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1. Introduction

In accordance with Chapter 7a of the Finnish Nuclear Energy Act enacted in 2004, the
objective of the National Nuclear Power Plant Safety Research programme 2015-2018
SAFIR2018 is to ensure that should new matters related to the safe use of nuclear power
plants arise, the authorities possess sufficient technical expertise and other competence
required for rapidly determining the significance of the matters. High scientific quality is
required of the research projects in the programme. The results must also be available for
publication.

The SAFIR2018 programme’s planning group, nominated by the Ministry of Economic Affairs
and Employment in March 2014, stated the following mission for national nuclear safety
programmes:

National nuclear safety research develops and creates expertise, experimental
facilities as well as computational and assessment methods for solving future
safety issues.

The vision of SAFIR2018 was defined as follows:

The SAFIR2018 research community is a vigilant, internationally recognised
and strongly networked competence pool that carries out research on topics
relevant to the safety of Finnish nuclear power plants on a high scientific level
and with modern methods and experimental facilities.

The Framework Plan [1] describes the research to be carried out in SAFIR2018. The new
programme essentially covers the themes of the preceding SAFIR2014 programme [2].

SAFIR2018 management board was nominated in September 2014. It consists of
representatives of the Radiation and Nuclear Safety Authority (STUK), the Ministry of
Economic Affairs and Employment (MEAE), Fennovoima Oy, Fortum, Teollisuuden Voima
Oyj (TVO), Technical Research Centre of Finland Ltd (VTT), Aalto University (Aalto),
Lappeenranta University of Technology (LUT), and the Finnish Funding Agency for
Innovation (Tekes). In 2015 the management board was completed with a representative of
Swedish Radiation Safety Authority (SSM).

A public call for research proposals for 2017 was announced on 25 August 2017. After the
closure of the call, SAFIR2018 management board, taking into account the evaluations made
by the steering groups, prepared a proposal for the MEAE regarding the projects to be
funded in 2017. The funding decisions were made by the Finnish State Nuclear Waste
Management Fund (VYR) in March 2017. In 2017 the programme consisted of 29 research
projects and a project for programme administration.
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Plant safety and systems engineering Reactor safety Structural safety and materials

Figure 1.1. SAFIR2018 research areas.

VYR funding is collected from the Finnish utilities Fennovoima Oy, Fortum and Teollisuuden
Voima Oyj based on their MWth shares in Finnish nuclear power plants (units in operation,
under construction, and in planning phase according to the decisions-in-principle). In addition
to VYR, other key organisations operating in the area of nuclear safety also fund the
programme.

The planned [3] and actual volumes of the SAFIR2018 programme in 2017 were 6,7 M€ and
6,8 M€, and 42 and 47 person-years, respectively.

This annual report summarises the results of the individual projects (Chapter 2) and provides
financial statistics of the research programme (Chapter 3). Administrative issues are
summarised in Chapter 4.

Project publications are listed in Appendix 1, information on international co-operation in
Appendix 2, list of Academic degrees obtained in Appendix 3, list of international travels in
the projects in Appendix 4, and Appendix 5 contains list of the persons involved in the
programme in the Management Board, Steering Groups, Reference Groups and in the
projects.

This report has been prepared by the programme director and project co-ordinator in
cooperation with the managers and staff of the individual research projects.
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2. Main results of the research projects in 2017

The SAFIR2018 research programme is divided into three major research areas:
1. Plant safety and systems engineering
2. Reactor safety
3. Structural safety and materials.

The research areas are presented with more detailed descriptions of their research needs
during the programme period 2015-2018 in the SAFIR2018 Framework Plan [1]. The
research areas and research needs are based on the knowledge at the time of making the
framework plan. The Framework Plan will be updated during the programme period, if
necessary.

In 2017, the research was performed in altogether 29 research projects. The total volume of
the programme was 6,8 M€ and 47 person years. The research projects in the various
research areas with their planned and realised volumes are given in Table 2.1.

Summaries of research project results are given in the following subsections.
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Table 2.1 SAFIR2018 projects in 2017.
Research | Project Acronym Organi- Planned | Actual Planned | Actual
area sation(s) costs costs volume | volume
(k€) (k€) (person | (person
months) | months)

1. Plant safety and systems engineering

Crafting operational CORE VTT, 235,0 262,6 18,6 22,1

resilience in nuclear FIOH

domain

Extreme weather and EXWE FMI 200,0 233,8 19,8 27,7

nuclear power plants

Management principles | MAPS VTT, 199,0 197,1 15,0 13,9

and safety culture in Aalto,

complex projects University

of Oulu

Probabilistic risk PRAMEA VTT, 328,0 345,8 24,2 27,3

assessment method Aalto,

development and Risk Pilot

applications

Integrated safety SAUNA VTT, 347,0 3447 26,2 28,6

assessment and Aalto,

justification of nuclear FISMA,

power plant automation Risk Pilot

Safety of new reactor GENXFIN VTT 94,0 94,0 53 59

technologies

Electric systems and ESSI VTT, 130,0 114,0 11,0 12,6

safety in Finnish NPP Aalto
2. Reactor safety

Comprehensive CASA VTT 2140 2144 13,2 12,8

analysis of severe

accidents

Chemistry and CATFIS VTT 143,0 143,2 8,0 9,2

transport of fission

products

Comprehensive and COVA VTT 249,0 2499 18,5 17,3

systematic validation of

independent safety

analysis tools

Couplings and INSTAB LUT 162,0 167,3 13,5 15,1

instabilities in reactor

systems

Integral and separate INTEGRA LUT 357,0 358,2 15,5 28,0

effects tests on

thermal-hydraulic

problems in reactors

Nuclear criticality and KATVE VTT 200,0 199,5 11,0 17,1

safety analyses

preparedness at VTT

Development of a MONSOON | VTT 146,0 146,7 11,5 11,6

Monte Carlo based

calculation sequence

for reactor core safety

analyses

Development and NURESA VTT, 234,0 234,2 17,2 25,4

validation of CFD LUT

methods for nuclear

reactor safety

assessment

Physics and chemistry | PANCHO VTT 259,0 254,3 18,0 20,5

of nuclear fuel
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Safety analyses for
dynamical events

SADE

VTT

93,0

91,6

6,6

6,4

Uncertainty and
sensitivity analyses for
reactor safety

USVA

VTT

115,0

108,4

9,0

9,0

3. Structural safety and materials

Experimental and
numerical methods for
external event
assessment improving
safety

ERNEST

VTT

115,0

115,4

6,0

5,6

Fire risk evaluation and
Defence-in-Depth

FIRED

VTT,
Aalto

201,0

200,9

16,0

14,8

Analysis of fatigue and
other cumulative
ageing to extend
lifetime

FOUND

VTT,
Aalto

325,0

326,5

20,4

22,1

Long term operation
aspects of structural
integrity

LOST

VTT

285,0

285,8

16,6

17,0

Mitigation of cracking
through advanced
water chemistry

MOCCA

VTT

136,0

136,1

8,4

7.4

Thermal ageing and
EAC research for plant
life management

THELMA

VTT,
Aalto

234,0

240,6

16,0

13,5

Non-destructive
examination of NPP
primary circuit
components and
concrete infrastructure

WANDA

VTT,
Aalto

160,1

160,4

10,1

12,5

Condition monitoring,
thermal and radiation
degradation of
polymers inside NPP
containments

COMRADE

VTT, SP

188,0

180,7

8,2

8,7

4. Researc

h infrastructure

Development of
thermal-hydraulic
infrastructure at LUT

INFRAL

LUT

284,0

292,6

15,0

259

JHR collaboration &
Melodie follow-up

JHR

VTT

29,0

29,2

1,7

2,2

Radiological laboratory
commissioning

RADLAB

VTT

703,0

737,3

46,8

45,6

0. Programme administration

SAFIR2018
administration

ADMIRE

VTT

355,0

354,9

10,5

10,8

The costs of ADMIRE are for period 1.1.2017-31.3.2018. The costs include two subcontracted small
study projects and value-added tax 24%.
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2.1 Plant safety and systems engineering

In 2017 the research area “Plant safety and systems engineering” consisted of seven
projects:

Crafting operational resilience in nuclear domain (CORE)

Extreme weather and nuclear power plants (EXWE)

Management principles and safety culture in complex projects (MAPS)

Probabilistic risk assessment method development and applications (PRAMEA)
Integrated safety assessment and justification of nuclear power plant automation
(SAUNA)

Safety of new reactor technologies (GENXFIN)

Electric systems and safety in Finnish NPP (ESSI).

akwnhPE

No

211 CORE - Crafting operational resilience in nuclear domain

The aim of the CORE project is to improve safe operation of nuclear power plants by
developing guidance, training interventions, and other practical solutions that promote
resilience for the three general defence levels of prevention, preparation, and consequence
management. Regarding prevention, the aim is to support operating personnel to succeed
better in challenging work tasks by being more reflexive, engaged, and self-conscious and
aware of high-level goals, instead of being solely guided by fixed and predetermined
procedures. The aim is also to develop new Human Factors guidelines, models, and tools
and interventions that will be tested and examined in simulated test environments and in
workshops. Regarding preparation, operating personnel needs generic skills and abilities to
master difficult, unfamiliar, and ‘knowledge-intensive’ operational situations. They need skills
to cope with excessive acute stress in demanding operational situations. There is also need
to collect operating experiences from successful actions and decisions and analyse the
lessons learned from these experiences. Regarding consequence management and
recovery, it is required that risk is efficiently detected, recognized, interpreted, and
communicated so that a collective response is mobilized promptly. Therefore, such methods
and tools are needed in crisis management that help stakeholders with different
responsibilities to coordinate their actions to achieve a common operational picture.

Specific goals in 2017

Within WP1, guidelines for learning from successes have been developed, and the draft
version of the guidelines has been described in a conference paper (Skjerve et al., 2017). An
AcciMap variation for the analysis of successful events, or successes embedded in adverse
events have been developed using the guidelines as a basis for the development.
Furthermore, a modelling exercise has been provided in which staff meetings were used as
an example case to identify the factors that facilitate or hinder organizational learning from
successes. The main insights of the exercise are the following: Firstly, the meaning and the
perceived value of success-related information differs between the actors that participate in
the meeting. This directs attention to topics such as: i) the translation of the concept of
success to context (e.g., explaining what types of successes there are and how they relate to
a given actor’s task); ii) the identification of those to whom the success-related knowledge
can be beneficial and thus should be shared to (e.g., creating generalizations and links within
and outside the particular staff meeting); iii) the justification of the success-approach and the
relevance of lessons learned from successes to others; and iv) the identification of those who
possess relevant information. Secondly, success items in staff meetings can serve multiple
functions (i.e., reinforce existing knowledge, create new knowledge, or induce socio-affective
effects), and that the interrelation of these functions can have adverse consequences to
safety if not properly managed.
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Within WP2, the developed work-based learning method was tested with the operating
organization. The method guides the operators to discuss and reflect their performance in
simulator training sessions. The method includes individual and group reflection of the
applied work practices — practices are, thus, evaluated. Good practices are disseminated
between and within operator crews. The reflection is done in view of the established
performance criteria of the plant. Overall, the feedback was shown to be positive, and there
was a vivid discussion among the operator shifts encompassing relevant themes, such as
work practices, collaboration, plant dynamics and stress at emergency situations. Decision
on how to develop work practices were made among the shifts. Overall, we suggest that the
application of the method might be beneficial for system resilience, because a significant
proportion of the discussions supported reflection concerning issues that may support
system resilience: collaboration, understanding of plant dynamics and the use of procedures.

Within WP3, we have outlined a draft version of a multitasking questionnaire, and prepared a
slide set on multitasking modelling, including a concept analysis and a theoretical framework
of multitasking and interruption management. We have analysed operator practices in
simulator conditions with the Functional Situation Model (FSM) method, and the FSM method
has been further developed. We have also further developed a modelling approach suitable
for analysing collaborative diagnostic reasoning and troubleshooting of a NPP control room
crew which is based on existing methods and tools. The approach describes the progress
and evolution of a CR operator crew’s knowledge states throughout the critical sections of a
simulator run (Figure 2.1.1.1). We have analysed simulator data on troubleshooting in
complex fault states by using the modelling approach. A review of the role of cognitive
heuristics in process control work has also been prepared, and heuristics, biases and rules of
thumb have been collected by analysing debriefing interview sessions that has been
collected in simulator settings.
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Figure 2.1.1.1. A diagram of a sequential analysis of the evolution of a CR crew’s problem
space in terms of critical functions in a five-minute period of time in a simulated accident
scenario.

In WP4, we have shown with electrocardiography (ECG) that during a cognitively challenging
scenario simulating a sensor malfunction the operators’ stress was mild to moderate and that
during simulations of severe accidents of fire and radioactive steam leakage the experienced
stress and cardiac activity were on a moderate to high. Furthermore, we showed that the
cardiac activity was strongly linked to the experience of stress and not accountable by
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operators’ movement within the simulator. Thus we were able to show that cardiac
measurements in naturalistic settings with free movement, such as in a full-scale NPP
simulator can reveal relevant information on the level of operator's acute stress without
interrupting the primary task. We have also investigated the stressfulness of the individual
tasks within the scenarios. The ECG, electrodermal activity (EDA), and accelometer data
have been re-analysed with respect to the scenario events. Various statistical models have
been fitted to the data. For instance, we have conducted a set of principal component
analyses (PCA), with different combinations of variables, i.e., the cardiac features (e.g.,
mean HR), electrodermal activity, physical activity (accelometer vectors mean activity and its
variance), and performance (event times and durations) included in the same model. In the
main model including all aforementioned signals, the 1st principal component explained 50%
from the total variance, and could be interpreted as representing the stress of the operator.
The 2nd component explains 20% of the variance, with the rest of the components
explanatory power remaining below 10%. Furthermore, the justifications for the use of event
times and durations as performance estimates have been explored by comparing the event
times and durations with the instructor’s performance estimates and qualitative performance
measures (e.g., errors).

Within WP5, the method for analysing verbal communication during the observed emergency
exercise was refined and tested. As a result, the method was found to be easy to use as an
online method (information gathering and analysis simultaneously when performing
observation) and providing relevant results. Irrespective of the existence of different tools
supporting communication between contact persons, communication was smooth and
effective in this exercise, perhaps because the exercise (emergency scenario) did not set
specific challenges to the communication between these parties.

Within WP6, we conducted workshops with Fortum, TVO, Fennovoima and STUK, to
evaluate the current HF activities and needs, to further develop and implement HF tool, and
to inform about the latest findings and re-modification of the HF tool. Based on users’
findings, improvement needs for the HF tool have been put in practice. Furthermore, in the
workshop conducted with the MAPS-project, we found that although the HF tool includes
several basic items, necessary in nuclear safety, it is still missing some system and context
aspects. Based on feedback, several re-modifications were added to the tool. First, we
produced a HF fan, to include several interview questions to support investigation and HF
data gathering at the NPPs. The HF fans were delivered to the NPPs, to support the OE
analysis. We were also aware of the official guideline at the NPPs, to use Accimap as an
official investigation method in OE analysis, and thus, produced a HF-MAP, which includes
the best parts of both Accimap and HF-tool (Figure 2.1.1.2). In the final HF-MAP, positive
factors are included, as well as the four levels of HF tool (individual-, work-, group- and
organizational factors), but then added with Accimap ‘society’-level.
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HE-MAP: CASE HERALD OF FREE ENTERPRISE
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Figure 2.1.1.2. A depiction of HF-MAP in Finnish; combining the strengths of the Accimap
and HF-tool; the lines are from HF-tool, except the line ‘society’ from Accimap. The model
includes successes, the idea from HF-tool. The yellow line ‘corrective actions’ is new in HF-
tool (obs. example is from maritime, which we used in nuclear HUMTOOL workshops, to
learn the basic idea and use of the HF-MAP).

Deliverables in 2017

Presentation at the HUSC meeting describing principles for promoting learning from
successes in the nuclear industry

Conference article on a modelling exercise in which staff meetings were used as an
example case to identify the factors that facilitate or hinder organizational learning from
successes

Finalized guideline for learning from successes

Draft manuscript of a journal article describing the guideline and other relevant project
results

Conference article on the development of training in NPPs

Conference article on a set of methods developed for the analysis of operator work
practices

Draft version of a multitasking questionnaire
Slide set presenting the concept analysis of the phenomenon multitasking

Conference article presenting a revised version of a modelling approach suitable for
analyzing collaborative diagnostic reasoning and troubleshooting of a control room crew

Conference article on cognitive heuristics and biases in operator work
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Peer-reviewed article on the operator stress during simulated incident and accident
scenarios in a full scale simulator

Outline of a research article on stressfulness of distinct events in accident simulations
and relationship between stress and performance

Workshop presentations on key findings and recent literature on stress in NPP work and
training

Conference article presenting the EAST-based communication analysis method
Research report on collaborative resilience in emergency field exercises

Article draft titled “Facilitating collaborative safety culture by applying Human Factors
perspective with HF-tool”

Research report presenting the theoretical basis of the HF-tool and the HF tool
developments and implications

Several workshop presentations on the HF-tool and the HUMTOOL project

212 EXWE - Extreme weather and nuclear power plants

The general objective of EXWE (2015-2018) is to give better estimates of probabilities of
extreme geophysical events that affect the design principles of nuclear power plants (NPPs)
and may pose external threats to the plants. Three themes were covered in 2017: 1) extreme
weather incidents, 2) extreme sea level events, and 3) atmospheric dispersion tool. The
safety assessments of the NPPs require not only observation-based frequencies for the
extreme events, but also estimates on the probabilities of such extremely rare events that
have not occurred during the past 100 years of observations. Therefore, both instrumental
records and model simulations are utilized in the work. The end users are the power
companies designing and running NPPs as well as the nuclear safety authorities defining the
safety regulations for NPP constructions and operations.

Specific goals in 2017

WP1 of EXWE focuses on extreme weather events. In 2017, the main topics were warm-
season convective weather phenomena; detection and characteristics of sea-effect snowfall
intense sea-effect snowfall; and severe freezing rain.

1.1) Warm-season convective weather phenomena. Extreme convective weather (hereafter
called ECW) is caused by mesoscale convective systems (such as derechos, in Finnish
“sybksyvirtausparvi”’), detached thunderclouds or convective elements in extra-tropical
cyclones. ECW materializes as heavy rain, large hail, intense lightning, strong wind gusts
(i.e., downbursts) and/or tornadoes (termed as waterspouts over sea, and in Finnish “trombi”
or “vesipatsas”). The number of ground flashes in Finland has been found to be correlated
with several other indicators of ECW. ECW may result in flash floods and coastal flooding,
including also meteotsunamis. The specific goals in 2017 were i) to test the use of a machine
learning method for evaluating the past thunderstorm occurrence based on reanalysis data
and ii) to clarify the synoptic and mesoscale mechanisms that contributed to the 8 August
2010 derecho case. The use of neural networks appeared to be more efficient than any
simple predictors of thunderstorms. The derecho case was a linear mesoscale convective
line that can be called a squall line.
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1.2) Detection and characteristics of sea-effect snowfall. While summertime ECW is more
likely to occur, wintertime sea-effect ECW occasionally develops over ice-free sea areas.
Depending on the mean wind direction, excess coastal snowfall may occur, as happened in
Merikarvia on 6 January 2016. It is not evident whether the ongoing climate change will make
extreme sea-effect snowfall cases more severe and frequent or vice versa. The specific goal
in 2017 was to simulate the Merikarvia case by running the HARMONIE weather prediction
model with assimilation of radar reflectivities and to compare the results with outcomes of a
previous simulation of the case, at that time without radar assimilation (Olsson et al., 2017). It
was found that both the simulations managed to produce the Merikarvia sea-effect snowfall
case quite well, although this may not be true for other intense snowfall events.

1.3) Severe freezing rain. An optimal vertical temperature profile for freezing rain consists of
subzero temperatures near the ground and a melting layer aloft. Consequently, the sign of
future trends in occurrences of freezing rain depends on whether such vertical temperature
structures will occur more or less often during future precipitation events. The specific goal in
2017 was to estimate future changes in probabilities of freezing rain above selected intensity
values at the NPP sites on the Finnish coast based on a freezing detection methodology
developed earlier in EXWE (Kamaréinen et al., 2017) and 6-hourly data from six regional
climate models available from the CORDEX initiative (Kotlarski, S. et al., 2014). No clear
changes were projected for in the annual number and amount of severe freezing rain in the
future, but the annual cycle of freezing rain may be affected.

WP2 of EXWE focuses on extreme wave and sea level events. In 2017, the four research
topics included the joint effect of sea level and waves; wave model validation; the long-term
occurrence of meteotsunamis in the Gulf of Finland; and simulating sea level extremes on
the Finnish coast.

2.1) Joint effect of high waves and high sea level. Combined probability distributions of sea
level and wind waves can be used to evaluate the maximum wave crest height on the shore
and to offer improved estimates of flood probabilities. Previously in EXWE, the method was
developed assuming that the two distributions are independent of each other (Leijala et al.,
2018). However, the results at certain locations may be affected by a dependency between
the two parameters. In 2017, the conditional probability of waves and sea level was
examined using 27 years of sea level and wave data at a site near Helsinki. The effect of
seasonal ice cover and wind direction on the dependence structure of sea levels and waves
was also studied.

2.2) Improving wave modelling on the Finnish coast. Flooding risk estimates that combine
wave and sea level statistics set higher requirements for wave data, but wave measurements
are mostly conducted on the open sea and the time series are rather short. Model data is a
feasible solution to fill the gap and provide the necessary data for the flooding risk estimates,
but there are still challenges concerning the accuracy of the wave models. In 2017, three
wave models (WAM, SWAN, and WaveWatch 1lI™) were implemented to the Finnish
archipelago and their performance was studied in comparison with coastal wave buoy
observations. Despite some differences, all three models were found to be equally suitable to
provide wave predictions in archipelagos.

2.3) Meteotsunamis on the Finnish coast. The objective in 2017 was to prepare a scientific
manuscript documenting the occurrence of meteotsunamis in the Gulf of Finland over the
past century (1922-2015) and to study correlations between the occurrence of
meteotsunamis and atmospheric parameters. The results showed decadal variability in the
frequency of meteotsunamis (Figure 2.1.2.1), but no apparent trend could be identified. It
was discovered that the occurrence of meteotsunamis is strongly connected with thunder
over the region: the number of cloud-to-ground flashes over the Gulf of Finland were over ten
times as high during the days when a meteotsunami was recorded compared to other
summer days.
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2.4) Simulating extreme sea levels in the Baltic Sea. A two-dimensional hydrodynamic sea
level model allows us to study extremely rare but physically plausible sea level events that
have not occurred during the century-long observation period. In 2017, the reliability of the
model was assessed by performing a simulation of sea level in the Baltic Sea 1900-2010.
The simulation results had good agreement with the Finnish and Swedish tide gauge
records, but the highest sea level extremes were underestimated due to the insufficient
quality of the wind and air pressure data in sea areas. The work will continue in 2018.
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Figure 2.1.2.1. Meteotsunami occurrence in Hanko (upper panel) and Hamina (lower panel)
in 1922-2015. The events are stacked so that the height of the columns correspond to the
sum of maximum wave heights of the events during the given year. Confirmed meteotsunami
events are plotted with darker colour; for the light-coloured events, the meteorological origin
of the wave is uncertain. The blue curves show the proportion of missing sea level data per
year.

WP3 of EXWE concentrated on studying the ability of the high-resolution Harmonie-SILAM
modelling system to simulate atmospheric dispersion over a heterogeneous surface.

3.1) Output of the high resolution convection-permitting Harmonie-Arome model (with 0.5 km
horizontal grid resolution) has been validated using measurements of temperature and wind
speed near the Loviisa nuclear power plant in spring 2015. The main research subject was to
evaluate ability of the meteorological model to simulate atmospheric boundary layer over a
heterogeneous surface. The results show that the high resolution model is capable to
simulate the contrast between sea and land surface and is also able to realistically simulate a
boundary layer structure over the coastline and areas nearby. The simulated vertical
structure as well as the diurnal cycle of the temperature the wind fields resembles the
observations, confirming the models ability so simulate the transition from between land and
sea.

The results are encouraging concerning the utility of atmospheric flow variables from a
weather prediction model as input for the dispersion model SILAM, in order to improve and
develop dispersion calculations over heterogeneous surfaces, like a coastline. High
resolution atmospheric model simulations are the only realistic source of information about
the boundary layer over a heterogeneous surface. Unlike measurements, which represent
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only one location, with the high resolution Harmonie-Arome model the entire area can be
described.

3.2) For nesting the SILAM-dispersion model and high resolution meteorological model some
challenges were identified and most of them also solved during 2017 by updating the SILAM-
dispersion model accordingly: i) Technical challenges: somewhat different GRIB coding,
higher frequency of meteorological fields updates, non-SI units and non-standard features of
some fields; ii) Fundamental: non-hydrostatic model with output presented as instant
screenshots needs to be handled by the transport model requiring strict flow non-divergence,
both locally and globally.

Deliverables in 2017

A report on past trends in warm-season convective weather phenomena using novel
downscaling approaches

Two conference presentations about synoptic environments of significant-hail producing
thunderstorms in Finland.

A report on mesoscale factors contributing to derecho formation and decay

Two conference presentations about long-term monthly, annual and decadal variations
and trends in the occurrence of thunderstorms in Finland

Scientific paper on the Merikarvia sea-effect snowfall case
A report about sea-effect snowfall simulations

A report on the present-day and future annual probabilities of severe freezing rain at the
NPP sites.

A conference paper about the EXWE work, freezing rain as one of the examples.

Scientific paper on using a conditional probability method to assess the joint effect of high
sea level and waves

A conference poster presentation on the method to assess the joint effect of high sea
level and waves.

A conference presentation about the EXWE work, high sea level together with waves as
one of the examples.

Scientific paper on validating a high-resolution wave model on the Finnish coast
Scientific paper summarizing 100 years of meteotsunami statistics on the Finnish coast

A conference presentation on the high-frequency sea level oscillations in the northern
Baltic Sea and the Mediterranean.

Scientific manuscript on hindcast simulation of Baltic Sea levels

Report on the development of the high-resolution (0.5 km) NWP-model HARMONIE and
its evaluation results against

Technical report describing the integration of the SILAM dispersion model with the NWP-
model HARMONIE



WT RESEARCH REPORT VTT-R-02454-18
17 (120)

Two doctoral theses
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213 MAPS - Management principles and safety culture in complex projects

The ultimate goal of MAPS project (2015-2018) is to enhance nuclear safety by advancing
the knowledge on supporting high quality execution of complex nuclear industry projects,
including modernizations and new builds. MAPS is an interdisciplinary project, which brings
together expertise in safety culture and organizational factors, governance of complex
projects, project alliancing/collaborative project arrangements, societal research on safety
regimes and system dynamics modelling.

The specific objectives of MAPS project are 1) to identify the generic safety principles of
managing complex projects in the nuclear industry; 2) to clarify the cultural phenomena in
major projects and the influence of time, scale, governance models, and the diversity of the
involved actors on safety culture, and thus on safety, and 3) to facilitate management and
safety culture of ongoing and planned major projects by providing practical tools and
guidance on e.g. facilitatihg communication, organising decision-making in unexpected
situations, encouraging openness, and distributing knowledge and lessons learned.

Specific goals in 2017

First, we focused on continuation of conducting in-depth case studies on critical events in a
new build and a modernization project. Critical incident approach was utilized in the case
studies, and the scope of the case was determined by an unexpected event, which the
project network had to handle. In a complex project environment “critical incidents” could be
seen as events that involve different project partners, and that make a significant contribution
to the general aim of the activity. A specific event was selected by each nuclear industry
organization. The 14 interviews carried out in the new build project network were analyzed
further, and results were discussed with practitioners. The aim was to contribute to improved
management of project networks, regulatory project oversight practices and to bring the
complex projects perspective to safety culture discussion and literature.

Second, we continued our research on safety culture in complex network organizations. We
studied the role of institutional complexity and institutional logics in projects as a part of
general institutional arrangements. We focused also on improving the understanding of
multicultural aspects and safety management in nuclear industry projects, more specifically
focusing on discussing with practitioners of safety management and exploring cross-cultural
synergy in multicultural project networks. Distinctive characteristics and uncertainties of
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international projects were taken into account, as well as practical strategies for managing
institutional and cultural differences in global megaprojects, the role of boundary spanning
competence for overcoming cultural differences and facilitating a shared understanding
about safety and project objectives.

We continued our study on methods for enhancing and assuring safety culture in complex
projects: we conducted three international workshops with different stakeholders to feed our
practical understanding on safety culture change in projects. We provided guidance for
methodical safety culture change in complex nuclear industry projects by identifying a set of
twelve principles of safety culture change, based on up-to-date practical experience and
theories of systems thinking, organizational management and safety science. We developed
guidelines for the implementation of Safety Culture Ambassadors as a method for safety
culture improvement. This method refers to involving safety-conscious individuals from
different parts of an organization/project network in safety culture activities. We proposed a
model of Adaptive Safety Culture: an organizational culture that recognizes qualitatively
different organizational manifestations of safety management; the model is intended to
support safety practitioners to better plan, implement, monitor and review safety culture
activities in complex international projects.

Third, we continued the study on the applications of system dynamics modelling in complex
projects. Research work focused on the document handling of complex projects, including
both new build and modernization projects, and better understanding the implications on
safety. Data collection to support modelling work continued as well, supported by a workshop
with practitioners. The workshop provided valuable insights on initial sources of delays in
complex nuclear industry projects and especially what is relevant for modernization projects
in an operating NPPs, where major upgrades have been conducted. A system dynamics
simulation model has been developed and the simulation model can be used to analyze
different scenarios related to document handling and review in nuclear industry projects and
at regulator’s side.

Fourth, we aimed at internally integrating our insights and disseminating the results from the
MAPS project towards practitioners and academic community. The international visibility of
project results in 2017 was ensured by research participation in different events, such as
international scientific conferences, international workshops, domestic industry seminars and
research workshops, as follows: International Research Network on Organizing by Projects
(IRNOP), Boston University, Boston, USA, June 11-14, 2017; WOSNET2017, 9th
International Conference on the Prevention of Accidents at Work, October 3-6, 2017, Prague,
Czech Republic; Resilience Engineering Symposium, 26-29 June, 2017, Liege, Belgium, and
IAEA CS meeting to review and provide support for the IAEA Safety Culture Continuous
Improvement Plan (SCCIP). MAPS interim results have also been presented and discussed
during an ad-hoc meeting at STUK in relation to renewal of YVL guides relevant for safety
culture and project management.

Strengthening cross-project collaboration in SAFIR2018 was one of the aims as well: a joint
researchers’ workshop was held with MAPS and FIOH researchers (HUMTOOL task/CORE
project) and draft of a joint article was prepared. The aim was to explore the HF tool from the
MAPS perspective and to discuss possibilities for incorporating a human factors view for
facilitating nuclear power industry level or system-level learning and cooperation.

Deliverables in 2017

A conference paper was presented to the IRNOP conference in the USA. The article
investigates how the actors in a project network make sense of a novel method
introduced somewhat abruptly during the design phase of a nuclear industry project. The
paper illustrates that there is a great deal of diversity of interpretations among project
actors and suggests some managerial implications for dealing with issues of
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ambiguity/equivocality, e.g. co-existence of multiple fragmented meanings among project
participants. Manuscript of a joint scientific article, based on the IRNOP conference
paper, has been prepared for submission to a journal.

MAPS ad-hoc seminar “Multicultural aspects and safety in nuclear industry projects” was
organized for researchers, authority and power companies. The seminar provided a
better understanding of multicultural dynamics in international projects and insights on
the relevance of this knowledge for management of safety in complex nuclear industry
projects.

Research report was written on the topic “Multicultural aspects in complex projects:
Safety management implications for the nuclear power industry”. The paper provides a
scoping review of pertinent studies on the topic.

A conference paper was written on institutional complexity associated with safety
requirements in a large nuclear industry project. The paper was presented to
WOSNET2017, 9th International Conference on the Prevention of Accidents at Work,
October 3-6, 2017, Prague, Czech Republic. The paper indicated that project actors’
responses to institutional complexity stem from different underlying logics, classified as
driving, conservative and balancing.

A conference paper was presented as a poster at the Resilience Engineering Symposium
in Liege, Belgium in 26-29 June, 2017. The paper described a novel perspective to the
practical development of safety culture in projects with illustrative examples from four
safety culture assurance methods.

A book chapter draft “Actionable Safety Culture” was written, which discusses the gap
between safety science and safety practice. The chapter will be included in a book
concerning new directions in safety science (edited by J.-C. Le Coze). The actionable
safety culture idea was presented to WOSNET2017, 9" International Conference on the
Prevention of Accidents at Work, October 3-6, 2017, Prague, Czech Republic.

A workshop with the NKS research partners was held in Stockholm on the topic of the
essential characteristics of safety culture and the identification of prerequisites and
leverage points for safety culture change.

The final NKS report “Safety Culture Assurance and Improvement Methods in Complex
Projects” was published on NKS webpage (NKS-405, ISBN 978-87-7893-493-2).

A paper manuscript was written on the topic of system dynamics modelling perspective
on latent defects in the design of complex safety critical projects; the paper presents the
system dynamics model and its development.

Invited participation at IAEA (Vienna) meeting on safety culture - CS to Review |IAEA
Safety Culture Continuous Improvement Plan (SCCIP) Support.

A joint workshop was organized with CORE project/HUMTOOL to discuss the industry or
system level factors in HF tool in terms of facilitating the cooperation of different nuclear
industry stakeholders.
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214 PRAMEA - Probabilistic risk assessment method development and applications

The general objective of the PRAMEA project is to develop methods and tools for
probabilistic risk analysis (PRA) of digital systems and to utilize them in practical case
studies. The project covered most of the topics relevant to the PRA of nuclear power plants.
PRAMEA has provided reviews of performance shaping factors when assessing human error
probability in advanced control rooms, and of the effects of digitalization of control rooms on
human reliability analysis (HRA). It has participated in the preparation of an IAEA safety
report for HRA. It has proposed risk metrics and developed methods for site PRA in Nordic
co-operation project SITRON. It has studied solving of dynamic flowgraph models using fault
tree algorithms. Further, it has developed a simplified boiling water reactor (BWR) plant PRA
model with PRA levels 1 and 2 integrated, and improved level 2 analysis support and
performance in FinPSA software. In level 3 PRA, it has laid groundwork for the incorporation
of seasonal and contextual factors in level 3 analyses and consequence assessment. Finally,
it has focused on optimizing risk-informed decisions in safety critical contexts when the
setting is dynamic and the available information is incomplete.

Specific goals in 2017

The objectives of the task on HRA of digitalized control rooms were to define the
characteristics and trends for computerized HSI, including computerized procedures, in
modernized and new control rooms and conduct initial work on task analysis or Performance
Shaping Factors.

To participate in the international expert team to prepare a guide on human reliability
analysis. The work is led by the International Atomic Energy Agency.

To develop a Nordic approach for a nuclear power plant site risk analysis, driven by
performance of pilot studies. 2017 work was limited to level 1 PSA.

The objective of the dynamic flowgraph methodology (DFM) task was to study solving of a
DFM model using fault tree algorithms of FinPSA.

The objective on level 2 integrated deterministic and probabilistic safety analysis (IDPSA)
task was to study steam explosions and level 2 modelling in the context of integration of PRA
levels 1 and 2.

Level 2 method support objectives were related to FInPSA code. They included knowledge
transfer to new developers, monitoring support for level 2 model analysis, functions to solve
models in a goal-oriented way, and better analysis performance.

In level 3 PRA, the objective was to study the impact of seasonal and context factors in level
3 analyses and consequence assessment.

In the risk analysis of organizations and operations, the objective was extend the
methodology, developed in previous years within PRAMEA, to support the selection of cost-
efficient portfolios of structural safety measures for dynamic systems.

Deliverables in 2017

A conference paper Markus Porthin, Terhi Kling, and Marja Liinasuo. New Challenges for
Performance Shaping Factors in Advanced Control Rooms. Paper presented at the
PSAM Topical Conference on Human Reliability, Quantitative Human Factors and Risk
Management, 7-9 June 2017, Munich. The paper reviews the performance shaping
factors (PSFs) commonly used in HRA methods and compares them with current
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knowledge of human factors issues in ACRs. An overview of analysis approaches for
establishing the effect of PSFs on human reliability is also given.

A review paper has been submitted to Reliability Engineering and Safety Science,
Special Issue on Foundations and novel domains for Human Reliability Analysis: Markus
Porthin, Terhi Kling, Marja Liinasuo. Effects of Digitalization of Nuclear Power Plant
Control Rooms on Human Reliability Analysis — a Review (currently in review process).

Participation in an IAEA expert group to develop a Safety Report on Human Reliability
Assessment for Nuclear Installations. Draft report prepared during 2017 and two
meetings organised in Vienna.

Risk metrics report for site PRA.
Methods report for site PRA, limited to level 1 PRA.
We have outlined preliminary requirements for site PRA model management.

Two pilot studies on site PRA limited to level 1 PRA and multi-unit loss-of-offsite power
initiating event (Forsmark 1&2 units and Ringhals 3&4 units).

We have transformed DFM models into fault trees of FinPSA. We have developed
minimal cut set solving algorithms of FInPSA to take into account non-coherent logic of
DFM. We have solved a simple DFM model correctly in FinPSA.

We have developed a simplified BWR plant PRA model that includes levels 1 and 2 as
integrated and studied modelling of emergency core cooling system recovery in level 2
based on level 1 results. We have discussed possibilities to improve ex-vessel steam
explosion modelling. We have also outlined a two-phase uncertainty analysis procedure
to treat different types of uncertainties separately in level 2 PRA.

Analysis performance was improved for level 2 models. Existing parallel implementation
of level 1 model solving was studied and knowledge was tranferred to new experts. New
software interfaces were specified for parallel analysis, and a solver was implemented to
simulate and analyse multiple containment event trees simultaneously. In addition,
variable viewer was updated to monitor model changes in level 2 analysis and a new
function to solve models in goal oriented way was implemented. User guide was updated
according to changes in the software.

Tests of level 2 parallel analysis and exception cases were planned, executed and
reported.

Groundwork was laid for the incorporation of seasonal and contextual factors in level 3
analyses and consequence assessment. Seasonal factors refer to factors that are
associated with a given season(s) - for example, frost affecting the transport of
radionuclides, or snow cover affecting the level of groundshine radiation. Contextual
factors refer to e.g. initiating events that may have implications on accident
consequences: for example, tsunami as an initiating event may imply that large areas
have been depopulated or people evacuated before radionuclide release. These factors
affect many important level 3 phenomena such as aquatic dispersion, transport of
radionuclides in the environment and biosphere, population demography and behaviour,
and the attenuation of ionizing radiation. The results were documented in a research
report.

A scientific paper on an optimization methodology for cost-efficient defense-in-depth
strategies has been published by Reliability Engineering and System Safety.
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A conference paper on an extension of the optimization methodology accounting for
imprecise information was presented by Alessandro Mancuso at the ESREL 2017

conference in June 2017.

In 2017, we developed a methodology to support the selection of cost-efficient portfolios
of structural safety measures for dynamic systems. In particular, we extended the
methodology to time-dependent accident scenarios by explicitly encoding the dynamic
behaviour of engineering systems. The manuscript has been submitted to Reliability

Engineering and System Safety.

A paper on an extension of the optimization methodology accounting for imprecise
information has been accepted for ESREL 2017 conference.
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Figure 2.1.4.1. The variable viewer of FInPSA Level 2 user interface was improved to monitor
changes of variable values in a containment event tree during execution. In this figure,
breakpoints (red dots) have been set to the event tree so that when the execution proceeds
to a breakpoint, the user may inspect values of global variables at that point.
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215 SAUNA - Integrated safety assessment and justification of nuclear power plant
automation

The general objective of SAUNA (2015-2018) is to develop an integrated framework for
safety assessment and transparent safety demonstration of nuclear power plant
instrumentation and control (1&C) systems. Traditionally, safety assessment tends to focus
on technical issues, single faults or limited combinations, deterministic analysis and PRA,
and a document-based approach (SARs). In SAUNA, the research theme is overall plant
safety. A key challenge is therefore to consider (1) all types of hazards, including rare and
extreme conditions, (2) all disciplines and types of system elements (technical, human,
environmental...), and (3) all life-cycle phases and activities.

Through a multidisciplinary research strategy, SAUNA will look at plant operations in the
context of the whole plant and investment project, while keeping the focus on I&C systems.
The different work packages will (1) build a shared understanding of the underlying
challenges, concepts, and Systems Engineering principles, (2) develop dedicated methods
and tools for assessing the safety of systems and their development processes — particularly
focusing on the efficient integration of different approaches — and (3) tie the results together
into an integrated, structured, model-based approach to safety demonstration and licensing.

Specific goals in 2017

WP1 of SAUNA focuses on clarifying the terminology and Systems Engineering principles in
order to provide a common basis for research activities on NPP safety. In 2017, the focus
was on further developing model-based safety assessment methodologies for Defence-in-
Depth.

Model driven engineering design methods like dependency and functional modelling can be
utilised to provide early safety-related feedback to the system designer. Early Defence-in-
Depth (DID) is a key issue in NPP safety, during 2016 a metamodel supporting early
interdisciplinary modelling for DID assessment and a prototype tool were developed and
tested in a small case study of a spent fuel cooling process (see Figure 2.1.5.1). In 2017, the
objective was to further demonstrate the possibilities provided by structured system models
and computer assisted analysis techniques. Specifically, a functional modelling method was
presented which supports failure propagation from external events with time-varying failure
probability. The case study model was also further developed to demonstrate the connection
between the proposed multidisciplinary system dependency model and early safety
assessment with automatic generation of fault trees. In addition, a method to identify cyber-
security attack scenarios with high risk was proposed, based on genetic algorithms.

In the MODIG (MOdelling of DIGital I&C) subtask on PRA methods, work continued on three
topics: DiD analysis supported by PRA, 1&C software reliability modelling, and international
collaboration. Specifically, (1) a paper was written to discuss the problems related to
preparing a safety case for digital 1&C, and how to remedy the issue by building an idealised
process description together with arguments, claims and evidence (submitted to the RESS
journal), (2) the earlier developed model checking methods was updated to better
correspond with the DIGREL example, to continue to study the integration of PRA and model
checking, and (3) the DIGREL model itself was modified in order to better focus on digital
I&C modelling issues, to facilitate collaboration in the “Comparative application of DIGital I&C
Modeling Approaches for PSA (DIGMAP)” task started by OECD/NEA WGRISK.
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Figure 2.1.5.1. Partial view of the automation dependencies in the spent fuel pool case study.
The model contains also dependencies related to process, environment (including the control
room), power supply and human factors.

WP2 of SAUNA looks at the assessment methods and tools for specific technical, human,
and systemic safety issues. In 2017, the focus was on increasing the reliability of model
checking, making the interpretation of counterexamples (produced in model checking) more
user-friendly, further developing the Nuclear SPICE process assessment method, and on
structured safety demonstration of control room systems.

Model checking is a powerful formal verification method that has for the last ten years been
successfully used in the Finnish nuclear industry. The modelling method used by VTT in
practical customer projects depends upon a manually modelled library of elementary (or
basic) function blocks. Due to the proprietary source code not being available, manual
modelling by the analyst is a necessity, and introduces a source for human error. In 2017, a
method was developed for the automatic synthesis of basic function blocks, based on LTL
(Linear Temporal Logic) properties derived from block specifications (e.g., user manuals).
The method was successfully used to detect errors in models developed manually by VTT
analysts to represent Apros process simulator 1&C function blocks. While somewhat
laborious to use, the method can reveal errors that arise from either human errors in
modelling or ambiguity in the textual block specifications.

Another practical challenge in model checking is that the counterexamples produced by
model checkers can be long, making it hard to pinpoint of the root of the cause (in either the
model or the verified property) for the failure scenario. The graphical model checking tool
MODCHK already uses model view animation. In 2017, a complimentary feature of animating
the property was developed, along with a feature that highlights the important changes of
model variables, based on a causality model (see Figure 2.1.5.2). The developed prototype
tool was able accurately point to the exact failure point in over 40 real-world test cases based
on VTT customer projects, also pointing out in several cases the exact root cause of the
failure.

Process assessment for systems and safety engineering benefits from further development
of the current Nuclear SPICE assessment method. In 2017, the objective was to extend the
method based on potential new sources for assessable processes, and to study novel
solutions for the collection, management and reuse of evidence data. For the latter topic, two
approaches were studied, one for mapping the process assessment models to domain-
specific requirements based on Safety-oriented Process Line Engineering, and another for
analysing the relevance of the evidence based on a binary distance metric.
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Figure 2.1.5.2. Along with the model animation feature of MODCHK (above) a tool
demonstration was implemented to animate the property, and point out important variable
changes (below).

Process assessment for systems and safety engineering benefits from further development
of the current Nuclear SPICE assessment method. In 2017, the objective was to extend the
method based on potential new sources for assessable processes, and to study novel
solutions for the collection, management and reuse of evidence data. For the latter topic, two
approaches were studied, one for mapping the process assessment models to domain-
specific requirements based on Safety-oriented Process Line Engineering, and another for
analysing the relevance of the evidence based on a binary distance metric.

For the multistage validation of control room systems, a Systems Usability Case approach
was developed in the previous SAFIR programme. In SAUNA, the focus has been on
creating a Safety Case based approach for organizing and assessing the fulfilment of Human
Factors requirements. Practical demonstration in Fortum’s ELSA project has been carried out
to monitor how evaluation evidence is aggregated over variety of validation steps and how
the design solution is maturing towards a tool of a good quality and usability. A conference
paper from SAUNA 2016 was developed into a journal manuscript submitted to the RESS
journal, aiming is to provide a complete description of the SUC approach and process
including, for example, documentation formats and procedures for accumulation of evidence
over different phases of control room V&V process.

WP3 of SAUNA aims to provide recommendations, insight, new viewpoints, and tools for
planning, documenting and communicating the safety demonstration, and enabling the
licensees to efficiently carry out the licensing process.

The objective in 2017 was to define a top-level framework for safety demonstration and
assessment of 1&C architecture, focusing on qualification of DiD capabilities. The systems
engineering data model developed in 2016 was updated to encompass third party conformity
assessment artefacts. The data model (now called “Conformity assessment data model”)
implements the Systems Engineering 8.0 model (see Figure 2.1.5.3) developed during the
project to replace the traditional V-model to outline the life cycle of systems engineering
activities from the engineering work products point of view. The data model was















































































































































































































































































































































































































































































































