects (including JHR) are some of the main reasons for
the reform of the research infrastructure.
The fulfilment of the project will imply experimentation with active materials in
Finland. This will have a significant positive cascade effect on other nuclear power
plant materials research and modelling.
Ensuring of nuclear safety can generally be grouped into four task areas as shown
in Figure 3.2. Safety is secured only if interaction between the different sectors
works in such a manner that the defence in depth principle is fulfilled both in technical design and in the operation of people and organisations: the preventive level, the
protective level and the mitigation level.

Figure 3.2 Ensuring nuclear safety and the related tasks
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operational
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Figure 3.3 presents the essential research challenges related to designing the plant
units, ensuring operability, safety analysis and the operation of organisations.

28
29

Figure 3.3 Challenges for nuclear safety research
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In Finland, a principle held from the 1970s is a continuous improvement of safety. This
requirement applies not only to the design and operation of plants, but also to safety
regulation. All the measures that can be justified based on experience, safety research
and scientific and technological development should be taken to improve safety. The
handling of severe accidents deserves particular attention within plant design. Preparing for passenger plane crashes and for illicit attempts to affect the operation or
safety of nuclear power plants have brought new kinds of challenges for researchers.
Both deterministic and probabilistic approaches are needed to evaluate the
balance of nuclear power plant design. Safety analysis models must form a cohesive
entity through which the presentations of the licence holder and plant supplier can
be independently evaluated. The applicability of the models must be validated with
experiments, which calls for participation in international projects and the maintenance of domestic experimental facilities. The issue of higher fuel burn-up can be
expected to arise during the forthcoming planning period. Safety analysis over the
entire life cycle of fuel is a perspective that remains largely untouched.
Risk-informed safety management should be developed further both in evaluations of plant designs and their modifications, and in operational development projects. For the present, no internationally and generally accepted method exists for
implementing digital technology and human and organisational factors in probabilistic safety assessment models. In terms of internal hazards, fires are still major initiating events. Methods used for the evaluation of external hazards, such as oil spill,
remain poorly established and further development is needed.
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The management of plant ageing will be one of the essential questions of the forthcoming planning period. An operational life of 50 years is planned for the Loviisa
1 and 2 plant units, which have been granted an operating licence until 2027 and
2030, respectively. Olkiluoto 1 and 2 have been granted licences up to 2018, when
the plant units will reach an operational age of approximately 40 years. For the Olkiluoto 3 unit, which is currently under construction, an operational life of 60 years
has been proposed. Research on ageing management is important, considering both
the power plants that are in use and the one that is under construction.
The basis for the safe use and proper operating condition of power plants is their use
along the lines of the plant design principles. A significant proportion of safety research
is dedicated to the management of initiating events, particularly in relation to limiting
events that could lead to a series of accidents. Securing the operability of safety systems
is important in order to prepare for initiating events that have for some reason not been
prevented. The design principles for safety and security systems are derived from safety
analyses. Safety systems are the means for maintaining important safety functions such
as reactivity control, decay heat removal and radioactivity control.
The whole organisation of nuclear power companies has to work so that safety is
secured at all levels of the plant. The prevailing safety culture of an organisation was
found to be a research topic that needs more attention, following the 1986 Chernobyl incident. Since then, efforts have been made to develop the criteria and characteristics for a good safety culture, and to find out how it can be further reinforced. The
development of evaluation methods for the operations and culture of an organisation
is still topical. The importance of safety management and organisation change management is emphasised in our increasingly networked operating environment, especially at this time of generation change. Research is needed to clarify how best to
ensure that safety requirements are effectively communicated through the various
levels of organisations, and met in the entire business network.
Previous SAFIR programmes have not examined social questions. Public debate on
the need for increasing nuclear power in Finland and the planning of nuclear power
plants for new locations have created a need for social research. Decisions related
to nuclear safety ultimately affect the entire society and form a part of Finland’s sustainable development.
Efforts should be made to learn as much as possible from the operating experiences. Typically, corrective measures are implemented very swiftly following incidents. The fulfilment of recommendations regarding organisational functions takes
longer. Operating experience may also give rise to new research needs, when matters are viewed more broadly, including the perspectives of design principles, the
related analyses and the planned development measures.
The SAFIR2014 research programme is divided into eight research areas. The 9th
group is responsible for developing of the research infrastructure:
1. Man, Organisation and Society
2. Automation and Control Room
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3. Fuel Research and Reactor Analysis
4. Thermal Hydraulics
5. Severe Accidents
6. Structural Safety of Reactor Circuits
7. Construction Safety
8. Probabilistic Risk Analysis (PRA)
9. Development of Research Infrastructure
These research areas include both specific research projects and joint cross-disciplinary projects with other areas.
In the next section, the research areas of the SAFIR2014 programme are presented, with more detailed descriptions of their research needs. The research areas
and research needs are based on the knowledge at the time of making the framework plan. The research programme takes into account the possible changes in the
operating environment and, if new challenges manifest themselves, new research
projects supporting the objectives of the programme can be included.

3.2 Man, Organisation and Society
3.2.1 Description of the Research Area
The safety of nuclear power plants depends on the organisations involved in their design,
construction, operation and official supervision, as well as the people who work in them.
Through the SAFIR research programmes, Finland has developed a network of experts in
human and organisational factors, which benefits power companies and the authorities.
In prior programmes, the main emphasis of research has been on methods for
developing and measuring the safety culture in organisations. In its INSAG-4 report
(1991), the IAEA defined safety culture as follows: “Safety culture is that assembly of
characteristics and attitudes in organizations and individuals which establishes that,
as an overriding priority, nuclear plant safety issues receive the attention warranted by
their significance.” Research conducted in the SAFIR programmes has supplemented
this definition by adding the significance of understanding and knowledge in identifying risks to the characteristics and attitudes of organisations.
The importance of competence and understanding in achieving nuclear safety has
become apparent, for instance, when examining organisations where a significant
proportion of experienced personnel have retired. SAFIR has investigated the maintenance and development of expertise in the nuclear power field, as well as the sharing of tacit knowledge.
Due to national interest and control, the actions of nuclear power construction and
operation companies are influenced more than usual by the values, expectations and
restrictions of the surrounding society. Therefore, there are underlying social interaction relationships behind the preserving and development of nuclear safety which have
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not previously been studied within the SAFIR programmes. Research in other areas of
industry has shown that experts benefit from active citizen participation in safety efforts.
Citizens also have increasing expectations regarding the authorities and industrial operators in the nuclear power sector adopting new practices for actively encouraging citizens
to participate, express their opinions and make safety-related initiatives.
The Man, Organisation and Society research area is strongly networked internationally. There are several channels for Nordic cooperation. One important cooperation
forum is Nordic Nuclear Safety Research (NKS), which has actively funded research related to human factors and safety management. Stockholm University has a professorial
post in organisational psychology sponsored by the Swedish Radiation Safety Authority.
The Swedish Royal Institute of Technology (KTH) conducts research and development
sponsored by Swedish power companies. Other partnership opportunities can be found
in the Human Performance and Safety Culture (HUSC) network formed by organisations
in the nuclear power sector for developing and sharing best practices.
The EURATOM Programme for Nuclear Research and Training Activities, included in the European Union’s Seventh Framework Programme, offers opportunities
for European partnerships. Internationally, collaboration with the IAEA and OECD/
NEA is an important channel for distributing research outcomes.
Figure 3.4 Human factors can be examined at many levels of the sociotechnical system

Human factors (HF) are a multilevel research object

Society: laws, regulatory actions, civic
organisations, values, market
Organisations: operational leadership, targetsetting, work organisation, official responsibilities,
work environment, tool investments,
instructions…
Work groups/teams: distribution of work, rules,
situational decision-making, communication…

Adapted from Rasmussen 1997,
Reiman & Oedewald, 2008
Social acceptability of nuclear power

Safety culture management and reinforcing safety
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Assessment and comparison of event investigation
methods and tools
Monitoring of safety culture at various stages of
plant life cycle
Information mgmt: learning, information flows,
bottlenecks, concepts of necessary information
Human performance tools in safety management: use
and assumptions
Competence management, assessment of training
and safety intervention impact
Management and leadership in safety work
Expertise in nuclear power sector

Individual psychology: expertise, memory,
motivation, mastery of tools, coping ability…

Physiology: limits of human performance;
psychological and physical loading of work,
observation, motor functions

Information flow and cooperation at diverse
organisational levels and in diverse projects
Decision-making in situations with multiple
objectives
Human error, situations that precipitate
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3.2.2 Research Needs and Intended Results
During the new research programme, the aim of the Man, Organisation and Society
area is to support power plant safety at various stages of the life cycle of a plant.
During the programme, Finland will have plants at the design, construction, commissioning and operation phases, so life cycle studies are possible to carry out. Making
the various operating philosophies and models related to the various stages of a
plant’s lifecycle visible through research allows for them to be evaluated and improved in safety terms.
Another aim of the programme is to maintain and develop Finnish expertise on
the human, organisational and social factor of the nuclear power field. In addition
to producing new information and knowledge, the research projects must support
the application of this knowledge to nuclear power organisations, for example in the
form of development methods and practical tools.
The emphasis of the research area is on safety management in a networked operating environment, and on the practices for developing nuclear safety competence
and safety culture. The new addition to the research area, social research, was made
in order to open new perspectives into the development of nuclear safety.
3.2.2.1 Safety Management in Supply Networks

Safety management is more challenging than usual when the construction, modernisation and maintenance of nuclear power plants involves people from diverse organisations and often also from diverse cultures. This was also emphasised in the international evaluation of SAFIR2010 [4]. Identifying the significance of safety matters
and ensuring competence levels as required is equally important for the nuclear
plants’ own employees as it is for external contractors. The same applies to the mastering of safe practices and to being motivated to apply these.
Research is needed to examine how requirements and observations related to
nuclear safety can be given their due attention in long supply chains. Research can
be used to identify and remove obstacles to safety communication. The research
must take into account the fact that nuclear safety and safety culture may be foreign
concepts to some of the employees involved in a nuclear power plant’s supply network – including those in engineering offices, servicing and maintenance organisations, construction sites and component production, for example. The challenges of
multicultural work environments must also be taken into account.
This research challenge is linked to a broader question regarding the safety
impact of organisational structures, and the safe implementation of organisational
changes. New ways of organising work pose challenges for operational managers.
In addition to opportunities, they can involve new risks that are difficult to predict.
Therefore a particular challenge lies in how to fit new operating models and structures into old methods and attitudes. Researchers should work to predict some of these
organisation-related risks, and to help organisations prepare for them.
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3.2.2.2 Competence and Safety Culture Development
Practices

Crucial research needs lie in analysing the effectiveness of development measures
aimed at increasing competence and promoting a culture of safety, and in developing new measures. Effectiveness analyses must take into account the transfer of
tacit knowledge and competence to new experts, as well as the suitability of practices for the various stages of a nuclear power plant’s life cycle. Research projects
should result in recommendations for developing methods.
The nuclear power industry has numerous practices for evaluating and developing competence. Training efforts are made to ensure the competence and expertise of all power plant employees. These methods should be evaluated and developed both at the construction stage and when the plant undergoes a generation
change. Furthermore, research in the area should support the reinforcement of relevant vocational education, as workforce needs increase with the construction of
new plants.
The effectiveness of methods aimed at individual and organisational learning
should be examined and developed further. For example, the identification of human
and organisational factors affecting incidents at nuclear power plants offers important opportunities for learning and development related to safety. Another challenge
is how to combine essential conservative decision-making with an innovative work
environment that supports expert competence and motivation. Research projects
can produce information on how management system procedures affect learning
and operational quality within organisations.
Various human performance tools, which aim to influence people’s work practices, have received attention internationally, for example in the USA and the UK. In
order for the tools to be properly applicable in Finland, research is needed on their
background assumptions and suitable uses. Research could also be used to upgrade
human performance tools that were originally intended for individuals into organisational tools that influence the operations, attitudes and safety understanding of
the whole work community.
The development of a systematic safety culture evaluation and monitoring method
that is suitable for internal use by power companies is necessary. Constant awareness of the state of the safety culture is an essential prerequisite if the organisation’s
activities and decisions are to be functional. In order for “nuclear plant safety issues
[to] receive the attention warranted by their significance as an overriding priority” (IAEA
1991), the prevalent safety culture must allow for these issues to be identified and
processed. Excessive complacency can lead for example to certain issues being trivialised or completely ignored. Similarly, many organisations fail to notice gradual
change or drifting practices. Therefore, organisations must know on what assumptions, concepts and attitudes their decisions are based. The continuous monitoring
of the safety culture through various indicators plays a central role in this.
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3.2.2.3 Social Research in Nuclear Safety

The understanding of a nuclear power plant’s stakeholders regarding nuclear safety
and the factors that affect it are important in terms of maintaining and developing
safety. In past decades, it has been shown in many European countries that a negative attitude towards nuclear power from society will, in the long run, dilute the
power plants’ ability to take care of nuclear safety, because it reduces the resources of education in the field and the attractiveness of the field for young applicants.
Nuclear power plants are subjected to careful institutional supervision at all stages of their operation. Citizens’ views on nuclear safety have been examined in national opinion surveys, as well as in an EU-wide study. It is also important to examine
local attitudes. Concerns regarding the safety of nuclear power plants can cause significant psychophysical stress for those living nearby. Finland has a unique opportunity to collect experience, information and views from the authorities and from citizens at all stages of the life cycle of nuclear power plants. Timelines already exist for
Eurajoki and Loviisa, showing the development of public opinion regarding nuclear
safety over time.
Naturally, the object of safety monitoring is the power plant itself, but the aim
is to prevent health hazards for the population, as well as damage to the environment and to property. In addition to supervising nuclear safety, the Finnish Radiation
and Nuclear Safety Authority has set itself the aim of “…maintaining citizens’ trust
in the authorities and thereby to influence the population’s sense of safety. This is done
through open, transparent and timely communication.” The sense of safety and trust,
and the need of operators to influence them, form an important topic of research.

3.2.3 Cross-Disciplinary Research Needs
The projects of the Man, Organisation and Society research area must make use of
cross-disciplinary cooperation with other fields of research. No cross-disciplinary
research projects have been set up in earlier versions of the programme, but support from technical experts have been used for identifying the most important research topics for nuclear safety and for collecting data.
An example of the sort of cross-disciplinary research project that is needed is the
application of reliability analysis to organisation theory. Probabilistic risk analysis is
used to examine the share and significance of human risks within safety. The significance of nuclear and radiation safety and the reliability of equipment must be taken
into account when the quality and quality control requirements are set for nuclear
power products and functions. The risk impact of equipment, systems and functions
must also be accounted for when setting requirements. It would be good to acquire
research data on the interdependence relationships between requirements, risks,
safety impacts and reliability that can be used in setting quality and quality control requirements.
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3.3 Automation and Control Room
3.3.1 Automation
3.3.1.1 Description of the Research Area

The use of current software-based technology is often considered a problem for
safety-critical nuclear plant automation. However, software-based technology is
often blamed for no reason. Software-based digital technology offers numerous
benefits and opportunities, and the risks related to the technology are also manageable by applicable methods. The root causes of problematic characteristics are
almost always found in more familiar areas: project management, practices, operating process management and engagement. What is essential is to manage complex
and extensive technical entities, which have become increasingly visible through the
adoption of software-based technology.
The significance of human activity – particularly in the design process – is emphasised when looking at the nature of the evidence used in decision-making. Traditional technology relies on primary evidence based on experiments made through
testing, inspections and mechanical sampling, for example. This kind of testing is
impossible for even slightly more complex software-based equipment. Trust in the
sufficient quality of a device is based on indirect information regarding how well the
manufacturer has designed and manufactured the device. If one wants to put focus
to the testing, attention should be paid to the sensibility of the testing The question
does not relate so much to individual test results but to the testing process itself:
have all the relevant test cases been executed? Was the test coverage on sufficient
level?
When considering the safety of nuclear power plants, automation is sometimes
seen as a less important support technology. However, modern software-based
technology has increased the significance of automation as a cross-disciplinary
safety factor. In applications made by using traditional technology, functions and
the systems that implement them have been functionally independent of each other
by nature. Modern digital technology allows for systems to be networked and for
equipment to be used broadly for many purposes. In this respect, this is a trade-off
situation in design: adding interactions between systems results in better functionality and reduced equipment costs, but on the other hand it increases the risk of
common cause failures and fault propagation. The shift from analogue technology
to software-based automation could be compared to the development from a ladderlike nervous system to centralised brain structure.
Software-based digital technology is by no means a new thing, globally speaking.
However, for the nuclear power sector, which has been used to traditional, tried and
tested practices, it is novel. Standardisation, instructions and even official guidelines
in the sector are not up to date, and do not provide sufficiently practical guidance
for suppliers, licence holders or the authorities to develop their activities. Therefore
36
37

an essential question in research is how much effort should be made in actual automation research, and how much in increasing expertise, interaction and training.
Would it be more efficient to import existing, evidence-based know-how into the sector than to reinvent the wheel? It should also be noted that software-based technology will not solve all existing phenomena. For example, problems related to ageing
will still be present, which means that the safety of existing implementations must
also be monitored.
3.3.1.2 Research Needs and Intended Results

Many needs can be identified for automation research, but the basic question behind
almost all of them is clear: how can sufficient evidence be produced, for example for
commissioning and approval situations?
Applied research

Experiences of ongoing automation projects indicate that the problems that are
encountered are not necessarily due to technology but to insufficient expertise and
the failure to recognise organisational factors. Networked, software-based digital
technology has brought with it a new dimension of opportunity and complexity,
where the significance of top-level planning, holistic management and operational control has superseded that of individual designers’ expertise. The change is
not purely technological; even a small automation action creates a field of multiple
actors involving several organisations, subcontractor chains and other roles.
Practice has shown a need to investigate to what extent technical project management competence should be acquired from outside of the sector for nuclear power
automation. The ICT sector has already carried out extensive research on requirements management, configuration management, and verification and validation
(V&V) processes and their management, and some findings have been adopted into
standard use. Space technology makes use of S4S (Spice for Space), derived from
ISO 15504. Would it be possible to develop S4N, Spice for Nuclear Applications, or
another similar method for examining capabilities? Although the abovementioned
areas do not offer opportunities for actual cutting-edge scientific study, there is a
clear need in the field of nuclear power automation, and there are strong grounds
for example for creating clear, illustrative learning materials for purely educational
purposes within the research programme.
The sector should also look at itself. Official supervision underlines the amount
of documentation. Is all the documentation that is currently produced necessary?
Would the life be even harder with less documentation, or is it currently created
as a compromise for development, usage and licensing needs so that it does not in
fact serve anyone, when it should serve all those involved? Can the evidence required for decision-making be collected in any other way than via separate documentation? To what extent could separate approval documentation be replaced by trust
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in the quality of actors’ actions, and on what would the trust be based? Does the
communication between the authorities, licence holders and suppliers really work?
Methods research

The lack of quantitative methods or the difficulty of applying them to software-based
technology introduce a clear problem and a research challenge. Whereas the traditional reliability methods are based on statistically random events, software and
software-based systems are based on systematic failure mechanisms. The problem
can be approached directly or indirectly. Standard IEC 61508 offers an approach, in
which quantitative assessment is used to categorise the reliability of the item under
review. In terms of measurement theory, however, this perspective is problematic: it
is impractical, for example, to carry out comparisons or sensitivity analysis within
the same category. Another possibility is to shift attention from the actual product
to the design and implementation processes: how much of the quantitative reliability of the design and production organisation (which can more easily be subjected
to statistical methods) can be transferred to the quantitative reliability evaluation
of the end product?
A special issue related to the topic is the application of user experiences. What
kind should the applied operating experience data be like in order to be believably
applicable to evaluating the quality or reliability of a software-based device? Are the
limits of applicability set by theory (is that even possible?) or practice? (Is it viable
to collect sufficiently accurate data, for instance due to the large number and diversity of the user profiles needed for analysis?)
The extensive measurement data collected from the safety-critical equipment
of nuclear power plants is a potential source for various analysis methods. As an
example, predictive maintenance of actuators used for protective functions is largely
based on regular testing and calibration, but it would already be possible to examine
the existing data more diversely in order to observe fault signs at an earlier stage.
A natural research question for platform-based centralised automation technology
in particular relates to the number and scope of the regular tests and to how these
should be calculated.
Common cause failures and the application of the principle of diversity should
also be researched. At the moment there are no sufficiently accurate methods for
evaluating the risk of common cause failures and the necessary diversity. There are
also problems in the approaches used: diversification research often focuses on individual aspects of diversification rather than the whole. Diversification is often considered imperfectly, without determining the common cause failure mechanism that
the diversification is supposed to solve. There is a clear need to study the impact and
depth of the various dimensions of diversification (e.g. organisational, design solution-based, production technology-oriented, etc.).
One of the clear success stories of SAFIR2010 was the use of formal modelling
methods in nuclear power plant automation. Formal modelling research should
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definitely continue. It should be ensured that the way of thinking remains broadminded. Whereas the methods have proven their suitability to certain system level
applications, the extension of the modelling approach should be considered in new
areas, such as automation architecture. From a safety point of view, methods that are
capable of evaluating large entities and handling material, energy and information
flows as a whole are especially useful. Formalism with its mathematical strengths
creates new opportunities, for example in measuring the properties of systems and
system entities, and in evaluating the coverage of verification and testing. Clear and
concrete further research needs exist, for example in developing methods to support
the modularisation of models needed in managing complex models, and the management of problems related to the timing of asynchronous systems.
Research that follows technological developments

New-generation technologies (e.g. multicore processors) and more established
technologies that are still rare in the nuclear power sector (e.g. field-programmable
gate arrays [FPGA]) are areas in which it is necessary to keep an eye on the development of technologies, methods and practices. Whereas the monitoring of technology and its opportunities and risks has traditionally relied on the volunteer commitment of the actors in the field, it could be now possible to consider the use of centralised technological monitoring and status oversight within the scope of the research programme.
3.3.1.3 Cross-Disciplinary Research Needs

There are evident needs for cross-disciplinary research. The basic causes of what
are usually seen as problems arising from automation often lie in technical project management, rather than being characteristics of software-based automation
technology. Requirements management and configuration management are examples of engineering support processes that must be mastered regardless of the field
of technology.
The activities of people and organisations are traditionally seen through user and
operator actions. This knowledge could be applied to the management of engineering organisations or, even more extensively, to multi-supplier organisations and
subcontractor chains. The perspective is not limited to organisational human factors, however, because the quality control and subsequent safety control of multisupplier organisations also involves numerous financial and legal aspects. Prior
SAFIR programmes have not included this kind of approach related to managing
large entities.
Different modelling methods can be integrated to achieve significant benefits. At
the moment, single separate models are created for using different methods. To prevent multiple modelling efforts, would it be possible to create shared models for the
needs of different methods (e.g. model verification, simulation and reliability analysis)? Could a framework model for automation design and licensing be created so
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that nuclear power plants could share the information needed and produced by different methods? Could the models and outcomes of model verification be utilised for
instance in PRA-style reliability modelling?

3.3.2 Control Room and User Interface
3.3.2.1 Description of the Research Area

Control room design is often a poorly known aspect of nuclear power plant
design, and its methods differ significantly from those of general automation
design. Control room design focuses particularly on the usability and ergonomics experienced by the people who operate the process (and its automation).
Design strives to take into account the restrictions of human data processing
and communication, and to produce solutions that minimise the likelihood of
human error. Human factors must be accounted for not only in the design of
control and supervision screens but also for example in developing emergency
response instructions.
In old plants, the transfer from analogue to digital automation is dramatically
changing the working environment and tools of control room operators. There are
currently no new nuclear power plants with control rooms based entirely on digital
technology, so there is not yet sufficient experience of them.
Although the tasks of process management are not necessarily changing as a
result of the generation change in automation, the change has a significant impact
on the operating concept of the plant – i.e. the actions of operators in diverse situations, team work and the understanding of the process situation as a whole. In addition, changes in user interface technology cause major modifications to the monitoring of process separations and the maintenance situation, among other things.
Another important issue for nuclear safety is to adapt emergency operating procedures (EOPs) to digitally automated control room systems.
One factor that is having a big impact on the development of digital control rooms
is the astonishing progress in display technology. As various large screen types have
become more common, their prices have dropped, making them available even for
household use. Large image surfaces, combined with touchscreen and 3D functions,
can be implemented at very low cost. In the future, new display technologies and
control methods will allow for the adoption of novel interactive control room applications. The short and long-term impact of this on the design of control rooms and
the work of operators is an interesting issue.
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Figure 3.5 Schematic picture of future control room at the Loviisa power
plant

3.3.2.2 Research Needs and Intended Results

In modern nuclear power automation, the architecture of safety automation is restricted by strict diversity and separation requirements. This leads to solutions with
high quantities of digital control room terminals for safety interfaces, and with several separate user interfaces for different safety functions. To reduce the risk of common cause failure, data transfer between these interfaces must be carefully restricted. This protects the integrity of the safety automation. A challenge therefore
is how to create an integrated and ergonomic collective interface for control room
operators out of these separate parts. The distribution of functions between systems
should be implemented in a way that maximises cognitive ergonomics. Research is
needed in this area.
The above-mentioned situation is difficult for operators, because different functions must be monitored and controlled using different interfaces, and possibly even
different workstations. The impact of this kind of architecture on the operator’s efficiency and susceptibility to error, and therefore on the safety of the plant, is an area
lacking in experience and research data. Research in the field should examine the
risks that diversification and separation requirements cause in control room operation, and how these risks should be controlled through the right kind of training.
In recent years, the role of emergency and incident procedures has been emphasised in various accident and fault situations. An overarching problem in the
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development of instructions is that they can never be tested in a real plant. The
cases of emergency procedures being applied at a plant are very rare, but extremely
critical in terms of nuclear safety. Naturally, simulated tests provide a good indication, but the progress of an incident at a real plant may still differ from test conditions, depending on circumstances and various random factors.
People have varying notions regarding how precisely emergency procedures
should be followed. Some believe that deviations from procedures should not be allowed under any circumstances. The opposing view is that the procedure is a foundation, indicating the basic strategy for operation, but that details can be deviated from
as long as the overall strategy of the procedure and the significance of its actions are
understood. This conflict between human consideration and experience on the one
hand and reliance on carefully considered, ”mechanical” action plans on the other
should be examined, for example by investigating incidents from other sectors of
industry that can shed light on the situation for nuclear power plants.
Developments in display technology and the popularisation of large-scale display
devices bring new opportunities for the presentation of information in control
rooms. Several research projects are under way, investigating for example the effectiveness of diverse information display methods on large screens (e.g. within the
OECD Halden Reactor Project). Until now, research has mainly focused on how the
data coming from the main automation systems can be collated to form an overall
picture of process management. The research could be extended by considering that
large screens can be used to display information from many different systems (including those external to automation). For this to work, the screen surface area must be
sufficiently large for data from diverse applications to be laid out on it, for instance
using window technology.
Thanks to rapid developments in display technology, we can already envisage situations where entire walls are covered in thin display screens that form a continuous
image. Interesting questions in this case include how different information sources should logically be organised on the screen, who should control this medium in
various situations and how, and what kinds of instructions and restrictions should
be placed on the use of such a medium without losing its inherent flexibility. Changing display methods and equipment and the quality and quantity of the data available to control room operators have an indirect effect on nuclear safety. It may be
useful to investigate the best practices for using these large-screen walls in different sectors of industry.
Requirement specifications and requirements management have been recognised as important factors in building new plants and systems. Until now, studies into
requirement specifications for automation systems have focused almost entirely
on technical requirements. Less attention has been paid to determining and managing user requirements. The principles of user-driven design should be included in
all stages of automation design, right from the start, so that the end user’s point of
view is visible in the final automation and control room system. A proper process for
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defining and managing user requirements produces strong foundations for a wellfunctioning operating concept. The specification models presented to date for userdriven control room design have not been very convincing and have not sufficiently
incorporated the needs of end users. This has not even been required by official regulations. Research should therefore be aimed at creating a cohesive picture of the processes for determining and managing user requirements, and on their impact on the
various stages of automation design.
3.3.2.3 Cross-Disciplinary Research Needs

The main contact points with other research areas in relation to control rooms relate
to maintenance, training and the “Man, Organisation and Society” research area.
New technologies offer new opportunities for displaying the maintenance status in
the control room, as well as methods for increasing cooperation and information
sharing between users and maintenance personnel. Technological advances coupled with the current generation change pose a serious challenge with regard to training of power plant personnel. However, some new technologies contribute solutions to this, including large screens and simulators that have been found to be effective in training. Research can be used to find out how best to respond to these training challenges and to use the new technology available to power plants. The abovementioned issues related to emergency instructions are also linked to more general
safety culture questions discussed within the “Man, Organisation and Society” area.

3.4 Fuel Research and Reactor Analysis
3.4.1 Fuel Research
3.4.1.1 Description of the Research Area

Understanding fuel behaviour in all the normal operational states of a reactor, in
incidents and accidents, and during fuel storage and final disposal is essential for
nuclear safety as a whole. The continuous development of nuclear fuel, including
both structure and materials, makes it challenging to develop fuel behaviour models
for normal operation, incidents or accidents.
A part of this development is the continuous increase in fuel burn-up, which provokes the need to enhance further fuel behaviour models and guidelines. The acceptance criteria, set by the Radiation and Nuclear Safety Authority in its Regulatory
Guides on Nuclear Safety (YVL), provide for the development of novel fuel behaviour
models, with which the number of fuel rods being damaged in incidents and accidents or experiencing heat transfer crises could be estimated. Developing methods
for computational uncertainty management and assessment is an essential part of
the research projects.
The development new cladding tube materials and increasing fuel burn-up limits
requires experimentation in order to understand the corrosion and hydridation of
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cladding materials, for instance. With basic fuel research being expensive, new information for modelling and official regulations has to be obtained through participation in international research projects, the most important of which are experiments
on the CABRI water loop and the Halden Research Reactor. Experimental data is exploited when developing and validating fuel simulation models.
3.4.1.2 Research Needs and Intended Results

Due to the continuous development of nuclear fuels, analysis tools must be developed and models need to be altered. The power companies’ aim to achieve higher fuel
burn-up levels is still extremely topical. Another area of research is the revision of
official instructions to abandon predetermined limits for certain parameters (e.g. rod
internal pressure, maximum burn-up). In future, licence applicants must determine
their own limits for safe fuel use, justifying them on the basis of the latest international experimental research outcomes. It is essential for research and computerised model development to be linked to international experimentation. Some of the
most important international research programmes are the Halden Reactor Project
operating under OECD/NEA, SCIP II, CABRI and the new JHIP (Jules Horowitz International Project).
Determining the limits for safe fuel use requires statistical computing methods
that give a comprehensive view of the behaviour of the whole reactor core in both
steady-state and transient situations. Fuel behaviour in accidents must be possible
to model such that calculation software can be used to estimate the number of fuel
rod failures, cladding embrittlement and the coolability of fuel.
The increase in fuel burn-up must not jeopardise the coolability of the reactor core
in accidents. In order to assess the behaviour of high burn-up fuels in accidents, the
fuel models must take into account the effects of the burn-up on the fuel’s properties. This requires experimentation with high burn-up fuels, the outcomes of which
can be transferred into fuel models.
As the proportion of nuclear power increases in the electrical network, nuclear
power plants may be subject to following of the loading of the network. Variations in
reactor output increase the loading to which the fuel is subjected. Safe limits must
be established for fuel integrity for plant operation based on load following.
The use of statistical uncertainty models must be increased in analysis, and
statistical analysis must gradually be extended throughout the calculation chain,
from cross-section data to transient and accident analysis and to fuel behaviour
examinations.
The development of analysis tools must ensure sufficient quality control and
documentation, which is particularly important in connection with the generation
change in the sector.
Training of new researchers should also be taken into account in all research projects. This can best be achieved by forming research teams that include both experienced senior researchers and junior researchers in the early stages of their careers.
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3.4.1.3 Cross-Disciplinary Projects

The research is linked to materials research related to structural integrity, especially within cladding materials, and to thermal hydraulics research.

3.4.2 Reactor Physics and Dynamics
3.4.2.1 Description of the Research Area

Uranium, other fissionable materials issuing from it, and fission products are located in the fuel during operation. When developing fuel, licensing new fuel types and
ways of fuel operation, and designing new power plants, the safety of the reactor
core has to be ensured.
Reactor physics provides information required for evaluating neutron interaction.
The most important applications are related to computing power distribution, assessing nuclear criticality safety, analysing neutron doses for mechanical components
and defining the isotope composition of spent fuel.
There is a growing need to prepare to utilise burn-up credits in the nuclear criticality safety evaluation for the storage of spent fuel. The methods and criteria for
this procedure have to be developed.
Safe use of nuclear power plants and fuel require that operation design, accident
and transient analyses and nuclear criticality safety analyses are made in a reliable
manner and that the know-how related to them is available to regulatory bodies
when necessary.
Developing computing models related to reactor dynamics so that they fit the
requirements of technological advancements is a central objective of the research
area. New types of fuel and the need for analysing phenomena taking place in the
reactor core in further detail create the need to improve models related to thermal
hydraulics and neutronics. Improving fuel models for heat transfer is also important.
The computing results contain uncertainties in the models and the initial assumptions. Proper methods are needed to evaluate this uncertainty systematically. Developing statistical and uncertainty methods for these programmes is a tool for evaluating the applicability of analysis results.
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Figure 3.6 Core of the gas-cooled, graphite-moderated HTTR test reactor,
with the rods inside. The blue tones indicate the thermal neutron flow and
the yellows fission power. 3D complete core model made with the Serpent
Monte Carlo code.

3.4.2.2 Research Needs and Intended Results

The most essential national expertise on reactor physics is related to a chain of calculations where initial data is created using a basic constant nuclear library for
nuclear criticality safety studies and for steady state and transient calculations of
the entire core. Continuous research and development will be needed to maintain
the usability and up-to-dateness of this calculation chain, and to expand its application to new reactor and fuel types.
Know-how on deterministic and stochastic (Monte Carlo) transport methods has
to be maintained and developed. These methods are needed in calculations related
to nuclear criticality safety and radiation shielding, and in defining different kinds
of detector responses and neutron doses outside of the core in inventory calculations, among other things. Know-how can be maintained and models validated in
the demanding area of three-dimensional transport modelling by actively taking part
in international benchmarking. This also supports the development of the developers’ own models.
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Expertise in nodal methods and codes is declining in Finland due to experts retiring. A major part of the reactor physics analyses with which the status and composition of a reactor core can be defined will be made with these codes for a long time.
Their results will be needed for initial data in many other safety-related analyses.
Maintaining expertise in this field has to be ensured during the research programme.
In all the analyses related to reactors, it is crucial to develop data that is as accurate as possible on neutron cross-sections and to process and use it properly, in order
for results to be accurate and usable. Further development is still needed for the
necessary cross-section condensation chain for three-dimensional transient analysis, in order to allow for cross-sectional data to be automatically parameterised for
different kinds of power plants and transients. To systematise further research, an
analysis of how cross-section data should be parameterised for different kinds of
transients and steady state core simulators should be made in the early stages of
the programme.
In addition to the concrete targets given above, expertise especially related to
computerised modelling used for fuel burn-up calculations should be maintained.
An important part of this work is the development of developers’ own models and
the comparison of results with commercial software. The development of a Finnish Monte Carlo-based burn-up calculation system to produce cross-sectional data
for steady state and transient calculations would be useful, not only as an end in
itself but also for the purpose of training new experts and conducting international
cooperation.
A computing system linked with burn-up calculation software has to be developed
for the possible utilisation of burn-up credit related to the storage of spent fuel. The
computing system could be used for calculating the nuclide composition of spent fuel
and its uncertainty for criticality calculations. For the purposes of burn-up credit use,
a systematic method must be developed for accounting for uncertainties in nuclide
compositions such that the conservativeness of end results can be ascertained.
The accuracy of simulations of reactor behaviour in incidents and accidents can
be improved by intoducing methods for calculating power in individual fuel rods,
and by shifting increasingly to three-dimensionality in thermal hydraulic modelling.
Only three-dimensional flow models can completely account for the effect of concurrent subchannels on the temperature of the hottest channel, and fully describe the
consequences of the blockage of a single channel. The research should also review
opportunities for improving calculation methods related to the hottest flow channel to be more realistic. This was recommended in the international evaluation of
SAFIR2010 [4].
For analyses to meet the current official regulations, uncertainty analysis methods based on statistical transient calculations must be combined with fuel behaviour models.
The development of computerised models is a good way to increase expertise and
train new experts. Although commercial software is available for power companies’
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needs and there are programs for the regulatory bodies to use developed for instance
by the US Nuclear Regulatory Commission (NRC), research groups can conduct their
own modelling to ensure they consider things in depth. This also allows for comparative analyses to be made between various computerised models, which makes it
easier to identify weaknesses in the models.
3.4.2.3 Cross- Disciplinary Research Needs and Intended
Results

Defining the nuclide composition of spent fuel is a sub-area of reactor physics that is
directly related to both spent fuel disposal analyses and accident source term analyses. This is linked to the development of burn-up models, as the resulting codes and
models can be used in these analyses.
Improving models of heat transfer from fuel pellet to coolant requires collaboration with fuel and thermal hydraulics experts.
Transient modelling has a clear connection with the thermal hydraulics area. The
same new methods used for describing the thermal hydraulics of the reactor core
can be applied to descriptions of the pressure vessel, the steam generator and the
other components of the cooling circuit.
The long-term objective must be to create a calculation system in which the plant
model, the 3D thermal hydraulics model of the reactor core, the neutronics model
(incl. rod power calculations) and the fuel model are interlinked so that the number
of fuel rod failures in the case of an accident can be calculated. This requires cooperation with other areas, particularly thermal hydraulics.

3.5 Thermal Hydraulics
3.5.1 Description of the Research Area
Thermal-hydraulic analyses form a basis for evaluating nuclear power plant safety.
The development and validation of methods that respond to new needs is crucial for
developing an independent safety assessment method. This requires participation
in international and national research programmes in order to understand thermalhydraulic phenomena, develop analysis methods, and validate them using experimental results.
Today most of the thermal-hydraulic computation related to nuclear power plants
is carried out using process simulation. Expanding thermal-hydraulic computing abilities to cover two and three-dimensional CFD computing methods (Computational
Fluid Dynamics) is an important target for the future. These models can provide data
on multidimensional phenomena in the reactor pressure vessel, steam generators
and condensation pools, for instance.
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Figure 3.7 FLUENT model of the VVER-440 horizontal steam generator

Another important area of research is the application of best-estimate methods to
safety analyses. This approach, combined with comprehensive statistical uncertainty analysis, is increasingly suggested as an alternative to the conservative approach. For the uncertainties related to thermal-hydraulic programs to be better controlled, suitable uncertainty analysis methods must be developed to give a better idea
of the conservativeness of computational results.
Some of the international research programmes supporting thermal-hydraulic
research coordinated by OECD NEA/CSNI that SAFIR will be involved in are: ROSA-2
(Rig of Safety Assessment Project) and PKL-2 (Primärkreislauf-Versuchsanlage) experiments and the SETH (SESAR Thermal-Hydraulics) programme, which is related to
containment building thermal hydraulics.
Nordic research partnerships include the NKS and Northnet networks, while EU
partnerships include NURISP (Nuclear Reactor Integrated Simulation Project) and
THINS (Thermal Hydraulics of Innovative Nuclear Systems).
Finnish experimental activities are mostly related to the ability of Lappeenranta
University of Technology to conduct thermal-hydraulic experiments in its test facilities. The key facilities currently in use are PWR PACTEL and PPOOLEX. The equipment can be used to model the operations of PWR and VVER plants’ reactor circuits
and BWR plants’ containment buildings in incidents and accidents. The adaptability
of equipment and the ability to build separate effects test facilities allows effective
research of diverse systems. Results achieved through experimental test facilities
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are not usually directly transferable to plant use. However, the data can be used for
validating and developing computing software.
Experimentation and related development of models has brought up certain
phenomena that cannot be computed with sufficient accuracy using the current
models. Such phenomena include condensation pool behaviour (PPOOLEX test facility), and the behaviour of non-condensable gases in primary circuits and containment. These phenomena should be modelled in more detail in computer codes in
order to improve the reliability of the simulation results. Lately, an increasing need
has arisen for the validation of CFD codes. This requires suitable measurement
technology infrastructure, so that appropriate high-quality measurement data can
be produced.
The passive safety systems of the advances NPPs utilise gravitational forces.
These processes often contain condensation heat transfer, which includes non-condensable gases. Condensation heat transfer related to non-condensable gases is a
complex phenomenon that cannot be fully simulated in all cases. Condensation is
heavily dependent on the amount of non-condensable gas and the geometry of the
equipment. Condensation can take place on plane surface or on the inside or outside
of pipes, which must be taken into account in modelling.
Experimental and computational thermal hydraulics are also needed in the methodology of other research areas, such as structural analysis, severe accident management, reactor physics and fuel technology. Each of these requires thermal hydraulics models developed specifically for them.
Thermal hydraulics constitutes basic physics in the nuclear power sector, and
managing and understanding it is important in many aspects of the field – including
plant operation, BWR fuel design and deterministic and probabilistic safety analyses. Expertise in therma-hydraulics is crucial at least in the research areas 3–8 of
the SAFIR programme. Therefore sufficient teaching has to be available in thermal
hydraulics education. More young researchers familiar with heat and mass transfer
are needed to cover the research needs of new plant projects, and to take over the
work of retiring colleagues. Thermal hydraulics still involves a lot of uncertainty, so
research is essential.

3.5.2 Research Needs and Intended Results
Developing and validating the thermal-hydraulic analysis and simulation codes currently in use, on the basis of experimental data from national and international research projects, continues to be an important research area. One of the primary aims is
to improve and validate the Finnish APROS code that is widely used for plant simulation and safety analysis. The ability of regulatory bodies to perform safety analyses using software that is independent of the licence-holders’ equipment has to be
ensured in the research programme.
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A concrete development area is correcting flaws in analysis methods when simulating experiments. The codes used at present are not able to properly model a situation where water, steam and non-condensable gases (nitrogen) exist simultaneously
at low pressure in the primary circuit. Developing methods so that reactor behaviour
in transient situations and accidents can be reliably modelled in these conditions
requires experiments and related analyses. The same problem is present in the operation of passive systems, where the force driving the flow may be small and easily
disturbed.
As in previous research programmes, experimental projects should be used effectively in advancing computational projects. Computational projects should make
evident their needs for special testing and any additional instrumentation or equipment that this may require. Cooperation between experimentation and computation
should therefore be reinforced. This was one of the points made by the international
evaluators of SAFIR2010 [4].
The aim is to have PWR PACTEL included in the OECD’s NEA/CSNI research projects. This can take the form of benchmark computing and, consequently, an International Standard Problem (ISP) or similar international project.
Computational uncertainty management and the development of models for
assessing uncertainty form an essential development project related to thermal-hydraulic safety analysis. Similarly, the objective of experimental activities must be to
form a more systematic and accurate view of incorrect estimates. The development
of simulation programs and methods so that they can involve best-estimate safety
analyses combined with uncertainty analyses is a recommended research topic. In
addition to software development, this requires an in-depth mastery of the physics
behind the model, as well as validation efforts. The use of experimental results, such
as LUT’s PWR PACTEL experiments, in assessing computational uncertainties could
support this research, for example through a benchmarking exercise.
The functionality of new plants’ passive systems must be ensured experimentally and calculation models should be validated based on experiments, also applying existing research outcomes. The international evaluation of SAFIR2010 [4]
recommended the strengthening of passive safety system research in the next programme. The use of best-estimate analyses tools combined with parameter uncertainty distributions should be considered, particularly in passive system analyses,
because safety functions are based on natural phenomena and usually on relatively
small changes in pressure, temperature or density. The simulation of uncertainty
distributions offers methods for prioritising influential factors and identifying the
main factors. A report on the passive systems used for the new plant types planned
for Finland, and their validation statuses, was completed within SAFIR2010 to aid in
evaluating testing and validation needs.
Expanding nuclear plant-related thermal-hydraulic computing abilities to cover
CFD computing methods is an important target for the future. Their application to
nuclear power plant safety analyses requires modelling, particularly within the area
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of two-phase flows. The use of open source code should be considered in addition to
commercial software. The open source philosophy is highly suited to nuclear safety.
In addition, open source computation software can be modified extensively if necessary. Open source CFD software has been researched in Sweden for some years. The
Northnet network may be a suitable community for Nordic information sharing on
the topic. Attention should also be paid to software development within EU-funded
projects (e.g. NURISP and THINS).
The use of CFD computing methods is possible in modelling flows in reactor
pressure vessels, steam generators and condensation pools, for example. CFD is
used to calculate the flow stratification (cold emergency cooling water/hot natural
circulation water or plug of non-borated water) in the reactor pressure vessel and
condensation pool. Further development and validation of these methods is needed.
In the long term, CFD models for two-phase flow, for example in fuel bundles and
steam generators, must be developed.
Linking safety analysis software (such as APROS) more closely with CFD tools is
another recommended topic of research. Process analysis software allows modelling of extensive entities, such as a whole power plant, including not only thermal
hydraulics but also automation and other systems, whereas CFD can model individual components in detail. Put together, these would produce more accurate simulation results in cases where the limitations of 1D process analysis software have
effect on the results.
Separate effects test facilities and additional instrumentation for existing facilities can provide data for CFD model validation. Improving measurement systems in
general is an important target and can be achieved either by taking new systems into
use or developing existing systems that can provide extensive data for reliably qualifying CFD methods. Carrying out CFD grade measurements experimentally in order
to support computation methods and validation requires the development of measurement methods and the adoption of new measuring devices and systems (Particle
Image Velocimeter, wire mesh sensor, process tomography, etc.).
Knowledge of dynamic phenomena (e.g. stratification, circulation, direct-contact
and wall condensation, mixing and fluid-structure interactions) that have an impact
on condensation pool behaviour is insufficient at the moment. Experimental data is
needed for analytical methods development. The aim is to develop modelling that
takes into account the interactions between the whole containment building and dry
and wet well compartments (including the containment spray system).
Some of the suitable research topics for the programme period include large pipe
breaks in the primary circuit and leak before break (LBB) modelling. Some mapping
of research needs within large pipe breaks in the primary circuit was done as part
of SAFIR2010.
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3.5.3 Cross-Disciplinary Projects
Rapid pressure drops, for example, due to large break LOCA in the primary circuit
create heavy loading on structures. On the other hand, the structure geometry may
vary due to these loads, which has an impact on flow conditions. There is little data,
even internationally, on the development and validation of tools for studying fluidstructure interaction. Experimentally, it is possible to study structure behaviour in
rapid pressure drops (loss of coolant accident, condensation, etc.). At the same time,
data can be obtained on flow conditions in pressure drops (water evaporation, changes in pressure drop speed, etc.). Research in this area requires cooperation with
experts in the area of structural safety of reactor circuits.
Modelling of flow and heat and mass transfer in small fractures (cracks) and validating models using experimental data is a research topic that requires cooperation
with the area of structural safety of reactor circuits. A model is needed to prove the
fulfilment of LBB criteria.
Calculating flow distribution inside the fuel bundle with CFD models is a theme
where research is realised in collaboration with fuel and reactor dynamics experts
and, possibly, with Northnet. The development of interfaces between CFD software
and neutronics software is another area of partnership.
The operation of passive safety systems in severe accidents is a topic in which
researchers can cooperate with severe accident experts. Severe accident research
applies CFD models, for instance in aerosol computing, so CFD-related cooperation
is also useful. PRA level 2 methods based on simulation also use the same models.
We recommend creating an ad hoc group in CFD computation to support information sharing within cross-disciplinary projects and CFD modelling. Three-dimensional two-phase computation is currently being developed using commercial CFD
codes and own process simulation models, such as the PORFLO model that utilises the porosity approach and a homogeneous dual phase model. Projects are also
underway for combining different models, such as the interface between CFD and
system code computation.
Deterministic failure and accident analyses based on best-estimate methods form
the basis for probabilistic safety analysis. This is why the more realistic development
of deterministic analyses tools belonging to the thermal hydraulics field, and related uncertainty analyses are very useful for PRA. On the other hand PRA can also be
used to prioritise research objects.
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3.6 Severe Accidents
3.6.1 Description of the Research Area
Figure 3.8 Heating elements of COOLOCE research facility used for particle
bed cooling tests

Severe accidents usually refer to such nuclear power plant accidents in which a significant part of the reactor core is damaged. The probability of a severe accident in
a Western nuclear power plant is very low, lower than 10–5 per reactor year. Preparing for them, however, is important because of the large potential consequences.
Finnish nuclear power legislation requires that new nuclear power plants must
be designed to withstand severe accidents. At the Olkiluoto 3 EPR plant unit, severe
reactor accidents have been considered from the very beginning as a basis of containment design. Major plant modifications have been made at existing Finnish
nuclear power plants for severe accidents. They have significantly reduced the likelihood of reactor core damage and large-scale fission product release.
Large-scale experimental research into severe accidents with prototypic reactor
materials is expensive. This type of research is usually conducted in international
collaborations, for example in research projects organised by OECD NEA.
Due to the high costs, international experimental research rarely focuses on a
single power plant type. The focus is usually on basic phenomena or on producing
measurement results for calculation method development and validation. National
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experimental research, on the other hand, can produce methods and results that
are directly applicable to a specific problem or power plant type. By concentrating
on essential details, good planning, and close collaboration with end users, valuable
results can be obtained with relatively small resources.
Severe accident calculation methods can be divided in two basic categories: integral codes and separate effect codes. Integral codes compute accident progression
from initiating event to core melting and fission product release, taking into account
all the systems affecting the accident and all the potential phenomena taking place
during the accident. Computing time is kept reasonable with the use of simplified
models. Examples of integral codes are the MELCOR code funded by USNRC, the
ASTEC code developed by the EU and the MAAP code initially funded by the nuclear
power industry.
Methods for modelling separate effects, such as hydrogen transport and burning,
are significantly more detailed than the integral models. Thanks to increased computing capacity, more models based on CFD computing have been utilised in recent
years. Validating CFD models for severe accident management has nevertheless
been difficult: measurements in earlier experiments have not been made detailed
enough.
Finland has participated in international severe accident research programmes,
usually through the SAFIR programme, in such a way that VTT has signed an agreement with the international programme and forwards the research results and other
data received by agreement to other Finnish organisations. The programmes have
been monitored by SAFIR reference groups.
Within the EU’s Seventh Framework Programme, severe accident research is
coordinated in SARNET network of excellence. The EU has announced that it will not
fund the network after 2013, at which time it is expected to become self-funding. The
research results produced in Finland for SARNET have mainly been achieved within the SAFIR programme, but participation in SARNET meetings takes place within a project external to the programme. If participation in SARNET after 2013 requires independent funding by the participants, it would be natural to link the project
to SAFIR2014.

3.6.2 Research Needs and Intended Results
With respect to severe accidents, the situation of Finnish power plants is already
very good. Further research is needed on the cooling of core materials in particle
form. A test programme to investigate the phenomenon was initiated in SAFIR2010,
and its results must be analysed within SAFIR2014.
Severe accidents have been taken into account in the design of all the plant alternatives mentioned in the decision-in-principle applications. However, the severe
accident management strategies of the different plants vary. Finland must have the
capacity to independently review the special characteristics of severe accidents in
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new plant types. Analyses to verify calculations for chosen plants must be made outside of the programme, on commission. Research capability must be created within
SAFIR2014, however, to maximise the reliability of the verification work. The international evaluation of SAFIR2010 [4] recommended that the future Severe Accidents
research area be flexible as regards new plant types.
The essential target of severe accident management is to stabilise and cool the
core material into a solid form. In the new plant types, stabilisation can be carried
out in different ways: in reactors with lower capacity, the molten core can be contained within the pressure vessel by external cooling of the vessel. Alternatively, the
core can be cooled outside of the pressure vessel, in a core catcher installed below
the pressurure vessel in the containment building.
An independent verification of these new solutions may require both new computation tools and experimental research. In Finland it is not possible to experiment
with prototypic core materials. Therefore, for the core catcher solution, the heat
transfer from the core material (molten core or particle bed) to the core catcher must
be computed. This may require the adoption and validation of new codes. Once the
heat flux from the core material to the core catcher is known, experiments can be
designed to test the viability of heat transfer from the catcher to its surrounding coolant. There has to be capacity for this kind of testing within SAFIR.
In solutions where the molten core is retained in the pressure vessel, the distribution of heat flux in the molten pool must be computed for both homogeneous and
stratified pools. Calculating the layer thickness of stratified pools, on the other hand,
requires the ability to estimate the chemical behaviour of the molten pool. When the
heat distribution from the molten to the pressure vessel is known, the heat transfer
from the vessel to the coolant or to a penetration at the bottom of the pressure vessel can be tested experimentally.
In some cases, the success of the severe accident management strategy can
depend on phenomena taking place within the pressure vessel. Examples are quick
hydrogen formation if the damaged core is flooded or when the molten core drops
into the water at the bottom of the pressure vessel. If the partially damaged core
can be cooled within the pressure vessel, the progress of the accident can be halted.
In some new plant types, the molten core falls from the broken pressure vessel
into a reactor cavity filled with coolant, which may cause a steam explosion. Finland
currently has a relatively good capacity for computing steam explosions. Research
into the topic is conducted in the international SERENA research programme coordinated by the OECD. Allowances must be made in this programme for analysing
steam explosions that take place in containment buildings.
In many new plant types, decay heat is removed from the containment in severe
accidents by using passive decay heat removal systems. Typically, the system has
heat exchangers, which conduct the decay heat to water pools outside of the containment building. The heat exchangers may be located in the gas space or within external water pools. In either case, the functionality of the solution in a severe accident
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must be possible to verify. Factors that may hamper operations include the collection of non-condensable gases, e.g. hydrogen, in the system and the attachment of
aerosols created in a severe accident onto the surface of the heat transfer device. On
the other hand, the transfer devices also remove and retain a large part of the fission products discharged into the containment air space. Research into containment
buildings’ passive decay heat removal systems is closely linked to the computational (CFD) and experimental method being developed in the Thermal Hydraulics area.
A large amount of hydrogen is always formed in a severe accident. The containment building for boiling water reactors is inerted with nitrogen during operation,
which means that hydrogen burn would not be possible. Due to the small size of containment of a boiling water reactor, the hydrogen causes significant pressure increase within the building, however. The possibility of hydrogen burn must also be
taken into account for cases of severe accidents taking place during shutdown. For
pressurised water reactors, hydrogen removal during a severe accident is usually
organised through autocatalytic recombiners. The aim of SAFIR2014 is to develop
tools with which the functioning of hydrogen control concepts can be verified in all
feasible accident situations.
Experimental research on hydrogen burn requires significant resources, which is
why it is mainly carried out in international projects coordinated by the OECD/NEA.
Specific questions related to hydrogen mixing and recombiner operation, however,
may need to be studied in Finland. CFD programmes are largely exploited when computing hydrogen mixing, burning and explosions. Computing software is available
for this purpose in Finland, and its use should be validated for verificatory hydrogen control analyses.
Licensing of new plants sets functional requirements for instrumentation and
automation during accidents. In severe accidents, in addition to pressure and temperature, the radiation present in the containment building and in the rooms for accident management systems affects survival. There should be a method for making
related dose measurements in Finland.
When the containment building works as designed, the fission product releases
from the power plant to the environment remain relatively small even in a severe
accident. Early or large releases are possible in containment bypass sequences. Fission product chemistry varies according to conditions determined by the release
path and accident scenario, implying that fission product transport has to be modelled both in aerosol, gas and liquid forms when assessing bypass releases. Iodine chemistry in the primary circuit and containment building has been defined as one of
the main areas of research within severe accidents by EU SARNET. Finland currently
has first-rate experimental research on fission product transport and chemistry,
which should be maintained in the new research programme.
The objective of the SAFIR2014 programme must be the ability to assess fission product transport on various release paths by combining own, focused experimental research and computing methods with data obtained through international cooperation.
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Finland has a need for new experts who can critically examine the reliability of release
calculations produced by integral computation tools such as MELCOR. For this, the
computing personnel must have knowledge of aerosol physics and the chemical behaviour of various materials, especially iodine, among other things. Their competence
may be increased by familiarisation with detailed computation models in addition to
integral codes, or by creating their own computation tools for reactor applications.
For its part, the leaktightness of the containment building depends on the durability of the sealing materials used in penetrations during severe accidents. Finland
must have the capacity to investigate sealant materials in circumstances corresponding to severe accidents (radiation, temperature, pressure).
Severe accidents initiated during shutdown may significantly differ from a situation during power operation. Delays are typically longer but the containment may
be open and some plant systems may not be in use. The chemical behaviour of fission products is different during accidents initiated in shutdown than in normal operation. The SAFIR2010 international evaluation recommended that the future programme should pay more attention to severe accidents during shutdown. The programme should identify the typical characteristics and major phenomena of shutdown accident scenarios. The most important fission products must be tested in circumstances corresponding to shutdown situations.
A trend in the use of reactor fuel is to increase burn-up. The possible effects of
burn-up increases on damage mechanisms of the reactor core and on fission product
behaviour must be investigated. Fission product release from high burn-up fuel will
be researched in the CEA’s VERDON tests from the end of 2010. In Finland this research should be conducted in conjunction with the Fuel Research area.
At least one integral severe accident code is needed in Finland for evaluating
accident behavoiur, for defining boundary conditions and for PRA support. At the
moment the code used is MELCOR, obtained by the CSARP agreement with the
USNRC. MELCOR is expected to remain in use during the planning period for Finnish
power plants. The ASTEC program created with EU funding should be considered
as an alternative. It will be accessible through SARNET participation in the Seventh
Framework Programme.
CFD methods are used for calculating many phenomena related to severe accidents, including passive systems, steam explosions and hydrogen transport and
burn. Fluid computation methods are also used in calculating the cooling of the melt
pool and particle bed. Validation of computing methods is always needed before their
application to power plants. The test results needed for validation can be obtained
from international research programmes. The test matrix and conditions of international testing programmes do not necessarily correspond to the characteristics
of Finnish power plants, so additional testing may be needed. When planning the
tests, CFD model qualification requires extremely good and careful instrumentation.
Radiation dose limit values are set for individuals in the population exposed as a
consequence of nuclear power plant accidents. Compliance with these limits during
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plant commissioning and operation must be possible to prove for licence applications and other safety assessments. Usually, computation models developed in Finland and Finnish competence are used in assessing release doses. This competence
should be maintained and developed further to international top level and, if necessary, to new power plant locations.
The severe accident experts in power companies, STUK and research centres are
relatively young. Increases in personnel are not expected to be necessary due to
retirement during the coming research programme. Most severe accident research
needs arise from the new plant types. These plant types are not known at the startup of SAFIR2014. If the severe accident solutions of new plants differ significantly
from the plants that are currently in use or under construction, a gradual increase
in research personnel will be needed.

3.6.3 Cross-Disciplinary Research Needs and Intended
Results
Severe accidents can be initiated by a large number of very low-probability events.
The importance of the initiating events and the subsequent accident sequences is
assessed by plant-specific PRA studies. Close collaboration is needed when planning
severe accident research so that it can focus on risk-relevant phenomena. On the other
hand, severe accident models are an essential tool for the level-2 PRA when assessing
release paths and fission product release characteristics. Existing data and experimental know-how on fission product transport, for example, could be better exploited
when assessing bypass sequences, which means that developers and users of computation tools must cooperate closely with experimental researchers. Experimentation must also ensure that it produces data that can be used in reactor applications.
Passive systems have been designed for new plants, both for severe and design
basis accidents. The systems have many things in common, which means that there
should be cooperation with CFD research in thermal hydraulics and with experimental research.
CFD calculations are used in so many areas that a shared ad hoc group should be
created for this purpose in the programme.
The effects of increasing fuel burn-up on severe and design basis accidents should
be investigated together with the research area working on fuel behaviour. Experiments on high burn-up fuel behaviour are conducted in international co-operation
in suitable test reactors.
Severe accidents pose heavy demands on equipment and structural durability,
both with regard to short-term dynamic loading (hydrogen burn, high-pressure eruptions, steam explosions) and in the long term. Automatic methods should be developed for analysing the former, in order to transfer data from the program calculating
the loading to the structural analysis.
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3.7 Structural Safety of Reactor Circuits
3.7.1 Description of the Research Area
Research related to nuclear power plant reactor circuit safety and integrity has traditionally been an essential part of national nuclear safety research programmes. Subject areas of focus have naturally changed over the years, as new needs have arisen
and competence and knowledge have increased.
Significant changes will take place in the nuclear energy sector in the next decade,
and they will be reflected in the structural safety and integrity research programme.
Previously the focus of research has been on research for plants already in operation, but as the first new plant, with an estimated lifetime of 60 years, is commissioned and decision and construction licence applications are made for additional capacity, the research needs of new plants will become an important part of the research
area. The field is also coloured by the relicensing of existing plants and the extension
of their lifetimes from the original licences for operation. Figure 3.9 shows some of
the challenges for reactor circuit structural safety, the competence needed and research in the next decade.
Figure 3.9 Challenges for structural safety management of the reactor
circuit
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At the early stages of the use of current power plants, the main research emphasis
was on preventing failures due to brittle fracture and related phenomena, as well as
to characterise stress corrosion cracking. At the time, the main objective of research
was to understand the behaviour of structural materials of the new power plants and
to create contacts within the international research community.
The focus has now long been on creating experimental research methods for
phenomena recognised as special questions in Finland, gathering new experimental
data, and developing engineering methods for managing phenomena leading to failure. Thanks to this work, a high-level knowledge hub with good national and international contacts has been established in Finland. In the SAFIR2010 programme, the
focus was sharpened, particularly in the areas of integrity monitoring and risk-informed structural integrity.
These focal areas form a good basis for determining and meeting future research
needs. Research needs must take into account extending the safety of existing power
plants beyond their original planned lifetimes, and the requirements of different stages of construction and building of new plant units.
Further research needs in the reactor circuit structural safety area have been
determined, first from the needs of plant lifetime management for existing plant
units, and second, from the recognised research needs of the third-generation reactor unit that will be commissioned during the programme period. Research needs
now also include increasing knowledge and competence in material and production
techniques and structural solutions for the new plant types. It is reasonable to expect
unforeseeable research needs emerging during the construction of the new units.
Structural safety is largely based on understanding ageing phenomena and structural integrity. This requires experimental materials research and further development of research, testing and modelling methods, expanding the selection of methods, and adopting some of them. All these must also be verified. Maintaining and
renewing the experimental research environment to correspond to the challenges
of future decades is one of the central aims of the programme.

3.7.2 Research Needs and Intended Results
It is recommended that research in this area be carried out in the form of projects
belonging to one of the following topics, recognised as essential in terms of integrity management:
1.

New power plant materials, structural solutions and component production
techniques

2.

Degradation caused by environmental effects

3.

Fracture risk assessment for structures

4.

Structural integrity monitoring

5.

Lifetime management methods, information management and integration
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6.

Developing the professional competence of personnel and improving equipment in the experimental research environments in the field

The general objective of research is to understand phenomena affecting the failure
of structural materials and components, and to manage factors that affect these,
taking into account all the stages of processing and use from production onwards.
This is considered to be best realised in content-restricted research projects, in
which the aims are set in a phenomenon-inspired fashion.
The education of new experts is an important focus area of the research area.
Experimental research and the continuous development of methods are regarded
to be the most effective way to familiarise young researchers with phenomena related to materials under service conditions and measurement of material properties,
and also to provide them with interesting and challenging tasks. Computational and
modelling research is closely linked to this experimental research. This involves both
further development of existing computation methods and expanding the selection
of methods with methods developed internally or externally. It is also important to
verify computation methods based on test results or comparative calculations. New
structural and material solutions in particular require development of research and
testing techniques and method verification.
Experimental research is also central to international cooperation in the field,
because results received from it can awaken other operators’ interest in Finnish
research. The SAFIR2010 international evaluation [4] even recommends that Finland should assume a leading role in certain international projects in this field. This
could be done beneficially for instance through participation in research carried out
through SNETP. On the other hand, experimental research and the required resources increase the need for international collaboration. The need for uniting resources
is particularly highlighted in studies simulating operational environments (temperature, flow conditions, stress, water chemistry, neutron radiation), because of the difficulty of carrying out research projects within a single research community. International collaboration ensures the quality of research, but reaping the full benefits
of it requires significant contributions.
Some of the most important links with international research within the structural safety of reactor circuits in 2010:
Research projects:
•

The OECD Halden Reactor Project, the target of which is fuel research, in addi-

•

EU PERFORM60, which develops and verifies deterministic and phenome-

tion to material research of reactor internals.
non-based embrittlement models for radiated austenitic stainless steels and
pressure vessel steels.
•

EU LONGLIFE, which focuses on lifetime assessments for long-life reactor
pressure vessels.
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•

EU STYLE, which investigates the computational assessment methods for the
structural integrity of pressure-bearing components other than the reactor
pressure vessel, for lifetime management purposes.

•

TEKES’s JHR MTR, which develops competence in carrying out materials research at the research reactor being built in France and irradiates material samples for further processing in Finland.

•

TEKES’s SINI, which focuses on the lifetime management of dissimilar metal
welds in cooperation with Swedish power companies and Tohoku University
in Japan.

•

The USNRC is planning a Program to Assess Reliability of Emerging Nondestructive Techniques (PARENT) regarding the reliability of identifying and
characterising stress corrosion fractures caused by nickel-alloy components
using NDE methods.

Information exchange projects:
•

EU NULIFE (Nuclear Plant Life Prediction) network, initiated in 2007.

•

ICG-EAC (International Co-operative Group on Environmentally Assisted
Cracking) and IGRDM (International Group on Radiation Damage Mechanisms)
follow the latest international research and share information on problems and
events at power plants.

•

There are also plans for the IAEA’s Development of a Methodology for RiskInformed In-Service Inspections Based on PSA and IFRAM (the International
Forum on Reactor Ageing Management).

Steering group and taskforce work:
•

The NKS Preparedness and Reactor Safety taskforce promotes Nordic cooperation in nuclear safety and improves Nordic nuclear safety.

•

The Swedish Radiation Safety Authority’s reactor safety department processes
plant incidents which may be useful for Finland.

•

The OECD NEA’s Committee for Technical Studies on Nuclear Energy Development and the Fuel Cycle (NDC) has taskforces such as the Expert Group
on Nuclear Power Plant Lifetime management, which serve as collaboration
forums for member countries.

3.7.2.1 New Power Plant Materials, Structural Solutions
and Component Production Techniques

For the purpose of evaluating the implementation and licensing of future plant projects, it is necessary to know about new plant alternatives, their material and structural solutions and new production techniques. Some of the materials to be investigated from the point of view of lifetime management include the nickel-based Alloy
690, which is used for the pressure vessel heat transfer pipes at Olkiluoto 3 and as a
structural material elsewhere in the primary and secondary circuit, the nickel-based
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weld metal Alloy 52, and a low-carbon, nitrogen alloyed austenitic stainless steel
type.
New production techniques and structural solutions will be used in the construction of third-generation plants. For instance the use of narrow-gap welding will increase significantly in the new plants, which makes it an important technique to research and characterise, particularly with regard to ageing. At Olkiluoto 3, the welded joint between the pressure vessel and piping has been manufactured in a new
way, and its effects on ageing must be evaluated. The new plant types built in Finland will also contain other new structural solutions, such as primary circuit pipes
made out of low-alloy steel. The aim of reducing the number of welded joints while
the plant size increases will lead to larger components, which will be challenging
to manufacture.
Changes in manufacturing techniques and in structural design are also a challenge for component lifetime management. On the other hand, this is the first time
that lifetime management can be systematically planned prior to the commissioning
of the plants, which opens new opportunities for management methods.
New plant concepts can also comprise new types of fuel cladding tubes and materials whose properties under reactor service conditions must be known in relation
to both safety and lifetime management. The future plants also have much higher
life expectancies than the current ones. The planned useful life is now 60 years, but
designers in the USA are already discussing lifetimes of 80 years.
3.7.2.2 Degradation Caused by Environmental Effects

Nuclear power plant lifetime management in terms of structural integrity is based
on recognising degradation mechanisms, finding the possible failures caused and
determining their size, and assessing the rate of crack growth and propagation. In
this kind of examination, it is essential to understand the failure susceptibility of
different structural materials and components, as well as the impact of manufacturing techniques on failure sensitivity. In addition, the environmental conditions and
structural loads have to be known. Ultimately, the target of plant lifetime management is to prevent failures.
With regard to research in this area, the need to understand the nature of phenomena leading to failures and the factors that influence their occurrence is emphasised. The most important subjects to be studied are:
•

stress corrosion cracking, SCC (stainless steels and nickel-based materials)

•

the impact of neutron radiation on reactor pressure vessels’ internal materials
and structures (cracking, deformation, etc.)

•

fatigue, including environmentally assisted fatigue

•

oxidation, other corrosion phenomena and water chemistry

Intergranular stress corrosion cracking caused by the sensitisation of austenitic
stainless steels is a fairly well-known phenomenon in itself. At LWR plants, however,
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there is a need to understand more about the different stress corrosion cracking
phenomena and its different forms. It is necessary to learn about the boundary conditions of SCC, especially the material technological limits under different combinations of service parameters (e.g. metal composition, the amount of cold work, the
operating temperature and environment). This knowledge is essential for plant lifetime management and modernisation support and to assist in choosing materials
for new plants.
Stress corrosion cracking of nickel-based structural materials is possible in both
PWR and BWR environments. There is no experience in Finland regarding the behaviour of these materials in PWR environments. The material solutions of Olkiluoto 3
have stimulated a new research need that will become even greater when that and
other new plants come into operation. Not all of the material properties and environmental factors influencing stress corrosion cracking are known well enough. More
accurate estimations of stress corrosion crack growth rate and the factors that affect
it would improve plant lifetime management.
Knowing the environmental effects on the fracture resistance of materials is an
important new topic to which attention has been drawn in international research
as regards both nickel-based alloys and austenitic stainless steels and their weld
metals in various LWR environments. Further data is needed on the long-term effects
of the usage environment, particularly on the behaviour of weld materials. This may
also affect the leak-before-break (LBB) concept.
Neutron irradiation has been found to have an effect on the stress corrosion
cracking susceptibility of austenitic stainless steels. A precise description of this
actual mechanism does not, however, exist. Experimental research in this area is extremely challenging and requires purpose-built laboratory facilities and resources. In
addition to work within Finland, the need for international collaboration is highlighted in this area. Research results are exploited in the lifetime management of reactor pressure vessels and their internals, and in optimising the allocation of related
non-destructive testing during operation.
Fatigue management of structural materials is emphasised along with the ageing
of power plants. Material properties and loading arising from different sources are
combined and viewed as an entity in fatigue research. Additional knowledge is needed on the combined effect of environmental and load factors and material types (e.g.
combined low and high cycle loading and thermal fatigue) on fatigue crack initiation and growth. Another current topic is determining the frequencies and amplitudes for thermal fatigue cycles during stratification and mixing. Interdisciplinary collaboration with thermal hydraulic computing code (CFD) developers, among others,
is natural in this field.
Zirconium alloys are used in various structures of the fuel element, and their
behaviour directly affects the lifetime and durability of the fuel rod. In failure situations it also affects fuel behaviour. The mechanical properties and dimensions of
zirconium alloys change during normal use in reactor due to radiation damage,
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oxidation and hydride formation. As burn-up increases, the fuel swelling and release
of fission gases lead to significant alterations in the mechanical loading of the cladding tube, which enters a biaxial stress state. New cladding materials, attempts
to increase burn-up and power, and accident analyses increase the need for research on cladding behaviour and for realistic computing and testing methods. In this
field, it is important to adopt a cross-disciplinary approach involving fuel computing
code developers and to participate in utilising the results of international test reactor programmes, because Finland does not have the necessary resources for fuel
experimentation.
Water chemistry has multiple effects on the performance of structural materials.
Chemicals and impurities in the coolant expose structural materials for instance to
stress corrosion cracking and may speed up the oxidation of the fuel cladding. Earlier
research programmes have made great efforts in these phenomena and developed
suitable experimental competence and modelling tools. The effects of flow-assisted
corrosion (FAC) on structural materials and the oxidation film (crud) that forms on
the surface of the fuel must also be understood and made possible to control. Corrosion products that dissolve and are detached from other parts of the reactor circuit,
can precipitate in suitable water chemistry and flow circumstances onto the surface
of the fuel cladding, negatively affecting reactor operation. Some of the crud is activated, and as it flows further in the circuit and precipitates onto other surfaces in
the reactor, it causes an accumulation of activation.
In addition to normal water chemistry, modified water chemistry alternatives
should be monitored and researched. As new reactor concepts appear, water chemistry practices will change and they will have to be assessed in terms of structural
safety. Water chemistry research requires experimental competence and the development and adoption of modelling tools. Competence development is best achieved
by utilising cross-disciplinary national and international cooperation.
3.7.2.3 Structural Failure Risk Management

Fracture risk is affected by structure’s loading conditions, the material properties
and structural flaws.
In this research area, the focus is on:
•

load determination through process computation

•

changes in structural materials performance during plant life

•

fracture mechanics research and analysis methods required for fracture risk

•

residual stress evaluation, and determining their effects on component loading

assessment
and lifetimes (especially in dissimilar metal welds)
•

development projects related to designing and equipping the active materials
research facility at VTT (VTT’s nuclear engineering house)
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By combining thermal-hydraulic and structural analysis, one could better determine the loading concentrated on structures for example during accidents (pressure
shocks, local pressure/temperature changes) and the deformations caused in structures by the loads. The significant issues are the use of process simulation software
for calculating plant transients, and using fluid-structure interaction analyses to
depict loading caused by diverse process situations more realistically than in the
past.
As new plant units are built and old ones are modified, structures must also be
analysed for cases of vibration loading caused for instance by an earthquake. This
involves calculating loads and examining and comparing diverse computational methods. It is important for the topic to find out the impact of different factors on the
results, as well as the extent to which the structure is to be modelled.
Some of the critical material ageing mechanisms recognised in nuclear power
plants are radiation embrittlement and thermal ageing. Irradiation embrittlement
is recognised as a critical ageing mechanism in the Loviisa plant’s reactor pressure
vessel (RPV). The commissioning of new plants requires reliable estimates of the rate
of RPV embrittlement up to the planned useful age of 60 years. Irradiation increases
ferritic steel strength and decreases its toughness. This makes brittle fracture possible at higher temperatures. Knowledge of radiation embrittlement is crucial to the
lifetime management and safe use of RPVs.
The fracture mechanics behaviour of irradiated materials is not yet fully known,
and neither is the actual mechanism of radiation embrittlement. Knowledge of material parameters is lacking and this makes it difficult to verify calculation methods.
There is little information on the effects of radiation on the RPV cladding’s properties. At the moment, an approach based on the material’s fracture resistance properties seems promising. The effects of the environment and the loading rate on fracture resistance behaviour have recently been investigated. Producing experimental
data on the use of irradiated materials requires international cooperation. Testing of
irradiated materials depends on the planning and equipment of VTT’s nuclear engineering house to turn it into a place for active materials research.
Thermal ageing of structural materials results in changes in material fracture
toughness. The possible main mechanisms leading to changes in fracture toughness in ferritic materials are phosphorus segregation to grain boundaries (i.e. temper embrittlement, particularly in the heat-affected areas of welds), and various precipitates in nickel-based structural materials. Thermal ageing is highlighted as operating temperatures increase; hence, these phenomena may become significant in
new plants.
Standard fracture mechanics considerations based on the Master Curve concept
still require further development, for instance in taking into account the constraint
at the crack tip. In addition, realistic fracture mechanics assessment of failure risk
for austenitic structures (RPV interior), ferritic surfaces clad with austenitic steel,
and dissimilar metal welds (safe-end structures) require significant improvement.
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As numerical analysis methods improve and are taken fully into use, there will be a
need for more accurate material characterisation of local areas, particularly in relation to claddings and welds.
For safe-end structures, research is needed are especially for a successful control of the metallurgical properties in dissimilar metal welds. It is noteworthy that
the potential flaws forming typically on the bimetallic joint interfaces are difficult to detect. New welding methods particularly require mastery of the correlation between the mixing of the base material, the alloy constituent gradients, the
microstructures formed and degradation and failure phenomena. Chemical composition and material properties may vary greatly in a narrow zone close to the weld
fusion line, which makes it difficult to determine the relevant zone-specific material properties experimentally. In practice, it requires the use of miniature specimen
techniques. Another essential aspect is the transferability of test specimen scale
results to the integrity analyses of actual structural components. The non-uniform
localisation of deformation, typical of dissimilar metal welds and the presence of an
uneven crack front require the use of modern modelling techniques (such as XFEM)
in estimating crack growth. Metallurgical discontinuity also produces a complex
loading and stress-strain state, which may cause residual stress and stresses due to
thermal loading.
With regard to the residual stress caused by the welding process, it is necessary
to understand in detail the manufacturing processes of the welded joints in reactor circuit and pipeline components, and thereby the residual stress distribution.
Modern numerical simulation methods allow for more realistic residual stress distribution modelling, for instance for safe-end structure welds, specifically to each welded joint. Pressure and thermal transients occurring during plant operation also
affect the residual stress distributions, so evaluation methods are needed for calculating the changes taking place during operation. It is also necessary to investigate
the impact of postulated cracks in welds on the residual stress distributions, with
the aim of developing more accurate and realistic ways of calculating crack growth
sensitivity.
Analysis aiming at proving the occurrence of leak before break (LBB) is the standard for new plants. LBB analyses must be able to model cracks of different sizes
and types, and estimate the subsequent leak rate. Research is also needed to find
out what size and shape of crack causes the collapse of the material cross-section.
These analyses can be complemented by probabilistic research and development on
LBB, with the aim of taking the initial data parameters used in crack and leak calculations into account more accurately and realistically.
Severe reactor accident analyses involve, for instance, defining the effects of the
molten core on the RPV wall and internal structures. Previously these efforts have
made use of custom-made programs, but the applicability of commercial computation software should also be considered.
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The computational modelling of crack growth should be developed while taking
into account simpler applications based on “engineering solutions”, which must be
available because time-consuming numerical analyses cannot always be carried
out. The usability of computational engineering methods must be verified separately using numerical modelling. Engineering methods may also be usable for evaluating more extensive models.
3.7.2.4 Structural Integrity Monitoring

Structural loads during operation cause a structural degradation or failure risk
during the lifetime of a nuclear power plant. Non-destructive testing methods are
used during annual in-service inspections in order to identify flaws threatening
structural integrity before they grow to be critical. The correct timing and adjustment of the inspections and the reliability of the methods used are crucial to structural integrity management.
In addition to in-service inspections, there are methods for continuous monitoring of structures, with which the power plant condition can be monitored during
operation. Results from inspection and monitoring complete and verify work done in
the other research areas applicable to the reactor circuit. The continuous improvement of inspection, surveillance and measurement methods is an important part of
the research aiming at structural integrity management. The most important areas
of focus in this field are:
•

effective utilisation of risk-informed in-service inspections of pipelines (probabilistic RI-ISI)

•

improvement of the reliability of flaw detection: optimising and validating
inspection methods according to flaw type

•

continuous monitoring and development of automated methods

•

research into phased array and other developing NDE techniques

Within the allocation of monitoring and inspection, the use of risk-informed methods
(RI-ISI) has replaced traditional deterministic ASME XI-based in-service inspection
programmes. In its YVL guidelines, the Finnish authority STUK requires comprehensive RI-ISI analyses from new and existing plants. RI-ISI covers not only the reactor
circuit but also other plant systems.
At present, probabilistic assessment of failure consequences is significantly more
advanced and more accurate than failure probability determination. In order to
determine the impact of inspection allocation on quantitative risk change by RI-ISI
methods, failure-related data should be processed with more developed methods
than those used today. In this context, determination of realistic load data should
be developed as well. The computation of failure probability requires multidisciplinary competence, including at least probability calculations, strength theory, fracture mechanics and material science. International failure databases such as OPDE
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and SCAP can be used to support the development and specification of the necessary probabilistic crack estimates.
Failure probability computation also involves the reliability of inspections, usually
in the form of the probability of detection (POD) function. These reliability modelling functions must be developed and specified further through cooperation with
experts/researchers in the inspection sector.
Effective developments have been achieved in constructing the system and the
ways of qualification of inspection techniques, equipment and personnel in order to
improve inspection reliability. The purpose of qualification is to prove that a chosen
system (method, equipment, personnel) can be used to observe the necessary flaws
in an object in a practical inspection. There is still scope for development, however, in producing specimens containing the necessary artificial flaws for qualification exercises, and in verifying the flaws. By taking part in national and international comparative studies, researchers can obtain experimental data on the detectability of diverse artificial flaws and their correspondence to real service induced flaws.
Manufacture of specimens representing the structure under inspection and its
potential flaws is extremely demanding and the number of specimens is always
limited for practical reasons (material availability, manufacture limitations, etc.).
Data from experimental tests can be supplemented with mathematical models and
simulation. The impact of flaw orientation and location on detection can be determined much more extensively and cost-effectively by simulation than by specimen
manufacture. Simulated inspections provide valuable data for improving inspection
methods. Research is needed into ultrasonic simulation and the verification of its
reliability.
In addition to developing methods suitable for continuous monitoring, it is necessary to develop automated assessment methods for minimising human factors in
structural integrity monitoring. Automation covers both flaw detection and the
recording and analysis of measurement results.
A significant proportion of periodic inspections will continue to be carried out
manually in the future, which means that human factors influence the reliability of
the inspection results. Particular attention has been paid in recent years to improving the inspection of dissimilar metal welds in the reactor circuit. Traditional ultrasonic techniques are usually not optimal to these welds due to the strong attenuation of ultrasonic waves in the welds and due to the difficult weld geometry. The
development of phased array sensor technology offers new opportunities for improving inspection scope and reliability in difficult dissimilar metal joints. Nonetheless, technological advancements, qualification, and reliability validation require
further study. Cooperation is needed in this respect, both internationally and within the programme.
Periodic inspections will in future be complemented with new in-service NDE
techniques that can be used to monitor component degradation during operation.
Another very important future area of research comprises NDE methods that can
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indicate changes in material properties (ageing, etc.). International and national
cooperation are needed in this area as well.
3.7.2.5 Lifetime Management Methods, Information
Management and Integration

Systematic methods must be developed for turning research data on reactor circuits
into manageable entities, supporting the lifetime management of plants, and integrating the data into computation systems. The IAEA has published a lifetime management process, describing the stages and elements of lifetime management that
is used as a basis for current processes. The needs of different types of data at the
various stages of this process are shown in Figure 3.10.
Figure 3.10 Ageing management process in line with IAEA description

Systematic Ageing Management Process (IAEA)
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Proposed research topics within lifetime management are:
•

Lifetime management methods: mapping currently used methods and identifying and fulfilling development needs

•

Collection and usability of research data: gathering research data, improving
its usability and integrating research and usage data into various computation programs

This methodological development is very important for new plants, because with
sufficiently advanced systems, systematic lifetime management could already start
at the construction stage. In addition to understanding and developing methods, it
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is essential to turn available research data into a form where it is usable in diverse
programs. Another challenge is the integration of research data into various thematic entities and different computation software that is important for reactor safety.
3.7.2.6 Developing Equipment and Research Environments
in the Field of Structural Integrity

The AKTUS project was initiated in 2009 within the SAFIR2010 programme for
investigating needs for modernising the experimental research environment used
in active materials research. The current facilities and equipment that were taken
into use in the 1970s do not correspond to today’s requirements, and they cannot
meet the materials research needs of ageing plants. In 2010, VTT initiated the design
of a nuclear engineering house, with the aim of having made great progress in the
modernisation of active materials research facilities by the end of the SAFIR2014
programme period.
With regard to ageing plants, the biggest challenge for materials research is the
need to study more active (higher dpa) materials than before, which requires the
use of suitable hot cells and manipulators. The materials used in new plants also set
high technical demands for the characterisation of active materials. The ability to
investigate internals components is another new requirement. These research needs
have been discussed in further detail above, in relation to the other research areas.
The development of research environments and equipment to be carried out in the
SAFIR2014 programme will form the foundations of materials research for Finnish
nuclear power plants and secure our ability to conduct active materials experiments
for existing and future plants.
The space and capacity of the new nuclear engineering house will also be utilised for radiochemistry, dosimetry, iodine filter testing, nuclear waste disposal research and fusion reactor materials research, as well as for other experimental work
in the field.

3.7.3 Cross-Disciplinary Research Needs and Intended
Results
Reactor circuit safety and ageing management requires a comprehensive approach.
Thus, the combination of different technological fields is important. It is reasonable
to view many of the previously presented research subjects simultaneously from the
perspectives of many different disciplines.
At the moment, the most topical research subjects requiring interdisciplinary collaboration are identifying new material and structural solutions and service conditions for various plant concepts, determining the realistic load on components (CFD
and FE code combination), and combining structural integrity considerations with
risk-informed methods (RI-ISI, LBB). The supervision of this kind of project will probably require broader know-how than any single reference group has in its use.
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Therefore, the scientific coordination of these kinds of projects should be carried out
by project-specific ad hoc groups. These groups should represent competence in at
least the following fields:
•

Lifetime management and related competence and information management

•

Fluid-structure interaction; thermal hydraulics, structural analysis

•

Fuel research, particularly on cladding materials

•

Risk-informed in-service examination (RI-ISI, PRA, NDE ), structural analyses

•

LBB; structural analysis, NDE, PRA, thermal hydraulics

3.8 Construction Safety
3.8.1 Description of the Research Area
Construction safety applies to nuclear power plant buildings and construction elements. The behaviour of frame structures and parts, including the materials’ technical properties, must be well known in order to design, build, maintain, safeguard
and monitor safe nuclear power plants. This applies not only to the construction elements of the plant, but also to their interaction with the other systems and equipment in the plant.
The function of containment is to protect the environment from accidents inside
the nuclear power plant, and, on the other hand, to protect the power plant from
external loads. Government Decree 733/2008 has stipulations on nuclear power
plant safety. It requires ageing management to be considered in the design, building and maintenance of safety-critical structures. According to the decree, the containment building must be designed so as to maintain its integrity during anticipated operational occurrences and, with a high degree of certainty, during all accident
scenarios. It also requires that plant design takes into account large airliner crashes, as well as at least fire, flood, explosion, pipe breaks, container breakages, missiles, falling of heavy objects and component failures.
The in-service life of the whole plant is heavily dependent on the lifetime of the
containment building. Other systems, structures and devices or equipment parts can
usually be repaired or replaced with relative ease, without causing major interruptions to the operation of the plant, but concrete containment buildings cannot viably
be replaced. The durability and sufficient lifetime of structures can be ensured with
timely condition monitoring, repairs and maintenance.
Reinforced concrete structures are also used in other structures than the actual
containment to protect important functions and devices from external loads caused
by both natural and human sources. Natural phenomena include freezing or clogging, electrical storms, earthquakes, gales, floods, exceptional heat or cold, exceptional rain or drought, and exceptionally low or high sea levels. According to YVL
guide 1.0, external events include, but are not limited to, electromagnetic disturban-
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ces, oil leaks, aircraft crashes, explosions, release of toxic gases and trespassers on
power plant grounds.
Reinforced concrete structures are also used in the sea water system that is
mainly composed of massive concrete structures such as channels, tunnels, and
screen and filter spaces. Conditions surrounding these structures place a heavy load
on them, which causes the need for maintenance and repair due to ageing. The main
damages are usually erosion and steel corrosion initiated by chlorides. The condition of these structures, condition monitoring and functioning according to design
principles are important with regard to safety and operation.
Researchers from the younger generation should be familiarised with modern
numerical analysis of reinforced concrete, and especially pre-stressed concrete
structures. This will guarantee sufficient expertise and a new generation of experts
for the future.
Research into concrete structure condition monitoring and ageing is carried out
in collaboration with the Finnish Road Administration.
The SAFIR2010 research programme cooperated widely with other operators in
Finland with regard to aircraft crash testing. The programme also initiated international partnerships that have contributed more resources to its experimental activity, which is in many ways unique and pioneering. These partnerships are now well
established. In many cases, projects could be expanded and diversified by the addition of paying foreign partners interested in the field.
International collaboration currently takes place within the OECD NEA/CSNI/
IAGE (Integrity and Ageing) working group. The IAGE group is divided into three
subgroups, of which one, IAGE Concrete, deals with nuclear power plant concrete structures and related ageing and safety issues. The IAGE Concrete group’s
mandate includes investigating the ageing of concrete protecting structures
(concrete, ordinary reinforcement, pre-stressed steel and steel liners), its determination methods, and its impact on lifetime, repair methods, and ageing management systems. The IAGE working group started up the IRIS2010 project, the
aim of which is to help OECD member states to check and specify the calculation
methods for analysing crashes against reinforced concrete structures. The crash
tests in the IRIS2010 project were made using equipment built in the SAFIR programme. Another significant IAGE project is the comparison of grouted and
grease-protected pre-stressed steel.
ACCEPPT is an international project within the NULIFE programme, initiated in
2010. Its aim is to determine the environmental impacts and mechanical loads to
which nuclear power plants’ concrete structures are exposed, and their effects on
structural safety. The project focuses on three areas: containment building tightness, containment building load-carrying capacity and stability, and the in-service
lives of containment buildings and cooling water systems. The project also involves VTT.
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Research on Swedish decommissioned power plant concrete structures from Barsebäck has been carried out as part of the EURATOM Conmod project. A followup for the project has been planned especially in relation to pre-stressed steel and
structures. The Finnish party involved in the project is TVO, which plans to participate in the follow-up as well. In addition to Swedish power plants, the project includes Lund University.
The international DuraInt project is working on the ageing phenomena affecting
concrete materials and structures using extensive roadside field experiments. Participation in the project has provided access to test results related to concrete deterioration and its in-service life. The project is still underway and will continue providing data for SAFIR2014 projects.
COST Action C25 is a network of international universities and research institutions that shares and analyses advanced construction design methods and practices, for instance in relation to life cycle management.
Within a partnership with the Nordic Owners Group, the plant supplier for Olkiluoto 1 and 2 (currently Westinghouse Atom) is managing a project aimed at collecting the original design principles and loads of containments, as well as their ageing
phenomena and condition monitoring into an “owner’s manual”. The idea is to collect tacit knowledge from senior plant designers.

3.8.2 Research Needs and Objectives
3.8.2.1 Methods for Ageing management of Reinforced
Concrete and Pre-Stressed Concrete Structure

A central research challenge in this area is to supplement the lifetime management system developed in earlier SAFIR stages and to establish the methods
in power plant operations. Elements that are still missing from the research
include monitoring and simulation of the assessment of the in-service life of
structures, the storage of inspection and repair data in electronic and easily
accessible format, systematic condition inspection, materials management and
cathodic protection management. In addition, the use of structural analysis in
design margin and risk control should be established within the lifetime management system. For the purpose of data management, product model-based database applications should be considered, which support various applications’
data transfer formats (Figure 3.11).
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Figure 3.11 Supplementing lifetime management
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Lifetime management systems are used to respond to the requirement of YVL guide
1.1 to present a plan for integrating structural design and certification, operation
and operating experiences, in-service inspection and testing, and maintenance into
a comprehensive ageing management programme.
Lifetime management covers regular inspections of structures, special inspections, condition predictions, safety limit control, operational reliability checks and
the anticipation and scheduling of potential measures. Structural safety, functionality and operational reliability are ensured during operation by the lifetime management system.
Lifetime management can also comprise a structural monitoring system, by which
data on structural conditions becomes a part of lifetime anticipation and decisionmaking. Qualitative and quantitative risk analyses, financial and ecological life cycle
analyses and multi-dimensional optimisation analyses can also be added to support
decision-making. The lifetime management process and its methodological principles have been developed for example as a part of the EU’s LIFECON research project
(2001–2003). During SAFIR2010, a spreadsheet application for nuclear power plants’
lifetime management systems and corresponding lifetime management procedures
were created. The application’s objective is to establish diverse methods for managing the lifetime of technical structures, and it is currently a prototype for possible
further development. The development of the lifetime management system offers
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opportunities for networking between power plants, so that they can exchange the
latest information more effectively and unambiguously.
If operators can connect to the lifetime management system through a monitoring
system, they will receive up-to-date information on the ageing of structures. This
information can be combined with lifetime models and utilised for decision-making
in the management system. Continuous monitoring also provides the foundations for
simulation, with which the likelihood of future structural damages can be estimated.
In addition to visual inspections and monitoring, sample analyses and nondestructive methods are used for estimating the condition of reinforced concrete
structures, especially pre-stressed tendons. Estimating the condition of tendons
located inside a thick concrete wall is a challenging but extremely important task.
A fundamental part of nuclear power plant lifetime management is estimating
the effect of perceived flaws, failures and other signs of ageing on structural performance and functionality. Assessments can be carried out using numerical methods.
The relaxation of pre-stressed tendons and ageing-related changes in concrete material features particularly have an effect on structural functionality.
Radiation, temperature (including fires and accidents) and creep have an effect
on the long-term material properties of concrete, steels and tendons. Considering
concrete degradation mechanisms from the perspective of chemistry could produce
new and useful information on the failure behaviour of materials that are difficult
to manage.
Repair materials and methods, management of cathodic protection

Finnish nuclear power plants are located in a seawater environment, which causes
chloride loads on some concrete structures. Chlorides are problematic with regards
to concrete ageing management, as degradation caused by them may advance far
before symptoms are visible. Structures that are underwater or above the surface
can be protected either actively or passively. Cathodic protection is generally used
for degradation prevention. The standardisation of the dimensioning of this protection and the means for the precise determination of the protected geometry need to
be studied. Another important area in practical terms is determining suitable repair
compounds for objects at the seawater line or underwater. At the moment, Finnish
supply and know-how is limited in these fields. In conducting research and communicating its outcomes, attention must be paid to stretching the competence that has
hitherto focused mainly on façade restoration to also cover massive plant structures. This applies to both design and construction competence.
In considering the functionality of cathodic protection of concrete reinforcement
steels, the reliability and analysis of test results must be considered. There is scope
for development in methods, result analysis and, especially, the criteria for the interpretation of results.
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3.8.2.2 Methods for Assessing Structural Integrity in
Exceptional Conditions

Structural integrity and functionality in conditions where the designed loads are
exceeded and the structural response is nonlinear can be assessed by numerical methods. Structural analysis of fire and explosion loads requires nonlinear numerical
analyses. The realistic modelling of both the load and the behaviour of the material
in question affects the reliability of results. In particular, the realistic modelling of
the material features of aged pre-stressed concrete requires further research. Large
computational uncertainties arise in load modelling. In order for the results from
numerical analysis to be reliable, the correctness of results and method applicability
should be verified by combined experimental results and analytical methods. Analytical, semi-experimental and simplified computation methods can be used to quickly
carry out diverse analyses needed for designing extensive calculation models, verifying their results and making sensitivity analyses.

Figure 3.12 Structural integrity and functionality assessment methods
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External loads

Aircraft crashes
The effects of aircraft crashes have already been studied in earlier SAFIR programmes. Theoretical and experimental knowledge has been developed in order to assess
aircraft crash loads and structural responses more quickly and reliably than before.
The effects of fluid (fuel) on crashes and its potential penetration through structures has been an essential question. In addition, the dropping and spreading of fuel
outside the structure has been studied.
The new power plant solutions are looking for more accurate design margins. This
means that the evaluation of the applicability and precision of methods for assessing the shock caused by a missile and the ensuing structural integrity, vibrations
and fire issues is still a critical challenge for the new programme.
Damping has a significant effect on the results of vibration analyses. There are
few instructions for the damping parameters to use in nonlinear analyses. In order
for computation results to be realistic and reliable, experimental data is needed on
the damping of vibration in differently damaged concrete structures, so that it can
be used in setting damping parameters.
The applicability of computational methods can be assessed, the parameters needed for models measured, and the models and methods improved further through
testing. Pre-calculation is needed for the planning of experiments. Test conditions
must be developed in order to increase the precision of vibration measurements
and to investigate the functioning of new structures comprising concrete elements
and protective plates. Extensive test series can be carried out thanks to international interest and funding using test equipment built during SAFIR. Experiments and
computation and modelling methods should be developed further within SAFIR2014.
Assessing the impact of natural loads
The risks caused by extreme weather phenomena and other environmental conditions must be taken into account in nuclear power plant safety considerations (Decree 395/1991). Some of the critical elements in the safe operation of a power plant are
the cooling water intake plant, the high voltage lines and other systems and structures where failure would cause an operational transient or endanger safety management either directly or indirectly.
It is typical of extreme weather phenomena and other environmental conditions
that there is little or no experiential knowledge available on them. With regard to
nuclear safety, however, it is necessary to consider longer frequency intervals, i.e.
smaller occurrence probabilities, than those where there is empirical experience.
That is why there are still very large uncertainties related to weather risk analysis.
There are problems in statistical methods for extreme conditions that have recently
been under study. Because weather conditions and other environmental phenomena
depend on the geographical area in question, independent study on this subject has
to be carried out in Finland.
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An important question related to extreme meteorological conditions is the impact
of global climate change on their occurrence. Climate change is predicted to be rather significant in Finland as soon as over the next century. This causes changes in
the probability of storms and other extreme conditions. Due to the relatively long
design period, construction time and in-service life of nuclear power plants, climate
statistics from, say, the previous 50 years do not necessarily provide a realistic view
of the actual risk level of plant operations. Therefore it is important to figure out
how the appearance of extreme safety-critical phenomena may alter due to climate
change.
External threats, explosion loads
Explosion loads caused either intentionally or unintentionally may be directed
towards a plant from the outside. The impact of a pressure load caused by an explosion on the durability and leak tightness of the structure can be simulated by numerical methods. Load types as general physical phenomena and their corresponding
calculation methods are known by experts. It would be positive to evaluate the national level of competence and to ensure that there will be sufficient expertise and a
new generation of experts in the future.
Load due to severe accidents

Severe accidents can cause both dynamic short-term loads, and long-term loads. The
load type depends on the plant and the accident scenario. Short-term loads are due
to energetic phenomena, such as a hydrogen or steam explosion. Cooling the molten core produces steam, which in turn causes slow pressurisation when it accumulates in containment. The generation of uncondensed gases also causes pressurisation. Uncooled molten and hydrogen burns may cause significant local thermal loads.
The assessment of the structural integrity of the containment building and its
parts requires efficient exchange of information from load analyses to structural analyses. In most cases, loads are estimated by CFD methods, which means that data
from hundreds of thousands of CFD computing cells has to be transferred to structural analyses. Structural response changes from linear to nonlinear along with increasing load and, especially, increasing temperature. Nonlinear structural analyses,
where the effect of temperature and the strain rate have to be accounted for when
modelling material features, are usually challenging in modelling and require profound theoretical knowledge from the person performing the structural analysis.
Supporting the development and adoption of computation methods
and testing

The development and adoption of computation methods should be developed in partnership between research institutions and universities. Safety assessments can be
made easier by examining testing criteria. Some of the required topics are research

80
81

and training on earthquake and aircraft crash dimensioning, and the verification of
vibration modelling and electrical validation at high frequencies.
3.8.2.3 Monitoring the Development of Structural
Systems and Design Standards

The applications for new nuclear power plants have suggested the possibility of
using modular construction, composite structures and building products and design
standards from outside Europe. In these cases the fulfilment of Finnish construction
requirements would by no means be self-evident. Japan and South Korea, among
others, have extensive experience of modular construction (Fig. 3.13).
Modular construction has not yet become established in European nuclear power
plant construction and supervision, with the exception of certain building parts. The
IAEA has started off a state-of-the-art review of modular construction and will produce regulations for supervising nuclear safety. STUK and TVO have actively taken
part in the IAEA’s efforts to compile regulations. For modular construction to guarantee sufficient safety, high international and local competence is needed, especially when one of the components is concrete. In the SAFIR programme it would seem
most natural to start off this field of research with a literature survey that can compile the best international and local competence that is available.
The SAFIR programme involves keeping abreast of developments in building systems and design standards. The National Building Code of Finland is being revised
in line with Eurocode. Extensive European regulations cannot, however, be accepted
as they are as a basis for nuclear power plant design and construction. Design principles should be verified by inspecting the power plants’ preliminary safety estimates and the design regulations formulated afterwards, with foundations in extensive
verification of theories and practices.
Surveys of the opportunities that lie in plant design can assess for instance the
development possibilities for bunker solutions, using current research outcomes and
numerical methods. The SAFIR programme’s research aims should be evaluated in
parallel with the aims for plant design development.

82

Figure 3.13 Modular construction for nuclear power plants

3.8.3 Cross-Disciplinary Research Needs and Intended
Results
3.8.3.1 Safety Culture in the Subcontractor Network

Research is needed on the creation of a safety culture in the subcontractor network
and on good practices. Experiences from other high-risk industries may also be useful for the nuclear power field. It would be good to examine the mechanisms that
arise when a subcontractor estimates that the technical implementation of a critical structure for nuclear safety is undemanding. This topic is discussed in section
3.2 above.
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3.8.3.2 Automation

Data on structural loads and their impacts can be obtained from plant monitoring
systems, such as vibration monitoring systems. More information is needed on the
reliability of condition monitoring devices, such as moisture sensors and tensiometers. Condition assessments of reinforced concrete structures and tendons require
non-destructive method and advanced structural integrity monitoring systems and
devices. This topic is discussed in section 3.3 above.
3.8.3.3 Load Due to Severe Accidents

Structural load due to accident is computed by so-called integral models and CFD
methods. Such loads include hydrogen explosions, steam explosions and thermal
load due to fires. Drop analysis results obtained until now can be used in developing
fire analysis methods.
The functionality of core catcher concrete structures in severe accidents should
also be studied. Investigations into generic design requirements will aid the development of core catchers.
Loads due to severe accidents are discussed in section 3.6 and thermal-hydraulic
analyses and experiments in section 3.5.
3.8.3.4 Interaction Effect of Structures and Equipment

The vibration interaction effect of mechanical components and structures is an
important part of equipment design and validation of systems and equipment. Global vibrations due for instance to an earthquake or aircraft crash, transferred by the
building, have to be taken into account when assessing component usability, durability and fastenings. Correspondingly, equipment can cause dynamic loading on structures, which must also be considered in structural durability and functionality. These
types of loads include component vibration and jet forces and shock loads caused by
pipe breaks (cf. section 3.7). Long-term phenomena affecting concrete structure properties may have an effect on component bracings.
3.8.3.5 PRA

Some of the loads where the structural impacts have to be studied are defined in the
PRA research area in section 3.9. Results from structural ageing, integrity and durability analyses are exploited in PRA considerations. The objective of plant PRA is
continuous safety improvement. Challenges are compounded when a structure’s inservice life exceeds the originally planned lifetime, while the reliability level should
continue to increase further.
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3.9 Probabilistic Risk Analysis (PRA)
3.9.1 Description of the Research Area
The objective of probabilistic risk analysis is to comprehensively identify and quantitatively assess the events, factors and phenomena affecting nuclear power plant
safety. Therefore, PRA requires multidisciplinary research that looks at various
technical disciplines, natural phenomena and human factors. PRA can be used to
achieve comparability between risk factors coming from different sources and between the defences that exist against them.
The PRA research area involves not only risk analysis method development, but
also investigation of risk-significant phenomena. This means that highly diverse
research topics may exist in the area. Some of the topics may not relate directly to
developing PRA methods, but they are included here to ensure that they are sufficiently investigated according to their risk significance. Conversely, data arising from
PRA can be used to prioritise other research projects based on the risk significance
of the topic. The choice of research topics is directed by plant risk analysis results
and their possible deficiencies and uncertainties.
The objective of the PRA research area is to improve nuclear power plant safety
management and the regulatory body’s inspection ability by developing methods
that support this activity. To improve overall safety management, research requirements in the following areas should be assessed with regard to PRA:
•

improvement of risk analysis methods

•

programmable automation

•

plants containing passive systems

•

human factors

•

fire risk

•

weather phenomena and other external risks

•

environmental impact of severe accidents

STUK directs the use of PRA in power companies with its YVL 2.8 guide, which defines the general framework, targets and application areas of the living PRA. According to YVL 2.8, PRA is to be used for support in the following areas of nuclear power
plant safety decision-making:
•

ensuring the adequacy of plant design basis

•

assessing risks caused by external events

•

assessing risks caused by internal events, especially fires and floods

•

proving the attainment of safety targets

•

assessing the correctness of the safety classification

•

risk-informed lifetime management and management system

•

assessing and preparing technical specifications

•

preparing equipment testing programmes
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•

preparing pipeline in-service inspection programmes

•

preparing preventive maintenance and condition monitoring programmes

•

preparing training programmes for maintenance personnel

•

preparing emergency and disturbance procedures

•

assessing needs for plant modifications

•

conducting risk follow-up of operational events

It is essential to the use of PRA that the model includes risk important phenomena
that are sufficiently modelled. The modelling of phenomena caused by external
events (e.g. external floods, extreme climate conditions and large oil spills) and fires
inside the power plant still requires further methodological improvement so that
readiness for these events can be enhanced. These and certain other factors require
different handling methods from those applicable in current PRA models.
Even though many PRA applications are already well-established, some applications require more development. Clear rules are needed for setting safety criteria
and interpreting results, and their development and integration into safety management processes require further work. In the modern world it is important to develop skills in risk communication.
Contacts with international projects in the area of PRA have traditionally been
strong. Participation in the work of international organisations (OECD/NEA, EU,
IAEA, WENRA) and versatile bilateral contacts, along with participation in international projects benefit the research conducted in SAFIR. Some studies related to risk
analyses have traditionally been executed via Scandinavian cooperation, mainly between Finland and Sweden.
The principle of coordinating the research during the period from 2011 to 2014 is
that research must produce concrete tools that can be put to use during this research programme. Other important targets are training new experts, long-term method development and international cooperation to ensure information exchange and
harmonisation of methods and requirements. In addition to tool development, the
research involves defining concepts and requirements, and developing procedures.
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Figure 3.14 Levels of PRA and Defence-in-Depth (DID) (CDF = Core Damage
Frequency, LERF = Large Early Release Frequency)

Initiating event
Level 1 PRA

DID level 1
Prevention of
abnormal operation
and failures

Safety functions
Level 1 PRA

DID level 2
DID level 3
Control of abnormal
Control of accidents
operation and
within the design basis
detection of failures

Safety functions
Level 2 PRA

DID level 4
Severe accident
management

Consequence
Level 3 PRA

DID level 5
Mitigation of the
radiological
consequences

Consequence

Normal operating
conditions
Abnormal operating
conditions but return
to normal conditions
Accident conditions
but no core damage
Core damage but no
external release

CDF criterion
LRF/LERF criterion
societal risk criterion
individual risk criterion

Minor offsite
consequences
Major offsite
consequences

3.9.2 Research Needs and Intended Results
3.9.2.1 Reliability of Programmable Automation

Programmable devices and systems are taken into use in old plants when systems are modernised, and in new plants from the start. Finding instrument parts
made using traditional techniques is starting to become more difficult, as manufacturers are beginning to adopt programmable technology almost exclusively. As
usage increases, there are increasing needs for more detailed modelling of programmable equipment using PRA. Particular challenges within programmable equipment
include producing justifiable quantitative reliability estimates, identifying possibilities for common cause failures, and evaluating their likelihood.
The aim of PRA is to recognise the most risk-significant automation functions
and signals, to assess the likelihood or frequency ofmissing or spurious operation,
and to identify and assess the interdependencies between signals and other potential dependencies.
Currently there are very few reliability estimates for programmable automation
components and devices. Those that are available are seldom based on actual experience from usage, or if there is such experience, it is superficial. Equipment development is swift, especially that of programmable parts, which makes it difficult to
obtain sufficient experience of use. Reliabilities estimated based on operating experiences generally seem to be clearly higher than theoretical ones.
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Particular challenges in assessing the reliability of programmable equipment
occur due to rare and often latent failure mechanisms arising from design errors.
A programmable device will always fail in a similar situation because of the same
cause, unless the error is fixed. These errors may be possible to find through simulation or model checking or automatic or manual testing. The more comprehensive the
testing, the more likely the faults are to be identified. Tests and inspections using different methods complement each other. Due to system complexity, complete inspections cannot be made; instead, an expert evaluation is needed to understand how to
focus and delimit inspections and examinations. Research is needed on how inspections carried out using different methods benefit the reliability assessment of programmable systems, and how different inspections might complement each other.
Failure mode and effect analyses of programmable systems have not become
established as tools in the way that those of analogue systems were. Even the naming
of failure modes still varies, as does the depth and breadth of analysis.
Conservative reliability estimates are already available for individual modules.
Nuclear power plant instrumentation typically has four redundant channels, in
which case the reliability of individual channels and devices is fairly insignificant in
relation to the reliability of the entire automation. An essential aspect of assessing
the reliability of automation is to recognise shared factors that may cause failed or
spurious operation, and to evaluate their likelihoods. Shared factors may include
components or programs that are repeated identically in each redundant channel. If
such a factor fails in one channel, it may also fail in all the other channels, causing
the failure of the entire system. Support systems such as cooling and power supply
must also be taken into account.
Use of diversity and manual functions is a way of reducing the effects of dependencies and common cause failures. This, however, leads to systems being complex and
difficult to design and test. Complete diversity is difficult to achieve. As an example,
priority units, shared software and similar transmitters may prove to be bottlenecks
in shoving adequate reliability.
For expert knowledge to be merged into reliability studies, specific expert evaluation methods and related tools and procedures must be developed. Another important source of reliability data is the feedback gathered from the use of the programmable device. The utilisation of experiences requires detailed analysis, evaluating the relevance of experiences of similar equipment being used in different
environments.
3.9.2.2 External Events

External events may have a simultaneous impact on many redundant safety systems,
even if their operational principles are different. A blizzard, for example, may simultaneously threaten both the external power network connection and diesel generator functions. Some external events may additionally hamper the taking of counter-
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measures at the plant. External events are often clearly interdependent, as in the
case of strong winds and high sea levels, for example.
When internal risks have been reduced by plant modernisation and applying
redundancy, diversity and separation principles when planning a new plant unit,
the relative significance of external events has grown clearly. Risks caused by them
are relatively easily reduced already within the basic plant design, if the risks are
recognised beforehand.
Large uncertainties are related to the intensity and frequency of extreme external
conditions. Reliable measurement and observation results can usually be obtained
from the past few decades or, at most, the past couple of hundred years, whereas
events with the frequency interval of 100,000 years are interesting as regards
nuclear safety.
Relevant external events are extreme weather conditions (high or low air temperature, strong winds, lightning, blizzards, frost, freezing), phenomena related to seawater (high temperature, supercooling/frazil ice, seaweed, low or high water levels),
risks related to normal human activity (oil spills and chemical releases at sea, flammable and toxic gas releases), and their combinations.
In whirlwinds and rare rapid air flows hitting the earth, wind speeds may reach
up to 100 metres per second. These flow speeds significantly exceed the design principles used for nuclear power plant buildings and power lines. Because these phenomena are rare but very violent, actual measurement results are not available, so
estimates are made based on damages to forests and buildings. Generally, however,
their area of influence is usually limited to a few dozen hectares. Research on the
risks related to these phenomena should continue in the new research programme.
The aim of research is to collect data and assessment methods related to extreme
external event intensities and frequencies. Research into these phenomena requires
phenomenon-specific expertise, and it is the task of risk analysts to find the necessary experts and help them turn their data into formats that suit the PRA context.
The objective is to find the frequencies of the phenomena at hand that are suitable
for the plant sites, for use in examining external risks. Opportunities for cooperation
and data sharing with other countries should be considered.
The estimated operational lifetime of new power plants is 60 years or more. Over
such a long period, environmental changes may take place that have an essential
effect on the external risk assessments made at the time of plant design. Further
research is needed, particularly concerning sea levels and sea temperature, and the
effect of possible climate change on these. Similarly, the effect of climate change on
storm patterns should be studied.
The degree of oil transportation in the Gulf of Finland has increased considerably
and it is expected to continue increasing. The risk to nuclear power plants posed by
oil spills at sea is significant, especially in the proximity of oil tanker routes. Fields
related to oil risk assessment are oil dispersal, the effectiveness of oil booms and
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other oil destruction measures in potentially difficult circumstances, and the impact
of oil on the power plant.
3.9.2.3 Assessing Human Reliability

The human reliability evaluation methods used in PRA were developed with traditional control rooms in mind. Modern control rooms have new characteristics that
may affect evaluation methods. Therefore the methods must be reviewed. Data has
been produced by simulator runs in Halden, Loviisa and Olkiluoto, which should be
researched further. Attention could be paid for instance to cognitive factors, which
have been identified as a challenge in the HRA analyses under way at Halden. Other
countries have interests in this area, which offers good opportunities for cooperation – either Nordic or wider, as a follow-up to the Halden project.
3.9.2.4 Level 2 PRA

The aim of level 2 PRA is to recognise the significance of factors that affect radioactive releases and to determine their order of importance according to quantity,
timing and probability of releases, as well as the uncertainty related to all these
factors.
Level 2 PSA is composed of three parts:
1)

Process behaviour in accident situations, and physical phenomena related to
severe accidents and the loads caused by them.

2)

Capacity of safety-significant systems, structures and components and their

3)

Probabilistic methods for analysis of severe accident event chains and

ability to withstand severe accident conditions and loads.
uncertainties.
Competence in level 2 PRA has been developed in Finland in the past fifteen years,
but the number of experts is very limited, especially in the probabilistic method field.
The aim of the research is to expand competence in level 2 PRA expertise, to follow
international developments (EU ASAMPSA2 project and its possible continuations)
and to search methods to better evaluate the importance of different factors in level
2 PRA. Another level 2 PRA development target should be human reliability assessment (HRA). Traditional straight-forward time-dependent HRA models are usually
badly suited to level 2 scenarios.
Release targets and calculations should be made more realistic, and targets related to nuclear power plants’ environmental risks should be placed in proportion
to risks caused by other socially acceptable human actions. Analysing the consequences of releases requires level 3 PRA, which refers to the probabilistic analysis
of radioactive releases using realistic spreading and dispersal investigations as a
supplement to conservative critical individual examinations. Finnish competence in
level 3 PRA should be developed.
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Modelling containment behaviour and fission product dispersal in different chains
of events related to severe accidents would increase understanding of phenomena
related to severe accidents and help in the management of their consequences. Level
2 PSA offers severe accident and containment research a tool for managing uncertainties and prioritising factors for reducing large release risks.
3.9.2.5 Passive Systems

The new-generation plants use passive safety systems, the reliability of which is difficult to evaluate using traditional methods. Therefore procedural development is
needed and it should focus on the plant types that may potentially be built in Finland in the coming years.
3.9.2.6 Application of PRA

Many PRA applications, such as risk-informed technical specifications (RI-TechSpecs), risk-informed in-service inspections (RI-ISI) of pipelines, and risk-informed
in-service testing (RI-IST) of systems and equipment, have already been adopted or
planned for adoption by power companies, and are generally not considered to present great needs for development.
The integrated use of deterministic and probabilistic methods is still a challenging
proposition. For example the assessment of the defence-in-depth principle should be
developed, because the diversity requirements placed on new plants to defend themselves against various threats are increasingly strict. It is necessary to examine the
demands placed on plants and safety analyses and to create a common view of the
role of risk methods in the approval of plant solutions. This is also related to automation validation, the use of diversity, and safety classifications. International collaboration should be sought in this area.
Other risk-informed applications include risk-informed preventive maintenance
(RI-PM) and risk-informed graded quality assurance (RI-GQA).
3.9.2.7 Mathematical Methods in PRA

As computing capacity increases, new risk analysis methods can be taken into use.
Formal models that are more complex than traditional fault tree modelling can soon
be applied to modelling real-world systems. Such state machine-style approaches
are interesting, because they are directly linked to automation system description
methods and therefore also to formal model checking and simulation. We should be
aware of the new opportunities in reliability modelling and assess their applicability to the fault tree (i.e. PRA) context and, on the other hand, to automation assessments. A tempting objective would be to increase the integration between process
models created in different contexts.
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Polynomial chaos was invented in the 1930s, but it has only begun to be used in
risk and uncertainty analyses in recent years.1 The latest applications could even
indicate some kind of breakthrough. Especially in uncertainty analyses, the new
method appears to be clearly better than earlier versions. It is important to follow methodological developments in Finland, to identify their opportunities, and to
maintain the ability to assess new methods and adopt them when necessary. Universities should generate competence in relation to such mathematically demanding applications.

3.9.3 Cross-Disciplinary Research Needs and Intended
Results
3.9.3.1 Fire

The objective of fire research is to develop methods for use in assessing fire risks
and to obtain the statistical and empirical data needed for these. Fire risk assessment methods should be as comprehensive as possible in order to account for all the
phenomena related to a fire and to link them to the random factors hidden in plant
conditions and operating processes. Fire risk evaluation methods must take into
account all the essential processes related to the initiation and fighting of fires and
they should produce results (e.g. likelihoods) that can directly be utilised in plant
fire PRA. Fire simulation software must be developed for routine fire PRA use. The
methods should be verified and validated.
In assessing fire risk, information is needed on at least the following issues:
•

fire frequencies

•

fire development assessments

•

assessment of the extent of consequences

•

effectiveness of control room and other operators’ response and
counter-measures

•

responses and possible failures in plant components and systems

•

cable damages cause by fire and the proportion of these damages out of the
overall likelihood of failure

There is still fairly limited information on the ignition mechanisms of power cables.
Fire ignition frequencies can be statistically calculated, but the ignition process as
a phenomenon is worth researching. New data should be produced to reduce the
uncertainties related to modelling the initial stages of cable fires.

1
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E.g.:
a) Seung-Kyum Choi, Raman V. Grandhi, Robert A. Canfield, Reliability Analysis of a Large Computational Model Using Polynomial Chaos Expansion, March 2003, SAE International, and
b) C. Proppe, Peliability computation with local polynomial chaos approximations, Institut für Technische Mechanik,
universität Karlsruhe (TH), November 2008

In assessing fire development, it is important to be able to estimate the spreading
of fire in the most important fire load types. Test methods for the burning properties
of cables should be developed further, as should numerical fire simulation methods
so that they suit cable fires.
Assessing the extent of fire consequences links the behaviour of the fire itself to
the behaviour of the surrounding structures and systems, and therefore for example
to the assessment of the fulfilment of the defence-in-depth principle. There is scope
for development, especially in assessing large fire load risks, including cables, lubricants, diesel fuels and transformer oils. The application of defence-in-depth to firefighting arrangements and the creation of a fire event tree should be developed for
risk assessment purposes.
Some of the factors to take into account in assessing the likelihood of the success of fire-fighting actions and the extent of fire consequences are the unusability of
the fire alarm and extinguishing systems, operational extinguishing and delays and
actions related to control operations. Failure surveys of fire alarm and extinguishing
systems should be conducted to identify earlier problems, develop models and seek
improvement suggestions and needs.
To assess the likelihood of failures in components and systems, research should
be conducted on the impact of smoke and heat on the relevant power and automation cables and electrical devices, especially the latest I&C devices. International
connections should be exploited in this research. The impact of smoke and corrosive
substances should be evaluated based on empirical evidence (e.g. IRS).
Many of the abovementioned topics are researched using numerical simulation.
The verification and validation of fire simulation methods are an important aspect of
methodological development. However, producing the experimental data needed for
validation is very expensive and time-consuming. An international fire research project (OECD PRISME) offers access to unique gas-tight rooms, which allow for experiments on fire scenarios that could not be studied in Finland. Available computing
tools can be validated by simulations of PRISME fire experiments.
3.9.3.2 Man, Organisation and Society

As the automation in existing nuclear power plants is modernised, control rooms
change significantly. User interfaces based on fixed meters and switches will be replaced by screens and pointing devices. The current methods for modelling human
error are based on decades-old control rooms and may not be applicable to today’s
systems. Modern control rooms have characteristics that imply a need for updating
the human reliability assessment methods used in PRA.
The organisation and its functionality are only analysed in PRA from the perspective of errors arising from human actions. PRA can only be used for analysing the
indirect safety effects of management and organisational issues. Poor maintenance is seen in the increasing frequency of equipment failures, repeated failures
or common cause failures take place in the plant, or the plant’s transient frequency
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increases, etc. These kinds of effects are implicitly included in PRA results, but their
significance is best evaluated using user experience or reliability data analysis, for
example.
Organisational research is mainly carried out qualitatively, focusing on management and top-level actions. The aim is to measure management and organisational
functions in the long run, for example as regards corporate culture and practices (initially by using indicator). Some of the factors included in the research could be indicators of corporate culture and practices. Although organisational factors are difficult to link to the PRA model, it may be useful to try to clarify the links between organisational factors, PRA risk factors and defence-in-depth principles.
In today’s society, competent risk communication may be crucial. Communicating
PRA results to other experts in the field and, especially, to the greater public has been
found difficult, but there is pressure to do it regardless. Risk criteria and the development of PRA towards level 3 could help with this. In other words, there is scope
for development in this area, and impressions should also be sought from outside
the nuclear power sector.
3.9.3.3 Other Areas
Automation

Process development is required in conceptualisation and detailed design of programmable automation. In conceptualisation it should be possible to estimate the
fault resistance of control diagrams, protection diagrams or lock diagrams, among
others. Risk-critical signals must be identifiable and made reliable or fault-resistant.
On the detailed design level, the effects of physical automation equipment, the distribution of functions to various process stations, the power supplies, the cooling and
other factors must be accounted for in reliability. The assessment of automation reliability is based on the use of deterministic and probabilistic methods. Research in
this area must be international, because one of the objectives is to harmonise terminology, methodology and requirements.
Fuel

The risks inherent in fuel use must be analysed separately from PRA. The assessment of reactivity accidents caused by the dilution of the boron in coolant requires
blending calculations to be carried out using 3D models. There is room for development in these.
Thermal Hydraulics

The field of thermal hydraulics has many connections with PRA, as process modelling is directly linked to the success criteria of PRA. PRA requires realistic, bestestimate, thermal-hydraulic analyses in order for success criteria to be determined.
In developing uncertainty analysis of thermal-hydraulic analyses, PRA should be
94

considered both at level 1 and at level 2, because PRA offers tools for uncertainty
management. The assessment of the reliability of new plants’ passive systems also
requires process development.
Severe Accidents

The risk of severe accidents is evaluated within level 2 PRA. The severe accident
research area is also connected in many ways to level 1 PRA. Links exist at least in
the following research topics: accidents during downtime, steam explosions, effect
of aerosols and fission products on recombiner start-up, passive decay heat removal
systems, blockage of suction filters, sealant durability in severe accidents, and containment building bypass chains.
Structural Safety of Reactor Circuits

Links exist at least in the following research topics: plant ageing, cable ageing, RI-ISI,
earthquakes, and development of computational LBB methods, especially in terms
of probability analysis.
Structures

PRA results can be utilised in estimating the consequences of an aircraft crash. The
behaviour of concrete in high temperatures is related to level 2 analyses. PRA can
also be used to assess the need for protecting safety systems, and to compare different protections.

3.10 Development of Research Infrastructure
3.10.1 Current State of Research Environments and
Needs for Improvement
One of the pillars of nuclear safety research is sufficient experimental capacity and
its close linkage to modelling efforts. These should be kept up to date, taking into
account the country’s expanding nuclear power programme and the special needs
of ageing plants. Investments are needed in the training of experimentation personnel, the development of research methods, and the updating of equipment and research environments.
As mentioned in section 3.1 above, the facilities in one of Finland’s main experimental nuclear research environments (Otaniemi) require updating. Another major
research environment, the thermal hydraulics experimentation facility in Lappeenranta, is currently operating in challenging circumstances as regards equipment and
space. Improvements to these research conditions require concrete and long-term
measures from the parties involved, some of which measures are very urgent due to
the time it takes to update a research environment.
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3.10.2 Areas of Development in Research Capabilities
3.10.2.1 Surveillance Programs: Development of Hot Cell
Research Capabilities

The reactor pressure vessel is a safety-critical component and changes in its mechanical properties are monitored using a special test surveillance program. Test materials are irradiated in special irradiation capsules throughout the reactor’s service
life and their mechanical properties are determined after specific radiation quantities. As neutron radiation exposure grows, the crystal defects and precipitations that
appear in the steel increase its hardness but reduce its fracture toughness.
The surveillance programs now require updated hot cells that should be equipped
taking into account the handling of radiation capsules and transport vessels used
in different reactor types. Capacity for impact, tensile and fracture toughness testing must be created for the mechanical testing of irradiated test specimen. The test
materials should be utilised as effectively as possible. Capacity for manufacturing
reconstituted test specimends based on electro discharge machine (EDM) and electron beam welding technology should be developed.
3.10.2.2 Lifetime Management: Development of Hot Cell
Research Capabilities

One of the central aspects of power plant lifetime management is the ageing of structural materials. In existing power plants, the ageing and possible degradation of
reactor internals will cause increased needs for handling highly active components.
The radiation protection of hot cells should be prepared with a view to doing this.
A central aspect of structural ageing research is microstructure analysis. Hot cells
must be equipped for metallographic analysis for the purpose of specimen preparation, optical microscopy and hardness testing. In addition, locally protected scanning
and transmission electron microscopes must be placed in the immediate vicinity of
the hot cells. For the purpose of radiation-induced stress corrosion testing, the hot
cells must be equipped with autoclaves and PWR/BWR water circuits.
3.10.2.3 New Technologies: Development of Hot Cell
Research Capabilities

The international community has heavily invested in the sustainable development
of nuclear power technology, which requires the development of fourth-generation (GenIV) or nuclear fusion power plant technologies based on closed fuel cycles.
This focus is clearly visible in existing and planned large-scale infrastructure projects, such as the JHR material research reactor and the ITER fusion research reactor. Compared to existing nuclear technology, the new technology is based on the
use of higher temperatures and gaseous or liquid metal coolants. From the point of
view of material technology, this means developing materials that withstand radiation better at higher temperatures.
96

For this purpose, hot cells must be equipped with a test environment where
mechanical properties can be characterised at high temperatures. The test environment would comprise for example a vacuum furnace in which the test specimen can
be loaded using various hydraulic, mechanical or pneumatic loading devices. The
test environment will also allow for the development of new innovative test equipment. At the same time, the special requirements of tests conducted in liquid metal
environments can be investigated.
These capabilities are directly or indirectly linked to safety research for existing
reactors, because the developed methods and competence are typically broadly
applicable.
3.10.2.4 Development of Thermal-Hydraulic Measurement
Methods

The aim is to adopt CFD computation methods into global use in conducting nuclear
safety verifications. There is a grave lack of measurement results suitable for validating CFD methods, however, and it is not yet known how they should be produced
for dual or multiphase flow situations. These kinds of measurements cannot usually
and should not necessarily be added to existing equipment. The research programme
should therefore focus on examining and developing new measurement methods
and building the required equipment.
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4 Summary
In accordance with Chapter 7a of the Finnish Nuclear Energy Act, which came into
effect in 2004, the objective of the National Nuclear Power Plant Safety Research
Programme for 2011–2014 (known as SAFIR2014) is to ensure that in the case that
new matters related to the safe use of nuclear power plants should unexpectedly
arise, the authorities possess sufficient technical expertise and other competence
for determining the significance of these matters without delay. High scientific quality is required of the research projects in the programme. Their results must be available for publication, and their usability must not be restricted to the power plants
of a single licence holder.
The programme covers the themes of the SAFIR2010 programme, which will end
in 2010, supplemented by possible infrastructure projects and appropriate social
research. The SAFIR2014 programme is funded by the Nuclear Waste Management
Fund (VYR), as well as other key organisations operating in the area of nuclear
energy which decide independently on their contributions to the funding of projects.
The annual funding of the SAFIR programme has been approximately EUR 7 million
per year. Decisions-in-principle made by Parliament on 1 July 2010 significantly increase the funding coming from VYR compared to SAFIR2010. The new programme
aims for the funding from other nuclear organisations to remain at the same level or
to increase slightly from that of SAFIR2010.
The planning period for the national nuclear power plant research programme
up to 2014 involves several licence procedures: an operating licence application will
be made for Olkiluoto 3, and construction licence applications will be made for the
new Olkiluoto 4 and Fennovoima 1 plant units. These processes are reflected in many
ways in national safety research. Know-how developed in publicly-funded research
programmes can be applied to the licensing processes.
As new plant projects start up, more expert resources are needed. During the
planning period and in the following years, many of the experts who have taken part
in the construction and operation of existing power plants will retire. The licensing
processes and the possibility of recruiting new personnel for research projects give
an opportunity for experts from different generations to work together, facilitating
knowledge transfer to the younger generation.
Research into nuclear safety requires profound training and commitment. The
research programme serves as an important environment providing long-term activity that is especially important now that the research community is facing a change
of generation. A new generation of researchers has to be recruited and engaged.
The construction of a new plant unit has increased international interest in
nuclear safety work and research carried out in this area in Finland. The construction of the new unit has also increased the attractiveness of the field as an employer,
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which is reflected in the growing number of students in the field, as well as in the
number of applicants to vacant positions. In processing the nuclear power decisions-in-principle, the Finnish Parliament’s Commerce Committee made a statement
emphasising the importance of developing competence in nuclear safety.
Globalisation and networking highlight the importance of national safety research. This national safety research programme is an important information-sharing
channel, and it also creates opportunities for channelling limited Finnish resources
more effectively towards the most useful international research programmes.
The framework plan of the research programme involved a group of around 50
active participants, who included representatives from all the Finnish end-users,
as well as the Finnish Funding Agency for Technology and Innovation (TEKES), the
Technical Research Centre of Finland (VTT), Lappeenranta University of Technology,
Aalto University and the Finnish Institute of Occupational Health. The planning process created a clear picture of the views of Finnish end-users.
The international evaluation of the SAFIR2010 programme in January/February
2010, ordered by the Ministry of Employment and the Economy, also provided valuable input into the planning process.
The SAFIR2014 research programme is subdivided into nine research areas: Man,
Organisation and Society, Automation and Control Room, Fuel Research and Reactor Analysis, Thermal Hydraulics, Severe Accidents, Structural Safety of Reactor
Circuits, Construction Safety, Probabilistic Risk Analysis (PRA) and Development of
Research Infrastructure. Each research area contains projects within its own subject
fields, as well as joint cross-disciplinary projects. The projects included in the programme are selected annually based on a public call for proposals.
The purpose of the framework plan is to provide information for the authors of
project proposals on what topics are sought after and what are the main challenges
and research needs in each area. Ultimately, the new research programme will take
its final form depending on the quality of the project proposals that are received and
how well they serve the programme’s purpose.
The research areas and research needs given in the framework plan are based on
the knowledge at the time of writing. The research programme will take into account
the possible changes in the operating environment and, if new challenges manifest
themselves, new research projects supporting the objectives of the programme can
be included.
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