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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 covered the themes of the preceding SAFIR2014 programme [2].

SAFIR2018 Management Board (MB) 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 representative of Business Finland was not nominated to
the MB (Tekes and Finpro unites as Business Finland in the beginning of 2018).

A public call for research proposals for 2018 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 2018. The funding decisions were made by the Finnish State Nuclear Waste Management
Fund (VYR) in March 2018. In 2018 the programme consisted of 32 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 2018 were 7,1 M€ and
7,2 M€, and 45 and 49 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.

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 2018

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 2018, the research was performed in altogether 32 research projects. The total volume of
the programme was 7,2 M€ and 49 person years. The research projects in the various research
areas with their planned and actual 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 2018.
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, 202,0 198,6 16,3 15,2
resilience in nuclear FIOH
domain
Extreme weather and EXWE FMI 200,0 231,2 19,8 26,8
nuclear power plants
Management principles | MAPS VTT, 160,0 163,4 11,5 11,0
and safety culture in Aalto,
complex projects University
of Oulu
Probabilistic risk PRAMEA VTT, 328,0 328,2 25,4 25,6
assessment method Aalto,
development and Risk Pilot
applications
Integrated safety SAUNA VTT, 354,0 355,8 27,5 29,2
assessment and Aalto,
justification of nuclear FISMA,
power plant automation Risk Pilot
Safety of new reactor GENXFIN VTT 94,0 96,0 5,6 58
technologies
Electric systems and ESSI VTT, 130,0 122,5 11,3 11,9
safety in Finnish NPP Aalto
Practical applications ORSAPP LUT, 71,0 69,4 50 50
and further VTT
development of Overall
Safety Concept
2. Reactor safety
Comprehensive CASA VTT 233,0 237,3 14,6 14,2
analysis of severe
accidents
Chemistry and CATFIS VTT 142,9 1443 8,0 8,7
transport of fission
products
Comprehensive and COVA VTT 234,0 235,5 16,5 18,4
systematic validation of
independent safety
analysis tools
Couplings and INSTAB LUT 140,0 141,1 11,0 12,6
instabilities in reactor
systems
Integral and separate INTEGRA LUT 326,0 326,8 21,0 35,3
effects tests on
thermal-hydraulic
problems in reactors
Nuclear criticality and KATVE VTT 200,6 187,6 15,4 15,4
safety analyses
preparedness at VTT
Development of a MONSOON | VTT 158,0 142,8 11,3 10,0
Monte Carlo based
calculation sequence
for reactor core safety
analyses
Development and NURESA VTT, 203,0 201,5 14,4 15,0
validation of CFD LUT
methods for nuclear




V1T

RESEARCH REPORT VTT-R-00618-19

8 (118)

reactor safety
assessment

Physics and chemistry
of nuclear fuel

PANCHO

VTT

259,0

240,6

19,0

20,2

Safety analyses for
dynamical events

SADE

VTT

114,2

114,4

8,3

7,6

Uncertainty and
sensitivity analyses for
reactor safety

USVA

VTT

115,0

108,6

9,0

8,3

3. Structural safety and materials

Experimental and
numerical methods for
external event
assessment improving
safety

ERNEST

VTT

115,0

114,9

6,0

6,4

Fire risk evaluation and
Defence-in-Depth

FIRED

VTT,
Aalto

201,0

203,9

14,0

15,1

Analysis of fatigue and
other cumulative
ageing to extend
lifetime

FOUND

VTT,
Aalto

311,0

313,8

17,9

20,2

Long term operation
aspects of structural
integrity

LOST

VTT

276,0

287,3

14,3

18,4

Mitigation of cracking
through advanced
water chemistry

MOCCA

VTT

147,0

158,0

8,1

7,9

Thermal ageing and
EAC research for plant
life management

THELMA

VTT,
Aalto

242,0

246,6

17,0

14,7

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

WANDA

VTT,
Aalto

167,1

175,4

10,9

13,7

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

COMRADE

VTT, SP

159,0

199,7

7,2

7,1

Evolving the
Fennoscandian
GMPEs

EVOGY

VTT,
ISUH

164,0

160,5

11,5

15,9

4. Researc

h infrastructure

Development of
thermal-hydraulic
infrastructure at LUT

INFRAL

LUT

286,0

296,0

19,0

22,4

JHR collaboration &
Melodie follow-up

JHR

VTT

29,0

29,0

1,7

1,7

Radiological laboratory
commissioning

RADLAB

VTT

694,0

697,1

44,5

45,4

Barseback RPV
material used for true
evaluation of
embrittlement

BRUTE

VTT

286,0

2859

16,0

17,0

0. Programme administration

SAFIR2018
administration

ADMIRE

VTT

377,0

377,0

12,5

12,8

The costs of ADMIRE are for period 1.1.2018-31.3.2019. The costs include the small projects
and value-added tax 24%.
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2.1 Plant safety and systems engineering
In 2018 the research area “Plant safety and systems engineering” consisted of eight 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)

Practical applications and further development of Overall Safety Concept (ORSAPP).

akhwNPE

®~No

211 CORE - Crafting operational resilience in nuclear domain

The aim of the CORE project (2015-18) 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 2018

WP1 focusses on examining how learning from successes could be included in nuclear
operating experience activities. It was found that successes are often less salient and less
likely to trigger intentional learning processes than failures. It was also observed similar
tendencies in normal situations where a task had been executed as expected: further
investigation into how exactly the success was achieved (to create lessons) was often not
found motivating — the successes were “business as usual”. Facilitating learning from success
is thus likely to require deliberate effort, such as its formal inclusion into existing practices for
collecting or analysis purposes. A guideline has been developed proposing eight basic
principles on how to learn from successes. The guideline also describes a step-by-step
process for implementing it in practice. The purpose of this guideline is to provide insights to
practitioners working at safety-critical organizations on how to promote learning from
successes and to help develop practical tools to achieve this goal.

Within WP2, a work-based learning method was developed guiding 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. As a result on the method introduced, it
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was found found that reflection was quite abundant, consisting of more than a half of all
discussions. In this sense, self-evaluations were efficient in enhancing operators’ reflection:
they involved dialogue and reflection among operator crews about their own work practices
and capability in emergency situations. Overall, findings portray a vivid discussion among the
operator shifts encompassing the following themes: work practices, collaboration, plant
dynamics and stress at emergency situations.

Within WP3, a summary of the work done in WP3 has been prepared. The report includes a
summary of the work done on multitasking and interruption management, and cognitive
heuristics in decision making and troubleshooting. It also includes a theoretical synthesis of
WP3 work and provides a set of guidelines regarding multitasking, decision-making and
troubleshooting. Expert workers’ ability to multitask is a resource that will be useful in a state
of emergency. On the other hand, in normal work situations, the amount of work should be
adjusted to the optimal level so that people have time to think and anticipate. It is suggested
that negative consequences of interruptions can be mitigated, for example, by better procedure
and user interface design, alarm management, and team training. There is some evidence that
control room operators have problems in diagnosing complicated events and multiple
simultaneous events in process industry. Because of internal and external constraints and
limitations, they tend to use short-cuts and rules of thumb in problem solving and decision
making. Their troubleshooting performance could be improved either by increasing
troubleshooters’ structured knowledge and experience or by training metacognition and
reflection.

Within WP4, one of the main goals has been to quantify the stress of NPP operators during
simulated incident and accident scenarios. In order to examine the association between stress
and crew performance, the variability in two performance measures, the performance time and
the operator instructor’'s evaluation of the performance, were modelled with the cardiac and
physical activity of the operator crews. From the six measures of operator crew performance
only the information seeking performance and the performance time were associated with the
physiological measures of operator stress. The movement of the operator, as measured with
the accelerometers was associated only with the information seeking aspect of performance,
not with the performance time. The association between information seeking performance and
stress might be explained by the larger requirement for cognitive processing at the information
gathering phase of the task. These results show that psychophysiological measurements of
stress and activity can provide valuable information on stress and its association with cognitive
performance at work.

In WP5, emergency exercises has been studied from a theoretical (resilience), regulatory (e.g.,
YVL guides) and practical points of view, as realised in the Finnish operating nuclear power
plants. Several development needs were identified. The main issue was the lack of clearly
defined objectives for the exercises. With such objectives, exercises could be planned and
evaluated in a systematic way. In this way, the participating personnel would know what they
are expected to do and eventually, the performance in exercises and consequently in a
potential emergency situation as well would improve. It has also been found that exercise
participants easily lack true feedback to learn, which is related to the evaluation of emergency
exercises. With no systematic evaluation, including feedback about the appropriateness of
each action performed in the emergency exercise, it is hard to develop the preparedness in
personal level. The building of relevant procedures and workflows partly compensate that, but
there is always the share of human factor left, in the form of error or success. False conceptions
and biases in performance are worth correcting, and the new ideas and especially successful
performance are the cornerstones for better performance. This is important in the personal and
also in the organisational level. A step-by-step guide is provided about systematic debriefing
related to an emergency exercise, serving as a means to providing feedback and gathering
lessons learned also from the individual employee’s point of view (Figure 2.1).
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PHASE 1.

1. Stating the facts known in the first event of the scenario, clarifying how unambiguous the facts are.
2. Correct of optimal interpretation(s) of that situation, given the information available then.

3. Clarifying the realised performance at this phase.

4. Correct of optimal activity/activities in this situation, given the information available then.

5. Reporting good practices , defects, and development areas, and the related measures.

PHASE 2.

1. Stating the facts known at this phase, clarifying how unambiguous the facts are.

2. Correct of optimal interpretation(s) of that situation, given the information available then.
3. Clarifying the realised performance at this phase.

4. Correct of optimal activity/activities in this situation, given the information available then.
5. Reporting good practices , defects, and development areas, and the related measures.

PHASE n.

1. Stating the facts known in the last event of the scenario, clarifying how unambiguous the facts are.
2. Correct of optimal interpretation(s) of that situation, given the information available then.

3. Clarifying the realised performance at this phase.

4. Correct of optimal activity/activities in this situation, given the information available then.

5. Reporting good practices , defects, and development areas, and the related measures.

Figure 2.1. The proceeding of systematic debriefing after an emergency exercise. Each point
is repeated related to each new phase in the scenario until all phases are discussed.

Within WP6, the HF-tool has been modified, trained, tested, and implemented to include basic
and refresher training, detailed tool for gathering investigation data from HF perspective (HF-
fan), and designing combination of Accimap and HF-tool (HF-map) for OE analysis. The HF
tool was used by safety experts of two NPPs, to recognize and analyse both positive
(successes) and negative (risks, errors) contributing factors to OEs. Based on the HF tool
testing, the HF tool was regarded as clear and easy-to-use, and it was considered a useful tool
especially at OE analysis, reporting and training as well as to self-evaluation and for monitoring
safety trends. It was found to offer a more accurate picture of the analysed OEs and HFs
affecting OEs including the success factors, than current OE analysis methods. The future
implementation of the HF-tool would demand more systematic work with evaluating the quality
of analysis and corrective actions based on findings with HF focused OE analysis, conducted
by NPPs. Furthermore, collecting more accurate OE data would be a prerequisite for proper
analysis of the real outcome. This would demand more HF competence and awareness not
only by safety experts in NPPs, but also by the authority, top and middle management and
supervisors in NPPs, operative personnel, to renew practices in safety management. For this
kind of future work, we defined strategic guideline for HF implementation, reported as a part of
CORE final report.

Deliverables in 2018

A guideline leaflet entitled “Operatiivisen toimintavalmiuden kehittdminen ydinvoima-alalla”
summarizing the findings of the project.

A scientific publication presenting a socio-technical success analysis framework which was
developed based on several event investigation methodologies.

A booklet “Learning from successful operations in nuclear power plants — a guideline”.

A journal article manuscript draft discussing the development of nuclear OE from the
perspective of learning from successes.

A journal article manuscript summarizing the past three years of studies in CORE WP2 as
well as the parallel study on robotic surgery.
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A final report providing a summary and a theoretical synthesis of the work done in WP3 on
multitasking and interruption management, and cognitive heuristics in decision making and
troubleshooting.

Guidance on troubleshooting and cognitive debiasing.
A conference article on descriptive modelling of team troubleshooting in nuclear domain.

A conference article on cognitive heuristics and biases in process control and maintenance
work.

A research article on the association of stress with cognitive performance at work.
A final report, summarizing the main findings of WP4.

A conference abstract on hierarchical Gaussian modelling of instantaneous heart rate
distributions.

A final report, providing a description of the present state of emergency exercises, from a
theoretical, regulatory and practical points of view.

Guidance for emergency exercise practice.
An article draft regarding learning from operating experiences in nuclear power plants.

A scientific manuscript on the utilization of HF perspective to renew safety management in
nuclear industry.

An invited semi-plenary talk included HUMTOOL findings, among other examples of
implementing HF in safety critical fields during the last 17 years.

Tutorial on human factors at safety critical fields.

212 EXWE - Extreme weather and nuclear power plants

The general objective of EXWE (2015-2018) was to estimate, as reliably and accurately as
possible, probabilities of occurrence 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 2018: 1) extreme weather, 2) extreme sea level events, and 3)
atmospheric dispersion tool. Like the first two topics, also the third theme dealt with the
environment of a nuclear facility, but now impacts of the plant on the environment are
considered rather than vice versa.

The focus was on low-probability events, including such very rare incidents that have not been
recorded during the past 100 years of observations. In addition to that, a challenge arises from
the fact that the frequency of exceptional external conditions around the NPP sites is subject
to global climate change. Therefore, a hazard curve evaluated from time series of past
measurements needs to be regularly updated.

In EXWE, various observations, modelling and machine learning approaches were utilized. A
recent paper gave an overview on meteorological and marine studies in EXWE since 2007 to
support nuclear power plant safety in Finland (Jylhd et al., 2018). Here, the main results
achieved in 2018 are summarized.
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Specific goals in 2018

WP1 of EXWE focused on extreme weather events. In 2018, our objective was to increase the
solidity of estimates of probabilities of extreme warm-season convective weather phenomena,
intense sea-effect snowfall, and freezing rain combined with strong wind by deepening our
understanding of the occurrence of these events and modelling aspects of them.

1.1) Warm-season convective weather phenomena. Extreme convective weather (hereafter
called ECW) is associated with thunderstorms and materializes as heavy rain, large hail,
intense lightning, downbursts and/or tornadoes. The specific goals in 2018 were i) to evaluate
the use of machine learning methods together with data about atmospheric conditions in order
to predict the initiation of ECW, ii) to assess climate change impacts on ECW climatology from
1979 to present day; and iii) to assess probabilities of high lightning peak currents. The
atmospheric conditions were taken from the ERA5 reanalysis dataset produced by the
European Centre for Medium-Range Weather Forecasts (ECMWF). Based on validations
against lightning observations, a predictor of thunderstorms (CAPE, convective available
potential energy), being derived from ERA5, was found to capture the presence of deep, moist
convection very well in Northern Europe. The time series of mean summertime CAPE over
Finland from 1979 to 2018 indicated a significant positive trend (Figure 2.2), suggesting
increases in flash density and thunderstorm days and/or in an increase in the intensity of the
storms. According to our estimates, the upper limit of the natural lightning peak current lies
close to 500 kA for negative strokes and 600 kA for positive strokes.

1.2) Intense coastal 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.
The specific goals in 2018 were to i) simulate and analyse four past coastal snowfall cases
with the high-resolution convection-permitting numerical weather prediction model
HARMONIE, using weather radar assimilation and to ii) to use daily observational gridded
snow data as a reference data. The aim of the four case studies were to determine criteria
triggering the sea-effect snowbands in Finland. Compared to criteria introduced in Sweden by
Jeworrec et al. (2017), the wind speed could be slightly weaker and the wind direction enabling
snowbands to hit the coast can vary much more in Finland. In addition, iii) a further,
international study was made about the Merikarvia case (Olsson et al., 2018).
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Figure 2.2. The time series of mean summertime CAPE (solid red line) and its linear trend
(dotted red) over Finland from 1979 to 2018, derived from ERAS. Also shown is the flash
density for ground flashes from 2004 onwards. Since then the lightning detection network has
differentiated between ground and cloud flashes and the detection efficiency has been high
and relatively homogenous over Finland.
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1.3) Joint events of freezing rain and strong winds. The specific goal in 2018 was to produce
statistical information about prevailing wind conditions during freezing rain (FZRA) events
using the previously-developed detection algorithm (K&mérdinen et al., 2017), ERA-Interim
reanalysis data and regional climate model (RCM) simulations. Gale winds (17-20 m/s) were
found to rarely co-occur with FZRA, but precipitation during FZRA appeared to be somewhat
more intense than in non-FZRA precipitation. In future, precipitation of non-FZRA is expected
to increases somewhat, but it is unclear if there is more increase in precipitation amounts
during FZRA. No apparent changes in the wind distribution were projected either in FZRA or
non-FZRA cases.

WP2 of EXWE focused on extreme sea level and wave events. In 2018, extreme sea levels in
the Baltic Sea were simulated and scenarios of mean sea level change on the Finnish coast
were updated.

2.1) Simulating extreme sea levels in the Baltic Sea. Experiments by a numerical sea level
model enable studies about extremely rare but physically plausible sea level events. In 2017,
a simulation of sea level in the Baltic Sea in 1900-2010 was performed, taking into account
both internal variations within the Baltic Sea basin and water volume variations due to water
exchange in the Danish Straits. Simulated sea levels agreed well with tide gauge observations
from Finland and Sweden, but highest sea level extremes were underestimated because of
the insufficient resolution of the atmospheric forcing data from the ERA-20C reanalysis. In
2018, the simulations were analysed further. The simulated sea levels were divided into the
storm surge component and the water balance component. Despite the positive trends in total
sea level, the study found positive trends on the Finnish coast and negative trends in Sweden
for the storm surge component. Further studies utilizing different atmospheric reanalyses for
the sea level simulation are planned to be carried out.

2.2) Updated scenarios of mean sea level change on the Finnish coast. The specific goal in
2018 was to improve previous estimates of future changes in mean sea level for i) each Finnish
tide gauge and for ii) each NPP site, by taking into account most recent results regarding global
sea level rise and its regional deviations. Probability distributions of mean sea level change
along the Finnish coast under three Representative Concentration Pathway (RCP) scenarios
were combined with results from a semi-empirical land uplift model and projected changes in
wind climate. The results for the NPP sites are summarized in Table 2.2.

Table 2.2. Projected mean sea level change in 2000—2100 at the Finnish NPP sites for the
three Representative Concentration Pathway (RCP) scenarios and different probability levels
(Pellikka and Johansson, 2019).

Hanhikivi Olkiluoto Loviisa
RCP2.6 | RCP4.5 [ RCP8.5 | RCP2.6 | RCP4.5 | RCP8.5 | RCP2.6 | RCP4.5 | RCP8.5
1% -88 -80 -65 -67 -59 -44 -28 -19 -3
5% -81 -71 -54 -61 -51 -33 -21 -10 8
50% -61 -47 -22 -41 -26 -1 0 15 42
95% -37 -1 59 -16 22 84 25 64 129
99% -23 29 108 -2 54 135 39 97 181

WP3 of EXWE focused on atmospheric dispersion. The specific goal in 2018 was to make
evaluations of high-resolution simulations of the FMI’s dispersion model SILAM (Sofiev et al.,
2006, 2015). Evaluation of local studies included a qualitative analysis of an artificial test case



v I T RESEARCH REPORT VTT-R-00618-19

15 (118)

with an imaginary source in Loviisa. SILAM was nested with HARMONIE-AROME, a high-
resolution non-hydrostatic numerical weather prediction model. For the first time, SILAM was
applied at 500 m spatial resolution. The case study showed the expected features of the plume
dispersion — including 3-D separation of the plume with regard to local jets, reaction to resolved
convective structures, etc. (Figure 2.3). Evaluations of SILAM simulations across the whole
country at three different resolutions (1, 2.5 and 10 km) indicated substantial positive impact
of boosting the resolution. In particular, at 1 km, an expected sharpening of details and larger
dynamic range of the near-source predictions could be seen.
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Figure 2.3. Position of the plume after 2.5 hours since the start of the release with two different
heights of the source. Panel a) high source at 500 m above the ground, panel b) low source,
10 m above the ground.

Deliverables in 2018

A manuscript on the use of neural networks (NN) to improve reanalysis-based climatology
of convective weather

A report on the climate change impacts on severe summer convection in Finland.
A manuscript on probabilities of high lightning peak currents

A report on intense coastal snowfall based on case-study simulations and observational
gridded data of snowfall in the NPP regions.

A scientific paper on sea-effect snowfall case in the Baltic Sea region analysed by
reanalysis, remote sensing data and convection-permitting mesoscale modelling.

A report on joint events of freezing rain and strong winds.
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" A scientific paper on recent meteorological and marine studies to support nuclear power
plant safety in Finland.

” A manuscript on the results of sea level simulations.
” A manuscript on scenarios of mean sea level change on the Finnish coast.
” A short report on scenarios of mean sea level change at the NPP sites.

" A report on the assessment of the high-resolution SILAM dispersion & dose-assessment
system
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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
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 as follows:
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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;

3) To facilitate management and safety culture of ongoing and planned major projects by
providing practical tools and guidance on e.g. facilitating communication, organising decision-
making in unexpected situations, encouraging openness, and distributing knowledge and
lessons learned.

Specific goals in 2018

In 2018 we aimed at summarizing results from the case studies in complex nuclear industry
projects to provide insight on how project organisations are handling critical incidents and
describing the process of sensemaking. Based on the main case study, we submitted a journal
paper to the International Journal of Managing Projects in Business.

We aimed at practical tools and guidance development: we developed a first version of a self-
assessment tool for governance for safety in complex project networks in nuclear industry. The
tool is based on a conceptual project governance framework, developed in MAPS. The
objective of the tool is to provide means and vocabulary for joint analysis and improvement of
management practices in project network to meet project performance targets, and to focus
attention specifically to issues that are important for ensuring that project safety goals are met.
All organizations in the network, their relationships and actions influence the achievement of
safety goals. Management practices are context dependent and analysis/improvement always
has to take into account the specific project context. The tool was discussed at a workshop
with representatives of the nuclear industry. The aim was to enhance understanding of the
theoretical foundations of the tool and to discuss its potential practical applications (piloting) in
the industry.

In terms of scientific publishing, our objective was to contribute to a book Safety Science
Research: Evolutions, Challenges and New Research Directions, edited by Jean-Christophe
Le Coze (INERIS), to be published in 2019 by Routledge. We wrote a book chapter on
governance for safety in inter-organizational project networks. The chapter positions the MAPS
project governance framework within safety-critical project context.
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Figure 2.4. Key elements and mechanisms of governance in inter-organizational project
networks (Gotcheva et al., in press; based on Kujala et al., 2016).

Regarding application of system dynamics modelling in complex projects, research work
included further simulations, running and validating the model, and focused on development
and validation of a system dynamics modelling training tool for project management. The tool
consists of a system dynamics simulation model and an interactive user interface. We
designed the use cases and scenarios for the training simulator, developed an interactive user
interface (a web-based tool), gathered data on model parameter values and functions, and
piloted the training with representatives of power companies and the regulator during a
workshop, which also provided valuable feedback for the tool development.

Integration and dissemination of results aimed at continuing the collaboration with FIOH
(HUMTOOL task in CORE project) to support facilitation of system-wide integration and co-
operation of actors in the nuclear industry. We organized a joint industry seminar and wrote a
joint article on the topic. Dissemination activities included participation in an IAEA meeting to
finalize the SCCIP, participation in an international scientific conference (PSAM14, USA), and
holding MAPS dissemination seminar to present and discuss main results with the nuclear
industry community.

MAPS project was also presented as a book chapter in a new VTT edited book Impacts from
VTT Research on Nuclear Safety and Radioactive Waste Management, Holt, E., Kinnunen, P.,
Sevelev, D. (Eds.) VTT Technical Research Centre of Finland, Espoo, Finland, 120 p. ISBN
978-951-38-8705-6.

Deliverables in 2018

First version of practical self-assessment tool to improve governance and safety in
complex inter-organizational networks in the nuclear industry was finalized.

Workshop with practitioners to present and discuss about the self-assessment tool was
held: the aim was to enhance understanding of the theoretical foundations of the tool
and to discuss its potential practical applications (piloting) in the industry.
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A book chapter was submitted: Gotcheva, N., Aaltonen, K. and Kujala, J. (in press).
Governance for safety in inter-organizational project networks, Safety Science
Research: Evolutions, Challenges and New Research Directions, Publisher is
Routledge, Editor Jean-Christophe Le Coze (INERIS). The chapter contributes to
contemporary conversation in safety science by connecting discourses of safety and
project governance to enhance safety in temporary and dynamic project environments.
A system dynamics tool for project management training was developed jointly by VTT
and University of Oulu. The tool provides support to decision-makers in complex
nuclear industry projects based on system understanding and facilitating a holistic
perspective by visualizing patterns of dynamics interrelations in the project context.
This tool uses web user interface and aims at improving managers and other experts’
capabilities for anticipating and acting upon unintended effects in complex projects.
The system dynamics interactive tool for project management training was piloted with
the power companies/regulator at a workshop with representatives of TVO, Fortum,
Fennovoima and STUK.

N. Gotcheva participated in an IAEA meeting related to safety culture assessment to
finalize the Safety Culture Continuous Improvement Process (SCCIP) Training
Material, Vienna, Austria, 9-11 April.

Joint HUMTOOL-MAPS seminar (‘system-workshop’) was held on 8.11.2018 in FIOH,
with 11 participants from TVO, Fortum and STUK. Collected data was utilized in a
scientific manuscript. The seminar focused on discussing applicability of the HF tool to
support facilitation of co-operation and system-wide integration of actors in the nuclear
industry.

Joint scientific manuscript ‘Utilizing HF perspective to renew safety management in
nuclear industry: design science perspective’ was jointly written by HUMTOOL task in
CORE project and MAPS.

K. Viitanen (VTT) participated in a scientific conference Probabilistic Safety
Assessment & Management conference (PSAM14) in September in the USA and gave
a presentation on “Mapping methodical change in safety culture”. The paper describes
twelve principles of safety culture change, which essentially summarize good practices
of safety culture change. Examples of failed safety culture change initiatives were
analyzed from the perspective of these principles to provide a tentative proof-of-
concept of their usefulness.

MAPS dissemination seminar was held on 12.10.2018 at VTT with 11 representatives
of the Finnish nuclear industry and the regulator STUK. The seminar focused on
presentation of key results from the MAPS project and discussion with practitioners.

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
conducted a human error analysis by interviewing operators of an NPP, focusing on the
management of a primary to secondary leak in a hybrid control room. It has participated in the
preparation of an IAEA safety report for HRA. It has developed methods and conducted pilots
for site PRA in Nordic co-operation project SITRON. Further, it has demonstrated different
options to model emergency core cooling system recovery time and the effects of different
timings in level 2 PRA, and conducted advanced uncertainty analysis. It has developed a new
time-dependent calculation feature in the FINnPSA PRA code, and improved its risk integrator.
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In level 3 PRA, it has conducted a survey among the Finnish nuclear stakeholders on the
incorporation of seasonal and contextual factors in level 3 analyses and consequence
assessment. Finally, it has developed a method to select mitigation strategies for protecting
electric power systems from cyber threats.

Specific goals in 2018

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. This work includes a study on the role of technical support centre
(more generally emergency response organisation) in multi-unit scenarios.

The objective on level 2 integrated deterministic and probabilistic safety analysis (IDPSA) task
was to continue the development of previously developed fictive boiling water reactor (BWR)
model and study handling of different types of uncertainties in FinPSA level 2.

Level 2 method support objectives were related to FInPSA code. They included computation
of total release results covering all level 2 accident sequences. Total results can be extended
to cover similar results as calculated for each release category (e.g. distributions, statistical
parameters and correlation results for each collected variable).

An objective was to develop time-dependent PRA computation in FinPSA, e.g. taking into
account planned maintenance operations.

In level 3 PRA, the objective was to conduct a survey among the Finnish nuclear stakeholders
to find out about the significance, current status of incorporation, and future prospects of the
incorporation of seasonal and contextual factors in analyses in the Finnish context.

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 2018

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).

A case study was carried out to identify possible human errors related to accident
management. The study focused on human performance with the procedures for PRISE in
a hybrid control room. Interviewing of operators was used as the research method. .

Participation in an IAEA expert group to develop a Safety Report on Human Reliability
Assessment for Nuclear Installations. Draft report prepared during 2018 and one meeting
organised in Vienna. The report will go to IAEA’s publishing process in 2019.

A method for site PRA dedicated to Nordic conditions where NPP units have
comprehensive single-unit PRAs available. The approach has been presented also in
several international conferences (ESREL2018, PSAM14, OECD NEA workshop July
2018, IAEA coordinated research project meeting June 2018).
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We have prepared guidelines for site PRA model management and detailed requirements
for site PRA data base.

Two pilot studies on site PRA (Forsmark 1&2 units and Ringhals 3&4 units). Pilot studies
demonstrate the feasibility of the proposed approach to site PRA.

Survey on the role of the role of technical support centre (more generally emergency
response organisation) in multi-unit scenarios. The results show the differences and
similarities in the implementation of emergency response organisation at sites in Finland
and Sweden and the study also discusses the assessment of technical support centre in
the context of PRA. For time being, technical support centre is only considered a limited
way in PRAS.

We have used simple emergency core cooling system recovery case to demonstrate
different options to model the recovery time and the effects of different timings. The case
study demonstrates the need to separate epistemic and aleatoric uncertainties in dynamic
accident modelling in order to analyze uncertainties in a consistent manner. We have also
developed a high pressure melting containment event tree of the previously developed
simplified BWR model further.

For FINPSA, the risk integrator has been updated and tested to compute total results as
calculated for each release category. Additionally, containment event tree (CET)
contributions to frequencies of release categories, results for category (and Boolean)
based variables, and CET sequence and branch function contributions to source variables
and frequency of release categories (or total results) have been implemented and tested.
We have developed a new time-dependent calculation feature in FInPSA. The user can
specify events, such as maintenance activities or tests, parameter changes and
configuration changes to a time line in a task file, and FinPSA automatically calculates and
draws the time-dependent risk curve based on that information, existing minimal cut sets
and data.

We conducted a survey among the Finnish nuclear stakeholders (STUK, Fennovoima,
Fortum, TVO) on the significance of seasonal and contextual factors (SCF) to the risks of
Finnish nuclear power plant sites, on the current incorporation of these in level 3 PRA and
related analyses, and on future prospects and research needs related to PRA involving
SCFs. Level 3 analyses have not been carried out in Finland thus far, but seasonal factors
have been taken into account in consequence analyses. Some SCFs (e.g. show cover)
have been found to affect accident consequences significantly. The results were
documented in a research report.

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. In late 2018, the manuscript has been conditionally
accepted by Reliability Engineering and System Safety.

In 2018, we developed a methodology to select mitigation strategies for protecting electric
power systems from cyber threats. This paper has been developed in collaboration with
the International Institute for Applied Systems Analysis (IIASA, Austria). The manuscript
has been submitted to IEEE Transactions on Dependable and Secure Computing.
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Figure 2.5. Time-dependent task file and the resulting risk curve.

215 SAUNA - Integrated safety assessment and justification of nuclear power plant
automation

The general objective of SAUNA (2015-2018) has been 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 probabilistic
risk assessment (PRA), and a document-based approach (SARs). In SAUNA, the research
theme was overall plant safety. A key challenge was 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 looked 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 (1) built a shared understanding of the underlying challenges,
concepts, and Systems Engineering principles, (2) developed 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) aimed to tie the results together into
an integrated, structured, model-based approach to safety demonstration and licensing.

Specific goals in 2018

WP1 of SAUNA focused on clarifying the terminology and Systems Engineering principles in
order to provide a common basis for research activities on NPP safety. In 2018, the focus was
on further developing model-based safety assessment methodologies for Defence-in-Depth,
also touching on security issues.
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Figure 2.6.. An example of a hybrid threat and fault tree of a system with five components (A
to E), four attackers and one redundancy Rdd between components C and D. The tree
shows failure propagation paths triggered by either faults (causes failure relationships “_cf_")
or vulnerabilities (causes harm relationships “_ch_"). The tree captures failure back
propagation, i.e. a component C1 without failing causes another component C2 to fail which
in turn causes a failure in C1 (“C1_cf_C2_cfb_C1” relationship). An example can be an
overheating pump that damages its actuator electronics that in turn damage the pump.

A multidisciplinary model of the plant contains a significant amount of potential propagation
paths for failures initiated by faults or security threats. In 2017, a method was developed for
compiling a High Level Interdisciplinary model (HLIM) of a complex system, based on fault
trees. In 2018, the dependency model behind the HLIM was extended to include security
threats as basic events, leading to hybrid threat/fault trees (Figure 2.6). The method can be
used for early hybrid assessment of safety and security. A prototype software implementation
was demonstrated using a spent fuel pool cooling system as a case study.

Modelling of digital I&C systems in probabilistic risk assessment (PRA) remains a challenge.
In 2018, PRA was applied to risk-informed safety classification of structures, systems and
components related to electric and 1&C systems. At the plant level, the safety importance (and
therefore classification) of functions is usually clear, but on the level of smaller components,
classification is not straightforward. E.g., downgrading is possible under certain conditions. A
risk-informed classification approach was outlined, using an emergency diesel generator
system as an example.

A workshop on risk-informed decision making in safety engineering was organized in
November, summarising the results of SAUNA, and discussing future research needs. The
workshop was attended by 18 participants representing all major stakeholders.

The DIGREL reference PRA model developed earlier in cooperation with Nordic partners is
now being used as basis for a benchmark study in a project called DIGMAP initiated by the
Working Group on Risk Assessment (WGRISK) of OECD Nuclear Energy Agency. In 2018,
the goal was to develop a tentative version of a PRA model to be compared with DIGMAP
partners in 2019.

On the topic of co-use of PRA and deterministic methods, an approach was developed to
specify the locations of potential hardware failures in the context of application software model
checking. By using the minimal cut sets of PRA to identify the hardware components whose
failure is most critical, and then only allowing those components to fail in model checking,
verification of the SW+HW model was made computationally feasible.
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WP2 of SAUNA looked at the assessment methods and tools for specific technical, human,
and systemic safety issues. In 2018, the focus was on broadening the scope and increasing
the reliability of model checking, collecting the knowhow on the Nuclear SPICE process
assessment method into a concise handbook, and developing practical methods on evaluating
and validating control room design.

Model checking is a powerful formal verification method that has for the last ten years been
successfully used in the Finnish nuclear industry. One challenge is that I&C (software)
application logic is modelled as if it operated “in a vacuum”, without accounting for the
limitations and weaknesses of the underlying hardware. In 2018, a method was developed that
introduced hardware failure modes and communication delays into the 1&C software models.
While the communication delay and asynchrony issues remain challenging to analyse, the
method proved successfully in verifying tolerance against single failure (including
consequential failure) (see Figure 2.7).

The formalization of (natural language) functional 1&C requirements into the temporal logic
properties used in model checking is also very challenging. A survey of different approaches
(e.g., statistical machine translation) on automatically generating the formal properties was
conducted. Approaches based on theory of formal languages and grammars seem to hold

potential.
SCDS SICS  SCDS SCDS SCDS
Div. 1 . Div& Div. 3 Div. 4
Y Y Y
APU APU APU APU

l _—

______

ALU

PA'CS
Figure 2.7. Based on the symmetry of four-channel safety I&C systems, the hardware failure
model can be simplified, still enabling the verification of single fault tolerance (N+2, N+1
criteria) for software.

The Nuclear SPICE process assessment method provides a cost-efficient way to reduce risks
in deliveries and collect evidence for system qualification (Figure 2.8). In 2018, a study aimed
at validating the results of compliance evaluation by analysing assessment findings and their
use in the domain. Finally, the Nuclear SPICE Handbook was released in a workshop in
November, attended by 15 participants representing all major stakeholders. The Handbook
introduces the method, defines the process assessment model, and describes the assessment

process.
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Simulators are important for training and licensing of operators, and play an important role in
control room system evaluation. How the simulator resembles the control room (and the
controlled process) is therefore very relevant. In 2018, a practical method for training simulator
fidelity evaluation was developed, based on an expert elicitation process. The method will be
applied in the feasibility study of the Fortum LOKS 2 simulator.

WP3 of SAUNA aimed 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.

Model-Based Systems Engineering (MBSE) has the potential to support qualification in a cost-
effective way. In 2016, a systems engineering data model was developed, and in 2017, the
model was updated to encompass third party conformity assessment artefacts. In 2018, the
resulting conformity assessment data model was demonstrated using the Polarion Application
Lifecycle Management (PLM) tool by Siemens. PLM was used to manage the traceability and
conformity claiming of a diversity requirement, using a spent fuel cooling pool system as the
case study. The demonstration was successful, with the effort used for configuration deemed
acceptable.

Architecture Description Languages (ADL) provide a way to analyse both hardware and
software components on different levels in one model, and could also support the automatic
generation of assurance case material. In 2018, the different possibilities of ADL were studied
in co-operation with HRP (Halden Reactor Project). The work included hands-on architecture
modelling with Architecture Analysis & Description Language (AADL) and SysML, with a case
study based on the APR1400 reactor protection system. Results argue that use of ADLs offer
benefits over natural languages in clarity, ambiguity and traceability. SysML was found more
suitable for conceptualisation and functional analysis, while AADL has more potential in
detailed, component-level, non-functional analyses.

Deliverables in 2018

A conference paper in RAMS 2019 about safety and security assessment based on
interdisciplinary dependency models

A conference paper in ESREL 2018 about risk-informed safety classification of electric and
1&C systems

A workshop on risk-informed decision making in safety engineering
A research report describing a benchmark system PRA model

A conference paper submitted to ESREL 2019 about the co-use of model checking and
PSA to assess failure tolerance

A conference paper in IEEE ICIT 2019 about the modelling of hardware failures in software
model checking

A conference paper submitted to IEEE INDIN 2019 about ways of formalizing natural
language requirements into temporal logic

A research report on assessing the correctness of formal models by comparing against
simulation models

A research report that is a handbook describing the use of the Nuclear SPICE process
assessment method
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A conference paper in EuroSPI 2018 about validating the results of compliance evaluation
by analysing assessment findings and their use

A slide set about a practical method for control room simulator fidelity evaluation

A conference paper in ANS NPIC & HMIT 2017 about the use of immersive 3D technology
in control room validation

A journal article in Nuclear Technology about the use of immersive 3D technology in control
room validation

A conference paper submitted to IEEE INDIN 2019 about the demonstration of a conformity
assessment data model based on an industrial case example

A conference paper in ANS NPIC & HMIT 2019 about the applicability of SysML and AADL
in safety assurance of 1&C systems

216 GENXFIN - Safety of new reactor technologies

The main objective of the GENXFIN project was to increase knowledge on safety issues of
advanced reactor concepts and to coordinate participation in various international forums and
working groups, as well as to disseminate information to Finnish stakeholders. The emphasis
of the project was on SMR (Small Modular Reactor) designs that could be deployed in Finland
in the near future.

In addition to the normal VYR and VTT funding, TVO and Fennovoima directly funded the
project. As an in-kind contribution, Fortum shared reports of its own SMR research to the
SAFIR reference group.

Specific goals in 2018

A review of international developments in sizing of emergency preparedness zones was made,
with a focus on SMRs. Since the fission product inventory in SMRs is smaller than in large
reactors, also the environmental consequences of a severe accident are expected to be
smaller. In addition, the lower decay heat and the use of passive safety systems may reduce
both the probability of a severe accident and the probability of a containment failure. Thus,
SMRs could be located closer to cities, which would allow them to be used for district heating.
On the other hand, if several SMRs are located on the same site, the possibility of a multi-unit
accident due to a common cause needs to be taken into account.

An ideal procedure to determine the size of an emergency preparedness zone would involve
a full-scope level 3 PRA. However, this would require very large resources. Still, the definition
of an acceptable risk would remain a political question: “How safe is safe enough?” A practical
starting point is proposed: Select some SMR types that could be viable alternatives for Finland.
Study their fission product inventories and accident mitigation systems on the basis of public
sources. Then, choose some possible sites for district heat generation and study their
environment in detail (population distribution, schools, hospitals, etc.) Calculate doses to the
population using some justified fractions of the fission product inventory released to the
atmosphere in accidents. Then check if STUK dose limits would be exceeded and how the
protective measures could be carried out in practice.

Many SMR designs include passive safety systems for removing decay heat from the reactor.
The SMART design has the Passive Residual Heat Removal System, and the NuScale design
has the passive Decay Heat Removal System. Both systems have a vertical heat exchanger
immersed in a water pool. Steam, coming from the steam line, flows through the heat
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exchanger tubes and condenses there. The condensed water flows back to the feedwater pipe.
Passive condensers with vertical heat exchange tubes are also used in the AES-2006 steam
generator passive heat removal system.

In the GENXFIN project, PANDA Isolation Condenser experiments were modeled with the
MELCOR code. The work was a continuation of earlier research, in which experiments on
steam condensation in vertical tubes were calculated with MELCOR. In the earlier work, it was
found that in some cases MELCOR significantly underestimates the condensation rate in
vertical tubes, when using default heat transfer parameters, both with pure steam and with
steam-—air mixtures. The problem was fixed by changing the condensate film Reynolds number
limits from the default values to literature values, using MELCOR’s sensitivity coefficients. The
Reynolds number limits are used for classifying the condensate film flow as laminar or
turbulent. The PANDA experiments calculated in the GENXFIN project were performed at
higher pressure than the earlier work, and the pure steam tests were performed so that all the
steam condensed in the tubes and only water flowed out.

MELCOR nodalization of the PANDA isolation condenser is presented in Figure 2.9. The
condenser was immersed in a water pool at the saturation temperature and atmospheric
pressure. Steam, air and helium were fed to the upper drum through the supply line. The steam
condensed in 20 vertical tubes with inner diameter of 51 mm and length about 2 m. The
condensed water flowed from the lower drum to the drain line. In tests with non-condensable
gases, the air, helium and remaining steam flowed through the vent line to the wetwell, which
was kept at a constant pressure. In pure steam tests, the vent line was closed and the
condenser settled itself to an equilibrium pressure, in which all the steam condensed.

<:|_Air,

1IC Supp|y helium

Wetwell ¥V
(time-
independent)

Drain Steam

line

Figure 2.9. MELCOR model of the PANDA isolation condenser. The blue arrows are flow
paths.
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In the MELCOR model, the 20 heat exchange tubes were divided into four groups. Each group
represented five tubes of equal length. Each tube group was divided into three control volumes
(CV) of equal length in the vertical direction.

The water pool at the secondary side of the condenser was divided to five CVs in the vertical
direction, in order to model the effect of the hydrostatic pressure on the saturation temperature.
At first, it was attempted to model both water flow downwards and steam flow upwards with a
single flow path between each pair of pool CVs on top of each other. However, the counter-
current flow of water and steam through the same flow path lead to heavily oscillating flow
rates and very short time steps. The problem was solved by modeling the water and steam
flows with separate flow paths, with the steam paths leading from the top of each CV to the top
of the whole pool. Modeling the pool as a single CV was also tested.

The calculations were made with MELCOR version 2.2 revision 11932. Four variants of the
MELCOR model were used. The water pool on the secondary side was modeled either as five
CVs stacked in the vertical direction, or as a single CV. Both default and modified condensate
film Reynolds number limits were tested.

MELCOR underestimated the equilibrium pressure in the pure steam tests (Figure 2.10). The
average underestimation was 12 % with the five CV pool model and modified Re limits.
Underestimating the pressure in these tests means overestimating the condensation. As a
result, the best results were obtained with the five CV pool model with the default Re limits
because it gave the lowest condensation rate. This is in contrast to the earlier calculations, in
which the default Re limits underestimated the condensation rate but the modified limits gave
good results. The main difference is that all the steam condensed in the PANDA pure steam
tests, while in the tests calculated earlier, the flow rate was so high that some of the steam did
not condense.

MELCOR underestimated the condensation rate in the mixture tests (Figure 2.11). The
average underestimation was 5 % with the five CV pool model and modified Re limits. The
best results were obtained with the single CV pool model and modified Re limits. However, the
difference between the five CV and single CV pool models was very small in the mixture tests
because the main heat transfer resistance is inside the tubes, due to the non-condensable
gases, and the heat transfer model on the outer surface is less important.

Using the modified condensate film Re limits can still be recommended because they give
better results in all the condensation experiments calculated so far by VTT, except the PANDA
pure steam tests in which the vent line was closed. Dividing the water pool into several CVs in
the vertical direction may be beneficial in pure steam cases because accuracy of the heat
transfer model on the outer surface of the tubes is more important than with steam — non-
condensable gas mixtures. Division of the pool into several CVs requires careful definition of
the flow paths between the CVs, in order to avoid oscillating steam flow that causes
unacceptably short time steps and slow calculation.

The MELCOR results are compared with earlier RELAP5 and APROS calculations in figures
2 and 3. MELCOR gives about equally good results as the APROS code. The MELCOR results
are better than the RELAPS5 results.
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Figure 2.10. Results of pure steam tests in the PANDA isolation condenser. The
measurements are shown with the black error bars. MELCOR results from the GENXFIN
project using the 5 CV pool with modified Re limits, compared with earlier RELAP5 and
APROS results.
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Figure 2.11. Results of steam — non-condensable gas mixture tests in the PANDA isolation
condenser. MELCOR results from the GENXFIN project using the 5 CV pool with modified
Re limits, compared with earlier RELAP5 and APROS results.

As an in-kind contribution to the GENXFIN project, Fortum shared a report of its SMR modeling
with the Apros code. Two reactor types were modeled, NuScale and Yanlong. Both models
are based on publicly available design data. The objectives were to test the capabilities of
Apros to model helicoil steam generators and connection of an SMR to a district heating
network.
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In the NuScale model, two 160 MW reactors were connected to a single turbine and to a
district heating network. The model demonstrated that SMR combined heat and power plants
can be modeled with Apros. The simulated values are very close to NuScale design values at
full power. The evaluated heat transfer rate of the helicoil steam generators is 10 % lower than
in the design. The difference has to be compensated in the model either by increasing the
secondary mass flow rate or the heat transfer area. Some instability was noticed in the
behavior of the steam generator. If the intake pressure drops below a critical limit, in this case
1 bar below the design pressure, the steam generator start to pulsate. The cause of the
phenomenon is still under investigation.

The second SMR study investigated the Chinese Yanlong 400 MW district heating reactor.
The reactor is located in a 25 m deep water pool. The pool surface is at the atmospheric
pressure, and the core is pressurized by the hydrostatic pressure. The model was tested at full
power operation with the district heating network connection. It was concluded that the reactor
concept is very robust due to its simplicity and the large amount of water.

A major part of the GENXFIN project was participation in various international forums and
working groups on advanced reactor concepts, and disseminating the information to the SAFIR
reference group. Meetings organized by IAEA, Generation IV International Forum, American
Nuclear Society, and Canadian Nuclear Laboratories were participated. Topics of the meetings
included SMRs, supercritical water reactors, district heating reactors, and accident tolerant
fuels. Six travel reports were written in 2018.

In order to enhance national collaboration and information exchange on SMRs, the GENXFIN
project organized a seminar in Espoo on 20 November 2018. 24 people participated the
seminar. Presentations were given by VTT, STUK, Fortum, and LUT. Discussion topics
included the potential of district heating with SMRs in Finland, the possibility of unmanned
remote-operated reactors, siting requirements of SMRs, application of defense in depth in
SMRs, and the necessity of changes to Finnish legislation and YVL guides to facilitate SMR
licensing.

Deliverables in 2018
A research report on a literature study of SMR emergency zones

A research report describing modeling of PANDA isolation condenser experiments with
MELCOR.

A research report describing modelling of SMRs with Apros by Fortum.

Six travel reports of international meetings organized by IAEA, Generation IV
International Forum, American Nuclear Society, and Canadian Nuclear Laboratories.

Organized a national SMR seminar.

217 ESSI - Electric systems and safety in Finnish NPP

The objective was to research phenomena, impacts and mitigation methods for possible
common cause faults in electrical systems caused by open phase conditions (OPC), large
lightning strikes and flexible operation of nuclear power plant (NPP).

Specific goals in 2018

WP1 studied different alternatives for detecting the OPC situation and their suitability for
different types of OPC situations. The currently used protection methods and operating
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procedures were analysed and recommendations about how to improve the security of NPPs
in the case of OPC were formulated.

Detection of OPCs is not straightforward, because transformers and motors re-generate
voltage, and the unbalances can remain at a level, which is not detected by protection.
Transformers between the faulted point and the point of interest affect significantly the
observed voltages and currents. The most severe locations for OPC are the main generator
bus, primary side of the unit transformer and primary side of the standby transformers. From
OPC detection point of view, the most challenging OPC occurs when the NPP is supplied from
the off-site grid, the main generator is disconnected i.e. transformer loading is low and the
single open phase is on the primary side of the unit or standby transformer. The resulting
unsymmetrical system affects the different NPP electrical system components in various ways,
which is summarized in Table 2.3. The table also presents the potential NPP component
protection functions that might operate in OPC situations. Several alternative methods for OPC
detection exist and the selection of the most suitable methods for a particular NPP depends
on the NPP characteristics. The preparedness of Finnish NPPs against OPC can be
considered good and no critical safety risks were identified during this research.

Table 2.3. Effects of OPCs on NPP electrical components and the related protection of the
components.

Component Effects Protection
Main Negative sequence currents heat the rotor and can . Negative sequence current relays
generator lead to damage of the generator if the unbalance with inverse time characteristics
situation remains for a too long time. There is also a
risk of a pole slip. - Undervoltage protection

Pole slipping protection

Induction If voltages are unbalanced, problems related to . Some critical motors have negative
motor overheating and increasing vibrations can occur. A sequence current protection
motor may also stall and it may not start-up with

unbalanced voltages. Some motors have undervoltage

protection
Overload protection

Some motors have temperature
measurements with alarms

Power Unbalanced voltages can cause synchronization . Differential current protection
electronics difficulties for some power electronic devices.
(converters) Undervoltage and/or voltage unbalance protection . Ground fault protection

can be quite sensitive and devices can disconnect
easily. Possibly connects automatically back when
voltage normalized.

Transformers Not considered as the most vulnerable component . Differential current protection
during OPC. Overheating can occur in some loading
conditions. - Ground fault protection

WP2 analysed over-voltages and required protection solutions in different NPP network
topologies and at different voltage levels of the networks, using the simulation methods
developed in 2017. A total new part of the analysis was GPR (Ground Potential Rise) in cases
where lightning strikes in various grounding system parts. Analyses covered voltage stresses
due to GPR in electrical, automation and control systems and possible mitigation means of the
GPR overvoltages. The work involved also in modelling low voltage AC and DC systems
related to over voltage protection of low voltage power electronics.
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The three-dimensional finite-difference time- domain (FDTD) method has been employed to
study the performance of the large-scale grounding system (LSGS) against a lightning strike
with different lightning surge propagation properties and how to improve transient protection
for control equipment. The study emphasized how a nearby sea influences the ground potential
rise on large- scale grounding system considering soil ionization. Two case studies were
conceived regarding the position of the nearby sea, where it is located on the y+ and x+ sides
of the LSGS, see Figure 2.12 In addition, two striking scenarios were considered where the
lightning strikes the first and the second tower. One example of simulation results is in Figure
2.13, corresponding to Figure 2.12 case.
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Figure 2.12. Physical grounding system model used in simulation. The figure corresponds
the case where the sea is located on y+ side and the lightning strikes the first tower.
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Figure 2.13. Ground potential rise: a) in tower bases and b) in three different points of
grounding system, solid line without ionization and dash line with ionization. The lightning
current has a peak value of 100 kA, the rise time of strike is 4 ps and the resistivity is 20/2.5
N W for rock/sand.

The results showed that the magnitude of ground potential rise (GRP) at different points of
LSGS is strongly influenced by sea. In addition, the extent that soil ionization affects the ground
potential rise is dependent on the distance between tower and the large-scale grounding
system. Soil ionization causes a decrease in the soil resisitivity and subsequently, in the
computed GPR. The farther the tower is from LSGS the ionization impact on the GRP and
currents waveforms becomes more significant. The potential differences on different parts of
the grounding system may damage the connected wiring and equipment, depending on how
grounding connections are made. For example, control devices can be grounded locally or
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grounded via the cable shield only since both cases can be encountered even in the same
plant.

In the case of large wide area grounding system and high soil resistivity, the ground potential
rise may cause high voltage stress in the connected equipment. One of the critical situations
is the lightning strike to the gantry or adjacent transmission tower of a large power generating
station. A large lightning current may cause huge potential differences between different
grounded parts of the electrical systems. In the extreme case, these differences may cause
excessive stress to the insulation of the signal cables of the automation and control systems.
These voltage stresses may be mitigated by adding to the grounding system external
conductive cables parallel to the protected signal cables. In addition, surge protective devices
may be needed in most critical locations. Planning such a protection requires a detailed
analysis of the grounding system and electrical system lay out, as well as investigation of the
different routes along which the lightning current may enter the plant. It might be necessary to
limit the possible lightning entering routes by using lightning rods.

The impacts of lightning strike on low voltage power electronic devices and their protection
were simulated with PSCAD transient simulator. Metal oxide protector, three phase rectifier
load and clamp style protection device with over-current protection and a battery were
simulated. Metal oxide protector was effective to limit over voltage, but a rise in DC bus voltage
was noticed. The connection of power electronic load solely limited the overvoltages in LV AC
points near the load due to capacitance in the load to buffer the rectifier voltage. The capacitors
are very effective at damping fast transient overvoltages. Most DC rectifiers are based on
active bridge technologies, it is a small effort to also include protective functionalities such as
overvoltage and over-current protections. Mechanical breakers are effective devices, but they
have operational delay for noticing the fault and acting. Therefore some passive protective
methods could be used such as clamp type protection or addition-al capacitors. Battery also
dampened the overvoltage so much that clamp type protection did not even activate. There is
uncertainty of battery behaviour in very fast transient phenomena as most of measurements
and models do not focus on this, but it is very clear that dampening effect is considerable.

WP3 studied what kind of participation of flexible operation could have to stability of Nordic
power system and possible market segments for NPPs regarding the power system stability.
Balancing possibilities in FCR-N (frequency containment reserve for normal operation) market
was estimated with assumption of 4.6% additional cost of flexible operations. Using market
data from 2016, there were 1144 hours when flexible operation could have been profitable. In
this case 4.6% increase was calculated respect to Nordpool SPOT price, but in reality there is
plant specific operation cost. Also a rough estimation of system where all power plants would
take part in automatic frequency regulation was done. With that, the capacity factor decrease
per plant was estimated to be only 0.5% with two months of measured frequency data with 1
s interval.

Fingrid sees that 2020 onwards rotating generation will be more limited in the power system
and there also will be less controllable power plants. This means that price variations might be
large. The energy producers currently have better resources than NPP’s for balancing
purposes. There has not been instances that Fingrid had to demand nuclear power plant to
reduce power or demand disconnection. Market based solutions have been enough for now.
For voltage control, however, there has been more requests to change reactive power injection
/ voltage setpoint. When grid frequency is outside normal operation region, the grid code
demands power plant to be controlled lower or higher output linearly respect to deviations in
frequency. Instead of bidirectional balancing, nuclear power plants could serve better in down
regulation reserve in cases for system over-frequency and normally leave bids to down
regulation balancing market. This practice would guarantee down regulation capacity even if
NPPs would never win the bids for activation. It should be noted that FCR-D for disaster
situations is only defined for situations when there is lack of power in the system (and not for
over-frequency). For system stability respect, there are no large risks in NPP participating to
balancing. The most obvious risk to system stability is that, if large nuclear plant is taking major



v I T RESEARCH REPORT VTT-R-00618-19

34 (118)

role in system balancing and plant disconnects from grid when there is low inertia in the grid
(summer time). For risk analysis perspective, role of single plant in balancing should be limited.
It is likely that pressures on all generation to participate more actively on system balancing will
increase, and it is very likely that new NPPs will be required to take part at some point of their
long operation life cycle.

The project outlined also a risk analytic approach to assess options for flexible operation. The
optimization of operational strategies of NPPs is both a multi-criteria task and an issue for
multiple stakeholders. Just looking at from a single unit point of view is not sufficient, but it
should be analysed from the portfolio of generating units point of view. It is suggested that the
assessment can be divided into three major categories: 1) grid system risks, 2) economical
risks (of the plant owner), and 3) NPP reactor safety risks. These categories can be broken
down into subcategories that can be assessed separately, see Figure 2.14. This approach
leads to a multi-attribute decision analysis framework, which also allows to take uncertainties
into consideration.
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Figure 2.14. Multi-attribute decision making structure.

Deliverables in 2018

A conference paper in EPE 2018 (Electric Power Engineering) conference describing
analysis of open phase condition influence on an induction motor.

A conference paper was submitted to IEEE PES PowerTech Conference based on open
phase condition scenarios for NPP

Research report was published from unbalances caused by different OPC cases in NPP
electric systems and preparedness of operating plants against OPC.

Research report was published from methods for detection of the OPC condition and
recommendations to improve safety of NPPs in the case of OPC.





















































































































































































































































































































































































































