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Abstract
The main objective of Task 3.3 was to perform a self-evaluation of the individual case studies developed
mostly in the framework of Task 3.1 and finalized by making use of the results and findings of the self-
evaluation as well. In Task 2.2, a benchmark baseline was created by defining safety requirement topics and
associated safety requirements, considering the outcomes of Task 2.1 too. This benchmark baseline served
as a basis for the self-evaluation in Task 3.3. Accordingly, the self-evaluation focused primarily on the
comparison of the case studies with the baseline requirements, and self-assessment was performed
concerning the fulfilment of the requirements in a given case study, i.e. to what extent and how the pre-
defined requirements have been met.

The self-evaluation baseline was specified in the first step of this task. The output from WP2, the lessons
learned from the evaluation of concise case study descriptions as well as the experience gained from the
elaboration of detailed case studies served as a technical basis for defining the initial requirements for the
self-evaluations to be made by the project partners. Prior to the self-evaluation, a template was prepared to
provide guidance on how to perform the evaluation in the required contents and how to document it in a
coherent form viewed as appropriate for the purposes of comparison in further project tasks. Two sample
descriptions were elaborated for the self-evaluation to exemplify the fulfilment of the self-evaluation
requirements. The self-evaluation requirements were subsequently refined, based on the experience gained
during the initial stages of self-evaluation by the partners.

By considering the refined self-evaluation specifications, the partners performed the self-evaluation of the
case studies within their responsibility. Besides making the self-evaluation, the partners also looked at their
detailed case study descriptions, and improved and finalized them as they found it necessary in order to
underpin a useful benchmark exercise in the later phases of the project.

As an overall conclusion, it is highlighted that self-evaluations have been made and their descriptions have
been prepared in this task. These descriptions together with the corresponding case study descriptions are
considered appropriate for benchmarking in the further tasks of the project. Some important aspects of the
safety engineering practices manifested in the case studies will need to be further elaborated during the
cross-case comparison in Task 3.4. However, the main technical areas that are in the focus of BESEP are
already discussed and evaluated in the available descriptions to the extent considered appropriate for the
purposes of Task 3.1 and Task 3.3 of the project. In particular, the following key technical aspects were
specifically examined and elaborated in different sections of the self-evaluation descriptions:

 fulfilment of safety requirements;
 assessment of safety margins;
 interactions between DSA, PSA and HFE;
 characterization of the overall safety engineering process;
 further lessons learned.

The results of the self-evaluation are intended to be used as direct input to Task 3.4 (cross-case comparison
of the case studies) for benchmarking purposes, and as a support to both Task 3.5 (elaboration of



generalized cases) and related tasks in WP4 to enable further specific and detailed evaluations including:

 Task 4.3 – Evaluation of balance in verification of safety margins between different external hazards;
 Task 4.4 – Procedure and HFE evaluation and selection of best practices;
 Task 4.5 – Recommendations on closer connections and deployment of more sophisticated safety

analysis methods.

Overall, the final set of the detailed case study descriptions as well as the self-evaluations sheets developed
by the project partners represent the major results of Task 3.3. These results and the experience gained
during the self-evaluation process will be used together for the purposes of all the further project tasks listed
above.
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1 Introduction
The main objective of Task 3.3 was to perform a self-evaluation of the individual case studies developed
mostly in the framework of Task 3.1 and finalized by giving considerations to the results and findings of the
self-evaluation as well. In Task 2.2, a benchmark baseline was created by defining safety requirement topics
and associated safety requirements, considering the outcomes of Task 2.1 too. This benchmark baseline
served as a basis for the self-evaluation in this task. Accordingly, the self-evaluation focused primarily on the
comparison of the case studies with the baseline requirements, and self-assessment was performed
concerning the fulfilment of the requirements in a given case study, i.e. to what extent and how the pre-
defined requirements have been met. The results of the self-evaluation will be used as direct input to Task
3.4 (a cross-case comparison of the case studies) for benchmarking purposes, and as support to both Task
3.5 (elaboration of generalized cases) and related tasks in WP4 aimed at further detailed and overall
evaluations.

The self-evaluation baseline was specified in the first step of this task (see Section 2). The output from WP2,
the lessons learned from the evaluation of concise case study descriptions as well as the experience gained
from the elaboration of detailed case studies served as a technical basis for defining the initial requirements
for the self-evaluations to be made by the project partners. Prior to the self-evaluation, a template was
prepared to provide guidance on how to perform the evaluation in the required contents and how to
document it in a coherent form viewed as appropriate for the purposes of comparison in further project tasks.
Two sample descriptions were elaborated for the self-evaluation to exemplify the fulfilment of the self-
evaluation requirements. The self-evaluation requirements were subsequently refined, based on the
experience gained during the initial stages of the self-evaluation by the partners (see Section 3).

By considering the refined self-evaluation specifications, the partners performed the self-evaluation of the
case studies within their responsibility (see Section 4). Besides making the self-evaluation, the partners also
looked at their detailed case study descriptions, and improved and finalized them as they found it necessary
in order to underpin a useful benchmark exercise in the later phases of the project.

In addition to characterizing the self-evaluation process in the report sections referred to above, the overall
conclusions of Task 3.3 are summarized in Section 5.

The sample self-evaluation descriptions, the final version of the detailed case study descriptions and the self-
evaluations sheets authorized for publication are included as appendices to this report.

2 Specification of Self-Evaluation Baseline

2.1 Technical Basis for Defining Initial Self-Evaluation Requirements
The development of case study descriptions (Task 3.1) and the self-evaluation of the case study descriptions
(Task 3.3) had lots of commonalities. Accordingly, these two tasks were, to a notable extent, performed in
parallel. In particular, the requirements for the case study descriptions and the requirements for the self-
evaluation were specified in interfacing between the two tasks. Naturally, the technical basis for the self-
evaluation requirements could not be separated from that of the case study descriptions. In addition, the
findings from the evaluation of an initial set of candidate case study descriptions (as described in [1]) were
found very useful in the development of initial self-evaluation requirements too. Therefore, some aspects that
are described in [1] but found relevant to this task too are cited below in order to make the process of
defining self-evaluation requirements complete and traceable.

Initial self-evaluation requirements were specified in the first step of this task. The technical basis for these
specifications was made up of:

 the established safety requirement topics and the corresponding BESEP requirements [2] that serve
as a requirement baseline for BESEP;

 the key features of an efficient and integrated safety engineering process outlined in [3];
 the lessons learned from the evaluation of concise case study descriptions;
 the experience from detailed case study elaboration.
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The following safety requirement topics are identified for the different types of analyses and engineering
applications in Task 2.2 [2]:

 DSA topics:
o Physical separation and structural integrity;
o Functional separation to provide defence against failure propagation;
o Diversity and common-cause failure criteria;
o Redundancy and single failure criteria;
o Independence and strength of the individual defence-in-depth levels;
o Justification of the engineering assumptions used in analysis;

 PSA topics:
o Risk-informed management and balance of nuclear power plant design;
o Fulfilment of quantitative safety goals;
o Initiating event frequency estimation;
o Assessment of potential losses of safety functions;
o Uncertainty analysis of accident sequences and operating times;
o Confidence provision for defence against the occurrence of cliff-edge effects;
o Support for developing abnormal and emergency operating procedures and severe accident

guidelines;
 HFE topics:

o Situation awareness and assessment;
o Guidance selection, decision making and intelligent use of guidance;
o Applicable HSI (Human System Interface);
o Team working, effective communication and collaboration;
o Workload, stress and fatigue management;

 Potential Safety Engineering topics:
o Safety engineering management;
o Safety design and requirement management for external hazards;
o Flow of information between safety analyses;
o Verification and validation (V&V) of design;
o System modification and configuration management;
o Validated modelling and simulation tools.

Each concise case study description was evaluated in the framework of Task 3.1 to support the selection of
cases for detailed elaboration. It was also intended that the evaluation would help improve the quality of the
case studies during detailed elaboration and provide input to the self-evaluation too. The evaluation of the
concise case study descriptions is described in [1]. Those aspects that are relevant to the definition of self-
evaluation requirements are summarized hereby.

The fulfilment of BESEP requirements defined in relation to the external hazards identified in Task 2.2 should
be verified for the case studies. However, the verified safety requirements were not included in any of the
concise case study descriptions. The evaluation pointed out that attempts should be made to describe the
fulfilment of at least one specific safety requirement from each safety requirement topic addressed in the
case study in the detailed descriptions or during self-evaluation. This recommendation was discussed by the
project partners and an agreement was reached that the fulfilment of the safety requirements relevant to a
case study should be described to the extent seen feasible during the elaboration of the detailed case study
descriptions, keeping in mind that this aspect would be further looked at during self-evaluation.

The assessment of safety margins was not addressed in many of the concise case study descriptions,
although some parts of the analyses reported in the descriptions could have been used for this purpose. In
some other cases, this aspect was covered at a very generic level only or to the extent PSA can be used to
assess safety margins. As the assessment of safety margins is in the focus of BESEP, the safety margin
beyond the relevant design basis hazards for a particular SSC or a group of SSCs should be determined and
assessed within a case study. For this reason, the safety margin(s) covered in a case study should be
defined, assessed and evaluated (existence and degree/extent) when elaborating the detailed descriptions
of the case studies or during self-evaluation. This recommendation was discussed by the project partners
and an agreement was reached that, if seen manageable, the assessment of safety margins relevant to a
case study should be described during the elaboration of the detailed case study descriptions, keeping in
mind that this aspect would be further looked at during self-evaluation.
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Except for some cases when the overall safety engineering process was described briefly, the whole SEP
was not characterized in the concise case study descriptions. There were cases when the descriptions
reflected only PSA for a certain topic, in others the process did not rely on PSA information. The detailed
case study descriptions as well as the self-evaluation should focus on the characterization of the overall
safety engineering process, including the interrelationship between safety requirements, supporting safety
analyses and related plant design.

In the majority of the concise case study descriptions, the lessons to be learned for benchmarking purposes
were either missing from the presentation or described partly only. For other cases the description was
limited to a type of analysis, i.e. PSA or DSA. It was concluded that during the self-evaluation, emphasis
should be placed on identifying (1) the main lessons to be learned for a meaningful benchmark and (2) the
lessons to be learned from the perspectives of BESEP. In the further project tasks, including interfacing with
WP4 in the first place, it will be discussed and evaluated how the safety engineering process should be
improved. Therefore, information on any of these aspects would be helpful too in the detailed descriptions or
during self-evaluation.

It was also found desirable to evaluate the balance between the allocated analysis resources and the plant
level risk significance of different external hazards in the case studies, preferably by making use of the PSA
results or other considerations to risk, if PSA is not available or applicable. This aspect was not indicated in
any of the concise case study descriptions; however, it should be addressed either in the detailed
descriptions or in the self-evaluations, if considered relevant and seen feasible.

As a conclusion from topical discussions between the project partners, it did not appear practicable to ask
each partner for detailed evaluations in all the technical areas of BESEP in the detailed case descriptions.
The fact that (1) follow-on evaluation of each case study by the respective partners are the subject of Task
3.3 and (2) cross-case comparisons between case studies in the same case study groups should be made in
Task 3.4 confirmed this conclusion further. These comparisons in later project tasks are expected to yield
specific insights into the characterisation of the overall safety engineering process. Accordingly, minimum
requirements were defined that needed to be met when elaborating the case descriptions for the purposes of
Task 3.1 [1] in order to establish a kind of minimum baseline for performing the further tasks in WP3. The
minimum requirements were related to characterizing the following aspects during the elaboration of the
detailed case study descriptions:

 context of the case study;
 covered safety requirement topics identified in Task 2.2 [2];
 addressed external hazards together with the role of the hazard assessment thereof;
 definition of the safety margin beyond the relevant design basis hazard for SSCs;
 treatment of DSA, PSA and HFE (SEP);
 characterization of the overall safety engineering process including the interrelationship between

safety requirements, supporting safety analyses, and related plant design.

Although it was noted in the template for detailed case study descriptions that some further aspects would be
elaborated in more detail during self-evaluation, the partners were asked to consider providing
complementary information in the detailed case study descriptions that could support the following further
activities, if such information could be made readily available from the source documents of a case study at
this stage. The complementary information was concerned with:

 verification of the fulfilment of BESEP requirements;
 safety margin determination, including the definition, the assessment as well as the evaluation

thereof;
 characterization of the interaction/interconnection between DSA, PSA and HFE;
 lessons to be learned for a meaningful benchmark and from the perspectives of BESEP;
 evaluation of the balance between the allocated analysis resources and the plant level risk

significance of different external hazards.
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2.2 Initial Self-Evaluation Requirements
The self-evaluation requirements that had been specified prior to making the self-evaluation are discussed in
this Section. It is noted that these requirements were slightly modified during the process of performing the
self-evaluation; see Section 3 for details.

The development of the self-evaluation requirements included the preparation of a template for self-
evaluation descriptions as well as the elaboration of sample self-evaluations. These two constituents of the
process are presented in Section 2.3 and Section 2.4 in more detail.

The following self-evaluation requirements were specified initially:

 The fulfilment of BESEP requirements defined in Task 2.2 [2] in relation to the external hazards
should be verified for the case study. Attempts should be made to describe the fulfilment of at least
one specific safety requirement from each safety requirement topic addressed in the case study. The
evaluation should systematically address the following issues:

o scope of the requirements verified;
o summary of the verification process (how the justification was made and why the

requirements are considered fulfilled);
o adequacy of verification (completeness and technical quality of fulfilling the requirements

relevant to the specific case);
o proposals for improvement (how the process of verifying the fulfilment of the relevant

requirements could be refined in pursuit of completeness and quality).
 The safety margin beyond the relevant design basis hazards for a particular SSC or a group of SSCs

should be determined and assessed within a case study. For these purposes, the safety margin(s)
covered in a case study should be

o defined (from which aspect, how to “measure”/characterize);
o analysed and assessed;
o evaluated (existence and degree/extent).

 In addition to characterizing the process of the safety margin assessment, it should be
o evaluated whether the relevant safety margins as well as their assessments are interpreted

in agreement with Chapter 4 of Deliverable 2.3 [3];
o characterized how the definition, the analysis as well as the assessment of the safety margin

can be improved.
 The interactions/interconnections of DSA, PSA and HFE in support of the Safety Engineering

Process and the flow of information between these safety analysis disciplines should be
characterized for each case study to the extent manifested in the available case study information. A
traceable description of these interconnections between the different types of analysis should be
aimed at. It is seen desirable to describe to what extent and how the three types of analysis support
or complement each other in a case study. Further to describing the interactions/interconnections of
DSA, PSA and HFE,

o the adequacy of these interactions/interconnections should be evaluated;
o it should be characterized how the treatment of these interactions/interconnections could be

improved.
 The overall safety engineering process should be characterized, including the interrelationships of

o safety requirements;
o supporting safety analyses;
o related plant design.

On the basis of these relationships, the strengths and weaknesses of the safety engineering process
should be revealed and evaluated. Attempts should be made to describe how the safety engineering
process should be improved, including implications on all those constituents of the process that have
relevance in the given case study.

 Any further relevant information should be provided that it is not given in the preceding parts of the
case study evaluation. In this respect, emphasis should be placed on identifying (1) the main lessons
to be learned for a meaningful benchmark and (2) the lessons to be learned from the perspectives of
BESEP.

 It is also desirable to evaluate the balance between the allocated analysis resources and the plant
level risk significance of different external hazards (using results from PSA) in the case study. This
aspect should be addressed in this description, if considered relevant and seen feasible.
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2.3 Preparation of a Template for Self-Evaluation Descriptions
As a preparatory step of performing and documenting the self-evaluation, a template was prepared to give
guidance on the required contents and the format of the self-evaluation descriptions. As the self-evaluation
descriptions should serve as a basis for cross-case comparisons between case studies and definition of
generalized case studies, these descriptions should include all the necessary information that will be subject
to various kinds of comparative evaluations in support of an efficient benchmarking. The template was
prepared to help satisfy these needs. The specified self-evaluation requirements were the core of the
template development. The template was put into a table form in order to clearly differentiate between the
main issues (contents items) to be covered in the self-evaluations as well as to ensure a structured,
traceable layout that can be efficiently reviewed and evaluated. Table 1 shows the template prepared for
self-evaluation descriptions.

Besides some relevant administrative and general information (i.e. responsible organization, case study
identifier, date, case study title), the following key aspects were to be elaborated in detail in different sections
of the self-evaluation descriptions:

 fulfilment of safety requirements;
 assessment of safety margins;
 interactions between DSA, PSA and HFE;
 characterization of the overall safety engineering process;
 further lessons learned.

Some further guidance on how to fill in the different sections of the form was also given in the template to
ensure that each partner would interpret the required information in the same way. This guidance was based
on the initial self-evaluation requirements presented in Section 2.2.

Table 1. Template for Self-Evaluation Description.

Self-Evaluation of Fulfilling Baseline Requirements
Responsible Organization(s):
Case Study Identifier: Use the identifier provided1

Date:
Case Study Title:
Fulfilment of Safety Requirements

The fulfilment of BESEP requirements defined in Task 2.2 in relation to the external hazards should be
verified for the case study. Attempts should be made to describe the fulfilment of at least one specific safety
requirement from each safety requirement topic addressed in the case study. As a reminder, it is noted that
the BESEP requirements are assigned to the case studies through the requirement topics found relevant to
the case study groups.

Please make and document your evaluation by systematically addressing the following issues in this order:
 scope of the requirements verified (please list the relevant requirements and the related requirement

topics);
 summary of the verification process (please describe how the justification was made and provide

arguments why the requirements are considered fulfilled);
 adequacy of verification (please assess and evaluate the completeness and the technical quality of

fulfilling the requirements relevant to the specific case);
 proposals for improvement (please characterize how the process of verifying the fulfilment of the

relevant requirements could be refined in pursuit of completeness and quality).
Assessment of Safety Margins

First, the safety margin beyond the relevant design basis hazards for a particular SSC or a group of SSCs
should be determined and assessed within a case study. For these purposes, the safety margin(s) covered
in a case study should be

 defined (from which aspect, how to “measure”/characterize);

1 As an example, see Table 2 for the case study identifiers of the cases selected for detailed elaboration.
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 analysed and assessed;
 evaluated (existence and degree/extent).

In addition to characterizing the process of the safety margin assessment, please also:
 evaluate whether the relevant safety margins as well as their assessments are interpreted in

agreement with Chapter 4 of Deliverable 2.3 [3];
 characterize how the definition, the analysis as well as the assessment of the safety margin can be

improved.
Interactions between DSA, PSA and HFE

The interactions/interconnections of DSA, PSA and HFE in support of the Safety Engineering Process and
the flow of information between these safety analysis disciplines should be characterized for each case study
to the extent manifested in the available case study information. A traceable description of these
interconnections between the different types of analysis should be aimed at. It is seen desirable to describe
to what extent and how the three types of analysis support or complement each other in a case study.

Further to describing the interactions/interconnections of DSA, PSA and HFE, please:
 evaluate the adequacy of these interactions/interconnections;
 characterize how the treatment of these interactions/interconnections could be improved.

Characterization of the Overall Safety Engineering Process

The overall safety engineering process should be characterized, including the interrelationships of
 safety requirements;
 supporting safety analyses;
 related plant design.

On the basis of these relationships, the strengths and weaknesses of the safety engineering process should
be revealed and evaluated. Attempts should be made to describe how the safety engineering process should
be improved, including implications on all those constituents of the process that have relevance in the given
case study.
Further Lessons Learned

Please provide any further relevant information that is not given in the preceding parts of the case study
evaluation. In this respect, emphasis should be placed on identifying (1) the main lessons to be learned for a
meaningful benchmark and (2) the lessons to be learned from the perspectives of BESEP.
It is also desirable to evaluate the balance between the resources allocated for the analysis and the plant
level risk significance of different external hazards (using results from PSA) in the case study. This aspect
should be addressed in this description, if considered relevant and seen feasible.

2.4 Elaboration of Sample Self-Evaluations
By considering the initial self-evaluation requirements and using the template for self-evaluation descriptions,
NUBIKI volunteered to elaborate self-evaluations for both of the case studies proposed by NUBIKI to
exemplify the fulfilment of the self-evaluation requirements. Appendix A contains these samples. They had
been developed and distributed to the partners well in advance of the deadline agreed upon by the members
of the project for completing the self-evaluation. The samples together with the template of the self-
evaluation descriptions were prepared to help the partners focus on the safety engineering aspects that are
in the main interests of BESEP. Use was made of these documents to develop the self-evaluation
descriptions coherently and in a structured manner.

3 Refinements to Self-Evaluation Requirements
After the sample self-evaluations were completed and the partners started their self-evaluation, a need for
improvement was identified. The main objective of grouping case studies in Task 3.2 and assigning
requirement topics to each group was to create a common requirement baseline for the case studies
belonging to the same group. Four requirement topics, including several individual requirements, were
defined for each case study group. It was realized that the case studies within the same case study group
did not always address the same safety requirement topics and the associated safety requirements from
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each requirement topic of the given case study group. Two case studies from the case study group LUHS
illustrate this finding:

 Case study LUHS_2 addresses the following safety requirement topics and associated safety
requirements:

o topic: physical separation and structural integrity (DSA)
 requirement: BESEP_DSA_PSEP_001

o topic: risk-informed management and balance of nuclear power plant design (PSA)
 requirement: BESEP_PSA_BAL_002

o topic: guidance selection, decision making and intelligent use of guidance (HFE)
 requirement: BESEP_HFE_GS_002

o topic: verification and validation (V&V) of design (SEP)
 requirement: BESEP_SEP_VV_004

 Case study LUHS_4 addresses the following safety requirement topics and associated safety
requirements:

o topic: functional separation to provide defence against failure propagation (DSA)
 requirement: BESEP_DSA_FSEP_001

o topic: assessment of potential losses of safety functions (PSA)
 requirement: BESEP_PSA_ALSF_001

o topic: situation awareness and assessment (HFE)
 requirement: BESEP_HFE_SAA_004

o topic: verification and validation (V&V) of design (SEP)
 requirement: BESEP_SEP_VV_004

The common set of the requirement topics is a single topic only: verification and validation (V&V) of design
(SEP). Likewise, the safety requirement that is covered in both case studies is BESEP_SEP_VV_004. More
commonalities would be needed for a useful comparison of these cases that belong to the same group. A
similar pattern was observed for other case studies and other case study groups as well.

It was expected that this pattern would show up in the self-evaluation and it would negatively affect the
usefulness of the self-evaluation in support of cross-case comparison and benchmarking. Further, it was also
observed that even though the case study groups had a common title and topic, the cases appeared quite
versatile with respect to a number of important technical aspects, e.g. the external hazards and safety
systems addressed. Under these circumstances, it was assumed that if only a limited number of
requirements were addressed commonly in the case studies belonging to the same case study group, then
this fact could furthermore question the value of the cross-case comparison of the case studies. Moreover, it
was also considered that the discrepancies exemplified above might even make a meaningful comparison
impossible, practically excluding the opportunities for effectively learning from the different case studies and
their safety engineering practices, which might jeopardize the quality of the results. Consequently, it was
decided to put a distinguished emphasis on making attempts, to the greatest extent possible, to consider the
same requirement baseline. Accordingly, the partners were encouraged to address as many requirements of
the four topics assigned to each case group in the case studies as possible.

Originally, covering of all the requirement topics in each case study that belongs to the same group was
intentionally not specified as a requirement. The main reason was that only the respective partners can
definitely decide for sure which requirement topics are relevant and which are not in the different cases. Of
course, it was desirable to address as many pre-defined requirement topics, as possible. However, it
seemed unfeasible to address those topics that the partners did not consider relevant, even though they are
listed in the preliminary topics for a case study group. On the other hand, the partners had freedom to also
cover those requirement topics that were not included in the preliminary list of topics for that group. Initially,
these features were not considered as discrepancies but differences between case studies, even though
they belong to the same group. In this fashion, it was envisioned that appropriate considerations would be
given to these differences when making further evaluations in subsequent project tasks. As the
disadvantages and drawbacks of these differences were revealed in an early stage of the self-evaluation,
refinements were made to this original concept, as described below.

Most of the case studies developed in varying levels of detail were available at the start of the project.
Therefore, there are some underlying constraints and limitations that should be respected when comparing
the different cases. In a classical benchmark, there could have been a possibility to define cases so that they
can be compared easily from all the aspects considered in the project including the safety requirement topics
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and the related specific requirements as well. The grouping of the markedly different cases was a
demanding exercise in itself. In addition, it was found that the existing set of the detailed case study
descriptions did not fully support the treatment of the very same requirement topics in each case study
group. This is because the requirement topics addressed in the different cases studies in a group were not
the same.

In the sample cases, the approach to dealing with requirement topics was the following:

 Case LUHS_4: Evaluation of Plant Vulnerabilities to Riverine Events covers the very same
requirement topics that are assigned to group LUHS. This is because the responsible partner found
all these topics applicable to this case, not merely because they are included in the preliminary list of
topics for that group.

 Case PVES_2: Protection of the Reactor Hall from the Effects of Extreme Snow covers all but one of
the requirement topics that have been assigned to group PVES. However, there are two additional
requirement topics not included in the preliminary list for group PVES but addressed in the
description of the case. Again, the reason is that these topics are considered as the relevant ones.

A similar discussion is applicable to the fulfilment of specific requirements. Again, in the sample cases, it was
not considered feasible to address all the specific safety requirements for each requirement topic in each
case study. Further, it was also considered that listing irrelevant requirements with some general notes
confirming the fact they are not applicable will not provide much value added.

The reasons for the approach followed during the development of the sample-self evaluations depicted
above and the needs for making improvements in the self-evaluations process were considered together to
successively refine the self-evaluation as well as the case study descriptions, if needed. First, three short-
term steps were delineated concerning the treatment of the requirement topics as well as the corresponding
specific safety requirements:

1. The partners were asked not to alter their existing cases and case descriptions before making the
self-evaluation.

2. As most partners were at an early stage of the self-evaluation when the need for improvement
emerged, they were encouraged to confirm during their self-evaluation whether their case study
descriptions are in full agreement with the template for the detailed case study descriptions as far as
the coverage and fulfilment of requirement topics and requirements are concerned. If necessary,
they were asked to propose refinements to their cases that could emerge during the self-evaluation
and/or later during the cross-case comparison in Task 3.4.

3. It was decided to try to draw such conclusions from the case study descriptions and the self-
evaluations in Task 3.2 (i.e. in the final grouping of case studies) that can help the cross-case
comparison to be made in Task 3.4 including additional information on requirement topics and
requirements related to the different cases and case study groups in particular.

In addition, all partners were asked to refine their self-evaluations in accordance with the following steps:

 For each topic assigned to the case study group the case study in question belongs to, check if all of
the topics are addressed in the case study or not:

o If yes, no action was required.
o If no, make an attempt to address the missing requirement topic in the self-evaluation phase,

if feasible.
 For each requirement topic assigned to the case study group, check if all of the requirements

belonging to the same topic are addressed in the case study or not:
o If yes, no action was required.
o If no, make an attempt to address the missing requirement topic in the self-evaluation phase,

if feasible.

Based on the aforementioned steps, a review was made to all those self-evaluations too that had already
been performed earlier prior to these refinements. This review also covered the sample self-evaluations
given in Appendix A.
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4 Self-Evaluation of Case Studies by Partners

4.1 Finalization of Case Study Descriptions
The project partners developed detailed case study descriptions for most of the case studies in their
responsibility in Task 3.1. However, the elaboration of the detailed case descriptions is, in effect, a multi-step
activity. Thus, some aspects important to the benchmark were re-considered and elaborated in more detail in
conjunction with the self-evaluation. Primarily, these aspects covered the scope and quality of fulfilling the
safety requirements related to the case studies and to the corresponding case study groups. According to
the results of Task 3.1, 12 case studies were proposed for detailed elaboration. Consolidated versions of the
12 case study descriptions were prepared parallel to performing the self-evaluation. A list of these cases is
given in Table 2. The cases were developed in accordance with the corresponding requirements (see [1])
and with the modifications made as a result of the self-evaluation. All the cases that are authorized for
publication are included in Appendix B. The case study descriptions are presented in accordance with the
initial grouping developed within Task 3.1 of the project [1].

Table 2. List of Case Studies Prepared for Self-Evaluation

No. Partner_ID Case Study ID Title
1 EDF_1 EIIC_1 Loss of I&C due to High Ambient Temperature
2 FORTUM_3 LUHS_1 Loss of Ultimate Heat Sink (Frazil Ice or Oil Spill)
3 RELKO_2 STIN_1 Collapse of Venting Stack Due to High Wind
4 RELKO_4 LUHS_2 Loss of the Essential Service Water System due to Extremely Low

Temperature
5 RP_2 PVES_1 Extreme Snow and Wind Affecting Diesel Generators
6 RP_4 LUHS_3 Blockage of (Water) Intake Building
7 NUBIKI_1 PVES_2 Protection of the Reactor Hall from the Effects of Extreme Snow
8 NUBIKI_2 LUHS_4 Evaluation of Plant Vulnerabilities to Riverine Events
9 UJV_2 PVES_3 Analysis of Extreme Snow Risk
10 UJV_3 STIN_2 Probabilistic Analysis of Aircraft Crash Risk
11 VTT_1 STIN_3 Loss of Heat Removal of Spent Fuel Pool due to External Impact
12 VTT_3 EIIC_2 Loss of On-Site Power Supply and Control due to Lightning

4.2 Self-Evaluation
The project partners made the self-evaluations for the case studies in their responsibility (see Section 4.1) in
accordance with the procedure described earlier. On one hand, they used the template for self-evaluation.
On the other hand, they additionally followed the algorithm for refinement described in Section 3 concerning
the assessment and verification of requirement topics and specific safety requirements evaluated in the
different case studies. The self-evaluation sheets provided by the partners are considered as the main result
of this task. The descriptions of the self-evaluation together with the corresponding case study descriptions
manifest the technical basis of benchmarking in the project. Moreover, it is foreseen that some aspects
important to the benchmark may need to be upgraded and elaborated in more details as a result of cross-
case comparison to be performed in Task 3.4. All the cases that are authorized for publication are included
in Appendix C.

5 Conclusions
The self-evaluation baseline was specified in the first step of Task 3.3. The output from WP2, the lessons
learned from the evaluation of concise case study descriptions as well as the experience gained from the
elaboration of detailed case studies served as a technical basis for defining the initial requirements for the
self-evaluations to be made by the partners. Prior to the self-evaluation, a template was prepared to provide
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guidance on how to perform the evaluation in the required contents and how to document it in a coherent
form viewed as appropriate for the purposes of comparison in further project tasks. Two sample descriptions
were elaborated for the self-evaluation to exemplify the fulfilment of the self-evaluation requirements. The
self-evaluation requirements were subsequently refined, based on the experience gained during the initial
stages of self-evaluation by the partners.

By considering the refined self-evaluation specifications, the partners performed the self-evaluation of the
case studies within their responsibility. Besides making the self-evaluation, the partners also looked at their
detailed case study descriptions, and improved and finalized them as they found it necessary in order to
underpin a useful benchmark exercise in the later phases of the project.

As an overall conclusion, it is highlighted that self-evaluations have been made and their descriptions have
been developed in this task. These descriptions together with the corresponding case study descriptions are
considered appropriate for benchmarking in the further tasks of the project. Some important aspects of the
safety engineering practices manifested in the case studies may need to be further elaborated as a result of
cross-case comparison to be performed in Task 3.4. However, the main technical areas that are in the focus
of BESEP are already discussed and evaluated in the available descriptions to the extent considered
appropriate for the purposes of Task 3.1 and Task 3.3 of the project. In particular, the following key technical
aspects were specifically examined and elaborated in different sections of the self-evaluation descriptions:

 fulfilment of safety requirements;
 assessment of safety margins;
 interactions between DSA, PSA and HFE;
 characterization of the overall safety engineering process;
 further lessons learned.

The results of the self-evaluation are intended to be used as direct input to Task 3.4 (cross-case comparison
of the case studies) for benchmarking purposes, and as support to both Task 3.5 (elaboration of generalized
cases) and related tasks in WP4 that is aimed at further detailed and overall evaluations including:

 Task 4.3 – Evaluation of balance in verification of safety margins between different external hazards;
 Task 4.4 – Procedure and HFE evaluation and selection of best practices;
 Task 4.5 – Recommendations on closer connections and deployment of more sophisticated safety

analysis methods.

Overall, the final set of the detailed case study descriptions as well as the self-evaluations sheets developed
by the project partners represent the major results of Task 3.3. These results and the experience gained
during the self-evaluation process will be used together for the purposes of all the further project tasks listed
above.
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APPENDIX A: SAMPLE SELF-EVALUATION DESCRIPTIONS

A.1 Protection of the Reactor Hall from the Effects of Extreme Snow.

Self-Evaluation of Fulfilling Baseline Requirements
Responsible Organization(s): NUBIKI Nuclear Safety Research Institute
Case Study Identifier: PVES_2
Date: 04.03.2022
Case Study Title: Protection of the Reactor Hall from the Effects of Extreme Snow
Fulfilment of Safety Requirements

Scope of the Requirements Verified

The verification of the following requirements is included in the case study in relation to the protection of the
reactor hall from the effects of snow:
 Physical separation and structural integrity (DSA):

BESEP_DSA_PSEP_002: The systems, structures and components, including auxiliary or supporting
systems thereof shall be protected from the effects of external hazards as far as reasonably practicable.

 Confidence in provision for defences against the occurrence of cliff edge effects (PSA):
BESEP_PSA_CEE_001: Probabilistic safety analyses shall be used to demonstrate that sufficient
safety margins are available to avoid cliff-edge effects.

 Support to developing abnormal and emergency operating procedures and severe accident
management guidelines (PSA):
BESEP_PSA_EOP_001: PSA shall be used to support the development of abnormal and, emergency
operating procedures and severe accident guidelines considering aspects that may influence the
activities and performance of operating personnel.

 Guidance selection, decision making and intelligent use of guidance (HFE)
BESEP_HFE_GS_003: The procedures and guides shall be designed taking into account the human
capabilities and limitations and the human reliability analyses.

 Safety design and requirement management for external hazards (SE)
BESEP_SEP_SDRM_009: Appropriate tools, functions and procedures shall be designed to ensure the
mitigation of the consequences of the initiating event occurred in addition to or due to an external
hazard.

Evaluation of the Different Requirements

Requirement No. 1. – BESEP_DSA_PSEP_002: The systems, structures and components, including
auxiliary or supporting systems thereof shall be protected from the effects of external hazards as far as
reasonably practicable.

Summary of the Verification Process

To justify the protection of a designated building structure of an NPP against the effects of extreme snow, an
evaluation was made whether the structure can reassuringly withstand the design basis as well as the
beyond design basis snow load or not. Consequently, the requirement in question was verified primarily on
the basis of the structural strength analysis of the reactor hall steel superstructure. This corresponds to a
traditional deterministic safety analysis in the area of structural engineering (for details see Section 3.1 of the
detailed case study description). The analysis was performed within the framework of a large scale structural
re-analysis performed in the early 2000s to demonstrate that all the safety related buildings of the Paks
Nuclear Power Plant can fulfil their functions for 50 + 10 years, i.e. during their extended lifetime.

For the reactor hall steel superstructure, the Eurocode standard, as a standard preferred in the structural re-
assessment of the plant, could be applied as the only standard. There was no need to incorporate any
element of the Hungarian national standard. A detailed finite element structural model was created to
perform structural safety analyses in agreement with state-of-practice. The results of the detailed structural
re-analysis confirmed that each structural element meets the Eurocode requirements, except for two top
chord members. It was concluded that strengthening these two chord members were needed to ensure
appropriate protection against the design basis loads. Subsequently, structural reinforcement was designed
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in detail and plant modifications were implemented accordingly. Fragility analysis of the reactor hall was also
performed to further underpin the protection against beyond design basis loads, utilizing structural strength
as well as structural reliability analyses (see Section 3.2 of the detailed case study description for details). As
a result, it could be concluded that the reactor hall steel superstructure can withstand the design basis loads,
and safety margins beyond the design basis loads exist, as ensured by fulfilling the Eurocode requirements

Adequacy of Verification

The development of the detailed finite element structural model and the application of the Eurocode standard
are regarded as the state-of-practice for verifying the structural strength of a building. Structural
reinforcement has been performed using widely accepted civil engineering practices. Moreover, fragility
curves were established based primarily on structural reliability analyses that may be regarded as a state-of-
the-art approach. Hence, it can be concluded that the fulfilment of the given requirement can be considered
as complete with high technical quality.

Proposals for Improvement

The two different tasks, i.e. the traditional deterministic structural strength analysis as well as the fragility
assessment using structural reliability analysis, were performed independently of each other. The process of
verifying the fulfilment of the given requirement could have been refined by performing the two types of
analysis in combination and by the same expert group, as several clarifications and time consuming
technical discussions were needed when performing fragility assessment on the basis of the structural
analyses.

Requirement No. 2. – BESEP_PSA_CEE_001: Probabilistic safety analyses shall be used to demonstrate
that sufficient safety margins are available to avoid cliff-edge effects.

Summary of the Verification Process

A detailed PSA model has been developed for extreme snow by applying the RiskSpectrum PSA programme
(see Section 3.2 of the detailed case study description for details). On one hand, the fragility curves of the
reactor hall superstructure, on the other hand the mean failure probability curve to remove snow as a
function of snow load intensity helped develop a good understanding of the safety margins beyond the
design basis snow load as well as the potential for cliff-edge effects. It can be concluded on the basis of
these curves that there are practically no cliff-edge effects as to the vulnerability of the reactor hall to beyond
design basis snow loads. This is because there does not appear to be a sudden and large change in the
failure probability along the whole snow load spectrum. The risk attributable to the snow induced failure of
the reactor hall is reasonably small in comparison to the applicable quantitative safety criteria. This provides
quantitative arguments that there are practically no cliff-edges as to the risk associated with the failure of the
reactor hall due to extreme snow.

Adequacy of Verification

The cliff-edge effects were evaluated on building level, human action level, as well as plant level. Hence, it
can be concluded that the fulfilment of the given requirement may be regarded as complete with good
technical quality. However, the criterion for sharp rises has not been defined for the corresponding curves
and the evaluation of the potential for cliff-edge effects may need to be substantiated on a more solid,
quantitative basis.

Proposals for Improvement

The definition of a criterion for sharp rises in the corresponding curves and the evaluation principles of the
potential for cliff-edge effects based thereon may be refined in pursuit of completeness and quality. To date,
the potential for the cliff-edge effects has been evaluated on a qualitative basis. This evaluation may be
supplemented by quantitative assessment, if a quantitative criterion referred to above is defined and used.
Moreover, the justification that there are practically no cliff-edge effects at plant level may be further
demonstrated by depicting the conditional core damage probability as a function of snow load and reviewing
whether there are any sharp rises in this function or not.
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Requirement No. 3. – BESEP_PSA_EOP_001: PSA shall be used to support the development of abnormal
and, emergency operating procedures and severe accident guidelines considering aspects that may
influence the activities and performance of operating personnel.

Summary of the Verification Process

The occurrence of snow-induced transients can be prevented, if snow is removed from some designated
plant areas, important to plant safety, in a timely manner. In order to understand to what extent this condition
can be fulfilled, a risk-informed review was made of the operating procedure that controls snow removal.
Also, an attempt was made to identify and evaluate the key influences on snow removal activities and on the
associated success rate so that proposals could be developed for ensuring more reliable snow removal.

The key analysis steps to underpin the proposals for safety enhancement included:
 identification of the most important performance shaping factors relevant to the success of snow

removal;
 review of the snow removal strategy at the Paks NPP;
 evaluation of the plant procedure and associated arrangements in place for snow removal with

considerations to the influencing factors identified in the first step;
 quantification of failure to remove snow from the roofs based on an evaluation of the applicable plant

procedure and other relevant influences on performance.

Adequacy of Verification

The operating procedure that controls snow removal had been elaborated before the snow PSA was
completed. Consequently, PSA could only be applied to review and to further improve the relevant operating
procedure, since the strategy had originally been developed without giving explicit considerations to risk
aspects. However, the risk-informed review can be considered as a sufficiently detailed evaluation that
included the elaboration of new approaches. In summary, it can be concluded that the fulfilment of the
requirement in question may be regarded as complete with good technical quality in terms of reviewing and
improving the relevant operating procedures.

Proposals for Improvement

Not all the proposals for safety enhancement resulted from the risk-informed review have been considered
during the revision of the operating procedure that controls snow removal. The operating procedures,
training as well as the available equipment for snow removal should be further improved on the basis of the
analysis findings. From a broader perspective, it is seen advantageous to utilize PSA and PSA insights as an
integral part of developing operating procedures for coping with external events, as opposed to making use
of risk insights in a follow-on manner, i.e. mostly for the purposes of reviews. This finding is well supported
by the fact that external hazards are found as important contributors to plant risk. Such uses of risk
assessment and risk insights can help establish the basis of the operational and mitigation strategy,
including the identification of the most important cornerstones, instead of making only adjustments to the
available strategy laid down previously by using deterministic considerations only.

Requirement No. 4. – BESEP_HFE_GS_003: The procedures and guides shall be designed taking into
account the human capabilities and limitations and the human reliability analyses.

Summary of the Verification Process

The verification process presented for requirements No. 3 above is also applicable to this requirement.

It is highlighted that the following influencing factors were also found important to successful snow removal:
 environmental conditions induced by extreme snowfall, physical circumstances of task execution

o accessibility;
o persistent snowfall (possibly snowstorm) and performance aggravating effects due to accumulated

large amount of snowpack;
 organizational conditions, resources of staff and equipment

o organizational conditions
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o assurance of standby staff for snow removal – manpower and fitness for duty;
o equipment needs.

Consequently, human capabilities and limitations including also the physical circumstances of task execution
were considered and use was made of human reliability analysis during the risk-informed review of the
operating procedures. Based on the output of the evaluation, the manpower of 4+4 persons to remove snow
from roofs was found insufficient. An increase in the number of persons to remove snow seemed necessary
at least by involving additional plant staff. It was found of high importance to incorporate training on the use
of the relevant organizational plan into the training program of all the plant staff involved in snow removal.

Adequacy of Verification

Human capabilities and limitations were evaluated and human reliability analysis was performed to identify
and evaluate the key influences on snow removal activities and on the associated success rate. Due to
significant limitations in applicable data, expert judgement played an important role in human reliability
analysis. The organizational plan was studied and evaluated based on similar assumptions and qualitative
evaluations. Hence, the verification may be regarded as adequate. As noted above, mostly qualitative
information and expert judgement was applied.

Proposals for Improvement

It could have been useful to make an attempt to quantitatively assess human capabilities and limitations with
respect to snow removal, i.e. to assess the amount of snow that may be removed by an individual during a
single shift. In addition, the amount of snow that needs to be removed from the roofs of all safety related
buildings could have been assessed too, considering different snowfall intensities and durations. A
comparative analysis may refine the expert judgement that determined the manpower necessary for
successful snow removal.

Requirement No. 5. – BESEP_SEP_SDRM_009: Appropriate tools, functions and procedures shall be
designed to ensure the mitigation of the consequences of the initiating event occurred in addition to or due to
an external hazard.

Summary of the Verification Process

The loads from a snow event might cause damage to safety related structures or outdoor facilities identified
during plant response analysis. The snow-induced damage and failure forms were put into fragility groups.
Nine snow related fragility groups were determined, one of which was the reactor hall. The snow-induced
transient initiating failures and additional system, train or component level failures and degradations were
identified by examining and evaluating the failure effects within each fragility group. During this examination,
failures that could be caused by the simultaneous occurrences of different group failures were also identified.
Based on the failures identified, a list of transient initiating failures that could potentially occur due to snow
was established. It was found that the plant responses to and the mitigation process for the identified single
transient initiating failures were virtually the same for random (internal) initiating events and for transients
induced by extreme snow. The scope of safety functions that should be fulfilled following the occurrence of
multiple transient initiating failures is assumed to be a union of the safety functions modelled for single
transient initiating failures, taking the snow-induced failures of the mitigation systems into account.

In particular, snow-induced failure of the reactor hall steel superstructure leads to the loss of the intermediate
circuit to the reactor coolant pumps. Moreover, the following additional failures are also induced by the
damage of the reactor hall:
 unrecoverable failure of valves on the feed headers of the auxiliary emergency feedwater system,

rupture of the feed lines;
 unrecoverable failure of the UX13 hermetic isolation valves to close  containment isolation failure;
 unrecoverable failure of TN02S207-9, TN12S201-3, TN11S201 valves of ventilation systems, rupture of

lines of the ventilation systems  containment isolation failure.

It could be concluded on the basis of the fragility curves that no transients should be expected to occur due
to the design basis snow load. For beyond design basis snow loads, all the consequences of snow-induced
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transients, including the potential mitigation functions and systems, as well as operator actions, the
corresponding event sequence was identified and modelled in the PSA. Based on the results of risk
quantification, the point estimate approximation of the annual core damage probability attributable to extreme
snow was found moderate (6.5·10−7) demonstrating that appropriate tools, functions and procedures are
available to prevent the occurrence of risk-significant snow-induced transients.

Adequacy of Verification

The PSA event trees and the corresponding risk results underpin that appropriate tools, functions and
procedures are available to ensure the successful mitigation of snow-induced transients. In particular, the
snow-induced failure of the reactor hall does not lead directly to core damage, e.g. primary feed and bleed
may be applied to establish and maintain a safe and stable reactor state. Hence, the verification can be
regarded as adequate. However, the documentation of the verification may need to be developed in more
detail.

Proposals for Improvement

Even if it is self-evident from the point estimate approximation of the annual core damage probability
attributable to extreme snow that appropriate tools, functions and procedures are available to prevent the
occurrence of risk-significant snow-induced transients, the findings of the analysis should be documented in
more detail. Some specific insights obtained from the PSA could be utilized to underpin the adequacy of the
mitigation capabilities if the different snow-induced failures occur. The minimal cut set groups corresponding
to a certain fragility group should be studied on a case-by-case basis. If a fragility group leads directly to core
damage, the frequency of the failure as well as the characteristics (i.e. conservatism or realism) of the
underlying assumptions should be evaluated. For fragility groups that do not lead directly to core damage,
the failure probability of all the mitigation functions or systems, the ranking of the corresponding minimal cut
sets, the fulfilment of single failure criteria and the status of the defence in depth levels should be evaluated.
(In case of the latter fragility group, some functions or systems are available for mitigation purposes that may
fail due to random or further snow-induced failures.)
Assessment of Safety Margins

Safety margins were determined and assessed on the basis of the three main types of safety analysis, i.e.:
 deterministic safety analysis;
 probabilistic safety analysis;
 human factors engineering.

These analyses are discussed one by one in the following.

Deterministic Safety Margins

Definition

According to the approach generally used in civil engineering, a structure is regarded as sufficiently
protected, if the vector sum of the impacting actions, modified with (multiplied by) the relevant partial (safety)
factors as well as with the combination (simultaneity) factors, is lower than the modified structure capacity
considering the relevant partial or safety factor. Otherwise, the building does not meet the applicable
requirements; hence, strengthening the relevant structural element(s) is needed. The applied partial or safety
factors as well as the ratio (if it is below 1) of the design value of the actions and the design value of the
capacity ensure the existence of a deterministic safety margin. Also, the approach is applicable to
characterize the degree of the safety margin too.

Assessment

The Eurocode standard system was applied during the structural re-analysis of the reactor hall steel
superstructure. In buildings designed by applying the Eurocode, a sufficiently high level of reliability is
ensured by the use of partial factors. In this framework, it shall be justified that the design values of actions
(loads) and the effects thereof, the material properties and the geometrical data are in the established limit
states in any of the possible design situations. Limit states are defined as states of the structure beyond
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which the structure cannot meet the relevant design criteria. Capacity requirements should be assessed on
the basis of the ultimate limit state, while serviceability requirements are determined on the basis of
serviceability limit states. From nuclear safety point of view, the ultimate limit state is applicable as this state
is associated with collapse or with other similar forms of structural failure, whilst the serviceability limit state
corresponds to conditions beyond which specified service requirements for a structure or structural member
are no longer met.

Based on the Eurocode standard, the fundamental assumption in the limit state method is that all the actions
and structural resistances have a statistically interpreted distribution (density function), i.e. in a certain design
situation, different frequency values are applicable to certain values. It shall be justified in the assessment
that the design value for the effect of actions does not exceed the design value of structural resistance
(capacity). This may be interpreted as the ratio of the design value of the actions and the design value of the
capacity. If this ratio is below 1, then the building meets the requirements, if it exceeds 1, then it does not.

The design value of a single action corresponds to the 5% quantile of the stress density function applicable
to the given action. The design value of the single action may be calculated by multiplying the representative
or mean value of the effect with the partial factor defined by Eurocode for the action in question. This factor
is 1.35 for imposed actions and 1.5 for snow and wind. Thereby the density function of the single action can
be unequivocally determined on the basis of the representative value and the partial factor.

In structural strength analysis, the resistance against an effect group consisting of multiple single effects
should be assessed instead of considering separate single effects. For each critical load case, the design
values of the effects of actions shall be determined by combining the values of actions that are considered to
occur simultaneously. The design value of an action group corresponds to the 99% quantile of the stress
density function applicable to the given action group. In case of assessing action groups, one single action is
regarded as the leading variable action in each calculation, and all others as further or accidental actions.
The design value of the action group may be calculated by adding the design value of the leading variable
action to the sum of the modified design values of all further actions by the corresponding combination
(simultaneity) factors defined in the Eurocode standard. The combination factor equals 1 for self-weight, 0.5
for snow load, 0.6 for wind load. For other impacting factors it depends on the type of action. If the action
group includes an extreme action (e.g. extreme snow load corresponding to 10−4 /y annual frequency), then
only permanent actions should be considered in the action group other than the extreme action as the
leading variable action. Consequently, the density function of the action group can be unequivocally
determined on the basis of the representative values, partial factors and combination factors of the single
actions.

The design value for capacity corresponds to the 1‰ quantile of the resistance density function of a given
structural element. The design value for capacity equals the characteristic value divided by the partial factor
defined in the Eurocode standard. The partial factor is 1.5 for concrete, 1.15 for reinforcing steel and 1 for
steel used in steel structures. For reinforced concrete structures it should be determined whether the
damage of the concrete or the reinforcing steel is more probable for the given structure in response to the
effect of the action combination in question, and the characteristics as well as the partial factor of the more
probable element should be used in the calculations.

The steel superstructure of the reactor hall is in the focus of the case study. The pre-stressed steel-concrete
containment building of the plant that lies under the reactor hall was outside the scope of this study as it is
not affected by extreme snow load. A detailed finite element structural model was created to perform
structural safety analyses in agreement with state-of-practice. The results of the detailed structural re-
analysis demonstrated that each structural element meets the requirements of the Eurocode, except for two
top chord members. The ratio of the design value of the actions and the design value of the capacity is 1.070
and 1.096 for these members. The pre-dominant failure mode is buckling. It was concluded that
strengthening these two top chord members were needed to ensure appropriate protection against the
design basis loads. Subsequently, structural reinforcement was designed in detail and plant modifications
were implemented accordingly.
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Evaluation

As a result of structural strength analysis, it could be concluded that the reactor hall steel superstructure can
withstand the design basis loads, and safety margin beyond the design basis loads exist, as ensured by
fulfilling the Eurocode requirements. The deterministic safety margin may be regarded as high on the basis
of the partial factors as well as the simultaneity factors defined by the Eurocode standard. According to the
general approach in the Eurocode, no safety factor is applied for the capacity of steel used in steel structures
and the design value of an action group corresponds to the 99% quantile of the stress density function
applicable to the given action group. Although this generalized approach helps develop a coarse
understanding of the degree of the deterministic safety margins, the margins ensured by the safety factors of
the standard cannot be quantified and interpreted in a precise and traceable manner. Further deterministic
safety margins cannot be witnessed, since the ratio of the design value of the actions and the design value
of the capacity is nearly 1. However, it should be noted that all the SSCs located within the reactor hall are
conservatively assumed as failed, if the ultimate state of the steel structure is on the “damage side” of the
limit surface. This conservative assumption may also ensure some further significant margin that was not
quantified.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

The deterministic analysis in this case study focuses on the protection of reactor hall steel superstructure
from structural integrity point of view, as this aspect is generally the most relevant concern when the
protection against snow load is to be verified. Chapter 4.2 of Deliverable 2.3 deals mostly with physical
phenomena and plant parameters that are to be assessed primarily by thermo-hydraulic and reactor physics
calculations (see the listing at the end of the Chapter). However, the general scheme in Chapter 4.2
(i.e. Figure 16) can be interpreted in relation to the present case study as follows. The “safety limit” equals
the “regulatory acceptance criterion” in the case study, as the snow load corresponding to the 10−4 /y hazard
frequency (prescribed by the regulator) was considered in the deterministic structural evaluation. The “value
calculated by conservative calculation” is also the same as the regulatory acceptance criterion, since the
ratio of the design value of the actions and the design value of the capacity is nearly 1. Hence, the safety
margin is the difference between the “value computed by conservative calculation” and the upper bound of
the uncertainty interval of the best estimate calculation.

The interpretation of the relevant safety margins as well as their assessments presented above is in good
agreement with the description in Chapter 4.1 of Deliverable 2.3. The load and strength density functions as
well as their relative position are addressed in both discussions.

Proposals for Improvement

According to the state-of-practice, the design as well as the strength analysis of a structure is based on the
Eurocode standard. In buildings designed on the basis of the Eurocode, a sufficiently high level of reliability
is ensured by the use of partial factors, which yields adequate safety margin too. In the state-of-practice,
safety margins are not quantified more precisely than assessing the ratio of the design value of the actions
and the design value of the capacity. The safety margin in the structural design can be better interpreted and
quantified by the use of structural reliability analysis, i.e. by quantifying the failure frequency of a certain
structure due to snow load (see the discussion on probabilistic safety margins for more details).

Probabilistic Safety Margins

Definition

The fragility curves of the reactor hall superstructure can help develop a good understanding of the safety
margins beyond the design basis snow load by enabling a quantitative evaluation of the safety margin. This
margin can be defined as the conditional failure or more precisely the conditional success probability at the
design basis snow load level, or as the difference between the median capacity and the design basis snow
load. Moreover, the risk attributable to snow-induced reactor hall failure indicates the adequacy of the safety
margins.



[945138] BESEP – Benchmark Exercise on Safety Engineering Practices Page 25/268

Assessment

In the analysis of plant response to extreme snow, the snow-induced loads on safety related systems,
structures and components (SSCs) were characterized in such a form that was appropriate for use in
probabilistic safety assessment. The probability of loss of essential safety functions and spurious actuations
for different levels of snow load was described by means of fragility curves. A methodology was developed
with the involvement of civil engineering experts to establish fragility curves. The methodology was based on
theory of structural reliability analysis. Figure 1 shows the snow fragility curves for the reactor hall derived
from the use of this dedicated analysis method. It is pointed out that no specific distribution type (e.g. dual
lognormal distribution) was (could be) assigned to the fragility curves in this methodological framework.
Therefore, the failure probability is determined at numerous discrete points with the corresponding
confidence intervals without fitting a specific distribution to these discrete points.

Figure 1 Snow Related Fragility Curves for the Reactor Hall

A PSA model has been developed for extreme snow by applying the RiskSpectrum PSA programme. The
dominant core damage minimal cut sets of failures induced by extreme snow were determined in the first
place by using the RiskSpectrum PSA software applied generally to model development and quantification in
the Paks PSA. Since RiskSpectrum PSA is not capable of performing the numerical approximation of the
convolution integral, following the generation of minimal cut sets, separate, stand-alone computer codes
were applied to determine cut set frequencies, calculate the overall core damage frequency and perform
uncertainty and sensitivity analyses.

Evaluation

Based on the fragility curves of the reactor hall superstructure the safety margins beyond the design basis
snow load were determined and found sufficient. This margin was calculated on one hand as the conditional
success probability at the design basis snow load level: more than 99.9%, and as the difference between the
median capacity and the design basis snow load: 3 kPa.

According to the results of risk quantification, the point estimate approximation of the annual core damage
probability attributable to extreme snow is 6.5·10−7. The results show that the risk from extreme snow is
moderate in comparison to the risk originated from other types of initiating events analysed in the PSA for
the Paks plant. Moreover, it can also be concluded that the risk due to snow is not significant in comparison
to the quantitative safety criteria, i.e. 10−4 /y for core damage frequency. The failure of the reactor hall
induced by snow does not play a significant role in the plant risk from snow, the risk contribution thereof is
around 5% only. This finding, i.e. the fact that the risk attributable to snow-induced reactor hall failure is
reasonably small in comparison to the quantitative safety criteria, further supports the conclusion that there
are sufficient safety margins beyond the design basis snow load for the reactor hall.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

The interpretation of safety margins presented in this document is in good agreement with the approach
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discussed in Chapter 4.3 of Deliverable 2.3. In this case study, the regulatory probabilistic safety criterion
was compared to the calculated mean risk value, which is similar to the approach described in Deliverable
2.3. The only difference is that in Deliverable 2.3 the upper bound of the uncertainty range is applied instead
of the mean value. Besides, the basis of the evaluation was the CDF value in this case study. However,
Deliverable 2.3 addresses the evaluation of risk metrics for LERF too. Similarly to the approach presented in
Deliverable 2.3, the relevant minimal cut sets as well as the importance measures related to the snow-
induced failure of the reactor hall were assessed and evaluated. On one hand, it is to be noted that several
aspects addressed in Deliverable 2.3 do not seem directly applicable to the present case study. On the other
hand, use was made of the fragility curves in determining safety margins in this case study, although it is not
addressed in Deliverable 2.3.

Proposals for Improvement

It is emphasized that the fragility curves may be utilized in support of determining the safety margins as
presented in this case study. These margins can be defined as the conditional failure or more precisely the
conditional success probability at the design basis load level, or as the difference between the median
capacity and the design basis load. Moreover, the PSA results may be further utilized for describing safety
margins by depicting the conditional core damage probability as a function of hazard load, and deriving
similar characteristics as mentioned above for fragility curves (i.e. conditional success probability at the
design basis load level, or the difference between the median capacity and the design basis load).

Safety Margins for Human Actions

Definition

The mean failure probability curve to remove snow as a function of snow load visualises the safety margins
beyond the design basis snow load. Also, this characterisation enables a quantitative evaluation of the safety
margin too. This margin can be defined as the conditional failure probability, or more precisely the
conditional success probability, of snow removal at the design basis snow load level, or as the difference
between the snow load that may be removed with 50% probability and the design basis snow load.

Assessment

The occurrence of snow-induced transients can be prevented, if snow is removed from some designated
plant areas, important to plant safety, in a timely manner. The likelihood of timely snow removal from the
roofs of safety related buildings was assessed including:
 identification of the most important performance shaping factors relevant to the success of snow

removal;
 review of the snow removal strategy at the Paks NPP;
 evaluation of the plant procedure and associated arrangements in place for snow removal with

considerations to the influencing factors identified in the first step;
 quantification of failure to remove snow from the roofs based on an evaluation of the applicable plant

procedure and other relevant influences on performance.

The assessment is described in details in Section 3.3 of the detailed case study description. Figure 2 gives a
graphical representation of the results from expert judgment including discrete probability values as well as
the fitted distribution thereon.
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Figure 2 Mean Failure Probability Curve to Remove Snow in the Function of Snow Load Intensity

Evaluation

Based on the mean failure probability curve for snow removal as a function of snow load, the safety margins
beyond the design basis snow load were determined and found sufficient. These margins were calculated on
one hand as the conditional success probability of timely snow removal at the design basis snow load level:
95%, and as the difference between the snow load that may be removed with 50% probability and the design
basis snow load: 2 kPa.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

Although there is no specific approach presented in Deliverable 2.3 to interpret safety margins for human
actions, the analysis steps addressed in the report are also performed within this case study. The human
actions were identified, and then analysed qualitatively and quantitatively, and the human failure events and
their probabilities were built into the PSA. The qualitative and quantitative assessment was based on the
identification of key influencing factors and the evaluation of the snow removal considering thereof.
Moreover, efforts were made in the case study to quantify the safety margin for human actions by assessing
the conditional success probability of snow removal at the design basis snow load level, and the difference
between the snow load that may be removed with 50% probability and the design basis snow load.

Proposals for Improvement

Beyond the attempt made in the case study to quantify safety margin for human actions as presented above,
we cannot propose further improvement in this area.
Interactions between DSA, PSA and HFE

Structural strength analysis of the reactor hall was performed first to assess whether the reactor hall can
confidently withstand the design basis snow load or not. Use was made of the results of these structural
strength calculations when elaborating the operating procedures (HFE) controlling snow removal:
 to determine criteria to begin snow removal from the roofs;
 to elaborate a high quality snow load map and to introduce it into the operating procedures.

Subsequently, fragility analysis was performed to enable a quantitative assessment of safety margins by
means of the plant PSA for extreme snow. The fragility analysis made use of structural strength as well as
structural reliability analyses. The operating procedure controlling snow removal was subject to a risk-
informed review that included the development of proposals for ensuring reliable snow removal based on an
evaluation of the underlying influences on performance and success rate. This review supported the
improvement of the snow removal strategy.

In summary, the results of structural strength analysis (DSA) were utilized in PSA and in HFE too. HFE was
reviewed and upgraded using PSA insights, in particular the lessons learned from Human Reliability
Analysis. Moreover, PSA took into consideration the DSA and the HFE preformed earlier.
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Evaluation of Adequacy

DSA (i.e. structural strength analysis) needed no input from PSA or HFE; however, PSA and HFE utilized the
results of DSA as input. Consequently, performing structural strength analysis firstly, independently of all
other disciplines, seems appropriate. The results of DSA were used in HFE and PSA, as far as it was seen
practicable and feasible. These interactions can be regarded as sufficient too. The operating procedure that
controls snow removal had been elaborated earlier than the snow PSA was completed. The available
information from HFE was considered in PSA. In addition, use was made of PSA to review and to further
improve HFE (primarily the relevant operating procedure), as the snow removal strategy had originally been
developed without explicitly giving considerations to risk aspects.

Proposals for Improvement

It is seen advantageous and advisable to utilize PSA and PSA insights as an integral part of developing
operating procedures for coping with external events, as opposed to making use of risk insights in a follow-
on manner, i.e. mostly for the purposes of reviews. Such uses of risk assessment and risk insights can help
establish the basis of the operational and mitigation strategy, including the identification of the most
important cornerstones, instead of making only adjustments to the available strategy laid down previously by
using deterministic considerations only. In summary, PSA and HFE should be performed simultaneously,
interacting actively, so that PSA insights may be used to underpin HFE.
Characterization of the Overall Safety Engineering Process

In Hungary, the Nuclear Safety Codes prescribe that, amongst others, extreme snow shall be taken into
consideration during the justification of the design and safety of a nuclear power plant. Moreover, the risk
from natural external hazards beyond the design basis shall be assessed at least in the range of 10−7÷10−4 /y
hazard frequency. Originally, severe weather conditions were not considered with the need for completeness
in the design of the Paks Nuclear Power Plant. By taking the results of an upgraded hazard assessment for
meteorological hazards into account, it was found in the latest Periodic Safety Review of the Paks NPP as
well as in its lifetime extension project that the safety of the NPP might be challenged for design basis loads
and the safety margins beyond design basis loads might not be sufficient. Consequently, it was required that
appropriate defences should be ensured against the effects of meteorological hazards through establishing
and maintaining sufficient safety margins by design for design basis loads and beyond, and, also, to
reassuringly exclude potential cliff-edge effects due to such loads.

Structural strength analysis of the reactor hall was performed first to assess whether the reactor hall can
confidently withstand the design basis snow load or not. It was concluded that some plant modifications were
needed to ensure appropriate protection against the design basis loads. The proposed modifications
included strengthening some structural components. Subsequently, structural reinforcement was made in
accordance with the proposal.

After implementing the proposed plant modifications, fragility analysis was performed to enable a quantitative
assessment of safety margins by means of the plant PSA for extreme snow. The fragility analysis made use
of structural strength as well as structural reliability analyses. PSA was applied to justify the fulfilment of
probabilistic safety criteria and qualify the adequacy of protecting the reactor hall against snow loads at a
higher, facility level.

The operating procedure controlling snow removal was subject to a risk-informed review that included the
development of proposals for ensuring reliable snow removal based on an evaluation of the underlying
influences on performance and success rate. This review supported the improvement of the snow removal
strategy.

Evaluation of Strengths and Weaknesses

It can be concluded that the safety engineering practice was initiated by some high level safety requirements
as well as the conclusions of periodic safety reviews. The relevant requirements were in the forefront of the
analyses. The plant design was modified on the basis of the analyses. Naturally, on a high level, the
interrelationship of safety requirements, supporting analyses and related plant design may be regarded as
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mature and strong. However, there was no integrated, unified process or approach used when justifying the
fulfilment of the relevant, multi-disciplinary requirements. It was not foreseen at the beginning that all
disciplines (i.e. DSA, PSA and HFE) should be addressed in the verification of the fulfilment of the relevant
requirements. Originally, the scope of the analyses covered structural strength analysis, and some structural
components were strengthened based thereon. HFE and PSA were performed only some years later, after
implementing the proposed plant modifications. To sum up, it was a weakness in the safety engineering
process that the different types of analyses pursued and the plant modifications made to verify the
requirements were not performed in an integrated manner, and by considering the different aspects in
combination and in parallel.

Proposals for Improvement

During the justification of fulfilling some complex requirements related to several different disciplines, an
action plan (including a road map) should be developed that integrates the various analysis types necessary
for verification. Of particular importance is planning of the interconnections among the different types of
analyses and analysis steps including the definition of milestones, application of unified input data,
scheduling meetings to be organised to inform each other on intermediate or final results of a certain
analysis type. A generalist expert should be nominated to be responsible for task coordination and follow up.
A reasonable order of work should be determined among the areas of DSA, PSA and HFE. Plant
modifications and requirement justification should consider the results from all the analysis areas in an
integrated manner (i.e. no plant modification is allowed until all the analyses are completed). Self-evidently,
structural reinforcements should be designed considering both structural strength analysis and PSA insights
(including fragility analysis and safety enhancement proposals). This approach seems much more effective
than subsequent plant modifications based on the DSA and PSA results separately. Similarly, all the insights
obtained from HFE and PSA should be taken into account when developing operating procedures,
elaborating training programmes, defining the appropriate tools and equipment, etc. This would ensure better
risk-informed decision making and better substantiated plant modifications, as opposed to considering the
findings from different types of assessment separately.
Further Lessons Learned

External hazards may not have been considered with the need for completeness in the design of operating
NPP units of older design, as opposed to newer designs. The interconnections and interfacing of DSA, PSA
and HFE can be ensured more easily for new NPP builds in the design phase, as these disciplines are
supposed to be better integrated when justifying the fulfilment of the relevant (and manifold) safety
requirements including the ones that are related to the protection against the effects of external hazards.
Indeed, this should be considered as a core activity in safety design. In contrast, the utilities of the operating
fleet for earlier design may need to focus more on operational and maintenance issues, so the fulfilment of
newly emerging requirements can become burdensome to overcome. Consequently, an appropriate level of
distinction seems justifiable when applying the safety engineering process to the operating plant of earlier
designs and to the new units, respectively.

The Hungarian nuclear safety regulations prescribe that the design basis for loads from natural external
hazards shall be set at 10−4 /y hazard frequency for operating NPP units and at 10−5 /y hazard frequency for
newbuilds. Also, the regulations require that the risk from natural external hazards beyond the design basis
shall be assessed and the associated residual risk shall be determined. In general, it can be concluded that
the high level nuclear safety requirements give a clear definition for design basis external hazards; however,
it is not straightforward how to interpret and assess beyond design basis external hazards deterministically. It
is considered necessary and important to discuss the definition of DEC or beyond design basis external
hazards in the later phases of the project when emphasis is laid on safety margins beyond design basis
loads.

The PSA for internal events and internal hazards was initially developed in the 1990s for the Paks NPP. The
analysis has been gradually (almost continuously) improved since then. Therefore, the analysis resources
expended cannot be reliably estimated. Moreover, it is even more challenging to determine the analysis
resources spent on DSA and HFE for internal events and internal hazards. Plant protection against seismic
events was analysed and evaluated from the perspectives of DSA, PSA and HFE in the late 1990s and early
2000s. Large scale plant modifications were performed at that time and the risk implications of these
modifications are reflected in the seismic PSA of the plant. No seismic PSA was performed for the original
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design. The plant protection against wind and snow was analysed and evaluated together, as the same
analytical approach was considered applicable to both hazards. Consequently, analysis resources expended
on wind and snow cannot be compared either. Moreover, risk assessment was performed for the reinforced
structures, so the risk reductions as well as the original risk cannot be quantified so valuable insights could
be yielded. Lastly, it is also highlighted that the risk analysis for snow made use of the PSA models for
internal events as well as the event logic modelling technique applied in the seismic PSA. These facts would
also bias the comparison of analysis resources. Consequently, the evaluation of the balance between the
allocated analysis resources and the plant level risk significance among the different hazard groups for the
operating units is not seen feasible (that may not be fully relevant to new designs). However, we propose to
focus in later tasks of the project on elaborating good practices related to prioritizing safety enhancement
proposals based on risk reduction potential and analysis resources. In our view, this issue is of high
importance in the nuclear industry and it may be feasible to develop an approach within the timeframe of the
project.
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A.2 Evaluation of Plant Vulnerabilities to Riverine Events

Self-Evaluation of Fulfilling Baseline Requirements
Responsible Organization(s): NUBIKI Nuclear Safety Research Institute
Case Study Identifier: LUHS_4
Date: 23.03.2022
Case Study Title: Evaluation of Plant Vulnerabilities to Riverine Events
Fulfilment of Safety Requirements

Scope of the Requirements Verified

The verification of the following requirements are included in the case study in relation to the evaluation of
plant vulnerabilities to riverine events:
 Functional separation to provide defence against failure propagation (DSA):

BESEP_DSA_FSEP_001: The safety systems, structures and components, including auxiliary or
supporting systems thereof, shall be protected from interaction with failed systems, structures or
components as far as reasonably practicable.

 Assessment of potential losses of safety functions (PSA):
BESEP_PSA_ALSF_001: The potential losses of safety functions shall be evaluated based on the
resilience of the NPP against the hazards, taking into consideration current status of all systems,
structures and components relevant to nuclear safety.

 Situation awareness and assessment (HFE):
BESEP_HFE_SAA_004: Relevant information related to the procedures and guides shall be presented
for the operators to assess the situation, to see the plant response to actions and to assess the
progress of the plant state.

 Verification and validation (V&V) of design (SE)
BESEP_SEP_VV_004: In the case of external hazards the NPP shall be safely shut down and kept in a
subcritical state, the residual heat removal shall be ensured and the leakages of radioactive substances
shall be kept below the specified limits.

Evaluation of the Different Requirements

Requirement No. 1. – BESEP_DSA_FSEP_001: The safety systems, structures and components, including
auxiliary or supporting systems thereof, shall be protected from interaction with failed systems, structures or
components as far as reasonably practicable.

Summary of the Verification Process

Based on the post-Fukushima stress test for the Paks NPP, 9 safety measures were implemented to cope
with loss of ultimate heat sink situations (see Section 3 of the detailed case study description for details).
These measures were taken in order to enable the use of the fire water system for the following main
interventions:

1. direct water injection into the steam generators;
2. ensuring cooling water to some designated consumers of the essential service water system;
3. water injection into the spent fuel pool (SFP).

In order to provide long-term heat removal through the steam generators (i.e. measure no. 1 above), the
necessary conditions have been ensured for feeding external cooling water from the existing connection
points in the plant yard area via existing feed lines to the auxiliary emergency feedwater system. The key
element to recover from loss of the ultimate heat sink is the connection between the essential service water
system, the technological service water system and the fire water system (i.e. measure no. 2 above). At units
1 and 2, supply of fire water to the essential service water system via the normal service water system was
readily achievable through built-in connections and assemblies. The same interconnection possibility has
been provided for the corresponding systems at units 3 and 4. The loss of the essential service water system
would result in the loss of SFP cooling. An alternative pathway of supplying external water to the SFPs has
been provided (i.e. measure no. 3 above). Over and above these interventions, some subparts of the fire
water system have also been upgraded to enable operation in various accident conditions.

The implemented safety measures aim at utilizing plant equipment not affected by river contamination.



[945138] BESEP – Benchmark Exercise on Safety Engineering Practices Page 32/268

Initially, the removal of the water intake filters was also considered as a candidate measure to handle such
an event by trying to use contaminated water for cooling purposes with the cooling system of the NPP;
however, this option was dismissed.

Adequacy of Verification

Dedicated safety measures were implemented in order to ensure efficient accident mitigation in loss of
ultimate heat sink situations. These measures include the application of portable equipment and the support
of the on-site fire brigade that may be regarded as a widely accepted approach in the post-Fukushima era.
Hence, it can be concluded that the fulfilment of the given requirement can be considered as complete with
good technical quality.

Proposals for Improvement

Although the implemented measures have proven to be technically adequate and efficient for accident
mitigation purposes, installation of independent, stationary diesel generators to provide power supply to the
well station pumps is seen as a most effective measure for safety enhancement. If this is accomplished, then
quick recovery of off-site power is not absolutely necessary any further, since the massive sources of water
supply from the well station can ensure cooling water to the emergency diesel generators and for decay heat
removal through the steam generators.

Requirement No. 2. – BESEP_PSA_ALSF_001: The potential losses of safety functions shall be evaluated
based on the resilience of the NPP against the hazards, taking into consideration current status of all
systems, structures and components relevant to nuclear safety.

Summary of the Verification Process

Detailed plant response analysis as well as risk assessment (see Section 4.2 and 4.3 of the detailed case
study description for details) were performed for events that can cause loss of the ultimate heat sink due to
the discharge of dangerous substances into the river Danube. All the plant modifications implemented on the
basis of the conclusions of the stress test of the plant were considered in these analyses. Special emphasis
was put on the analysis of accident prevention and mitigation strategies in case of loss of ESWS. Beyond
human actions already modelled in the internal events PSA, eight human actions were identified and newly
introduced into the PSA model. The core damage risk attributable to external events endangering water
intake was quantified and the main risk contributors were identified. Based on the quantified risk measures
and risk contributors, some plant vulnerabilities were revealed and safety concerns were reported.

Adequacy of Verification

The potential loss of a safety function (i.e. loss of ultimate heat sink due to river contamination) was
evaluated by using risk assessment and considering all the systems, including portable equipment, that may
serve the purposes of accident mitigation in the event of loss of ultimate heat sink. The use of portable
equipment recently made available at the Paks NPP was modelled by applying state-of-practice approaches.
Consequently, it can be concluded that the fulfilment of the given requirement may be regarded as complete
with high technical quality.

Proposals for Improvement

It was found that the existing PSA data was not applicable to the pumps of the well station at the Danube
bank, the diesel driven firewater pumps, the mobile fire-fighting pumps and the diesel generators used for
severe accident management. Hence, in lack of plant specific data, reliability data was taken from the
NUREG/CR-6928 report based on the similarities in technical characteristics of the pumps and the diesel
generators. Plant specific reliability data should be collected and evaluated for these components and the
reliability parameters taken from international databases should be updated by using plant specific
information. Until plant specific data become available, more detailed sensitivity studies are seen necessary
in order to better understand the role of the reliability of the portable equipment credited in the analysis.

Requirement No. 3. – BESEP_HFE_SAA_004: Relevant information related to the procedures and guides
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shall be presented for the operators to assess the situation, to see the plant response to actions and to
assess the progress of the plant state.

Summary of the Verification Process

The use of plant systems and components to cope with a loss of ultimate heat sink situation induced by river
contamination is described only on a high level in the emergency operating procedures and in the severe
accident management guidelines. System specific as well as other types of operating procedures provide
more detailed guidance on how to tackle such situations. The following measures were aimed at providing
supplements or making improvements to these procedures:

1. Enable the use of demineralized water through the auxiliary emergency feedwater system,
implement the necessary modifications in the plant procedures;

2. Ensure the conditions for preparing and storing boric acid solutions from external water sources,
implement the necessary modifications in the plant procedures;

3. Establish an alternative route to supply cooling water into the spent fuel pool, implement the
necessary modifications in the plant procedures;

4. Ensure the possibility of cooling at least one emergency diesel generator per unit from the fire water
system, implement the necessary modifications in the plant procedures;

5. Install equipment needed for the use of external cooling water supply in case of severe accidents
and develop the necessary procedures for maintenance and testing;

6. Amend plant operating procedures with a description of how to make use of external cooling water
supply sources.

Adequacy of Verification

The necessary actions that should be taken to efficiently cope with a loss of ultimate heat sink situation have
been specified in plant operating procedures. Hence, it can be concluded that the fulfilment of the given
requirement may be regarded as complete with sufficiently high technical quality in terms of improving the
relevant operating procedures.

Proposals for Improvement

System specific as well as other types of plant operating procedures provide guidance on how to tackle loss
of ultimate heat sink situations, which helps fulfil the requirement in question. However, the symptom-
oriented emergency operating procedures in use at the plant do not include the strategy and the associated
instructions for secondary side cooling by the use of the fire water system in sufficient details. Similarly to the
seismic safety concept elaborated earlier at the plant, it appears advisable to set up an operational and
transient mitigation strategy and specify the corresponding sequences of actions needed to be taken in case
of Danube contamination. Use should be made of the proposed strategy to amend the symptom-oriented
emergency operating procedures with an accurate description of actions to take in response to the
symptoms characteristic for those plant transients that can be induced by Danube contamination.

Requirement No. 4. – BESEP_SEP_VV_004: In the case of external hazards the NPP shall be safely shut
down and kept in a subcritical state, the residual heat removal shall be ensured and the leakages of
radioactive substances shall be kept below the specified limits.

Summary of the Verification Process

Four largely similar VVER-440 type reactors are in operation at the Paks site. The water intake facility is
common for units 1 and 2, and also for units 3 and 4 (so-called twin units). The two separate water intake
facilities are almost identical and located next to each other. Consequently, it could be assumed that all
water intake filters would be blocked shortly after one another in case of a harmful riverine event. Loss of
ESWS requires reactor shutdown according to the operational limits and conditions. It was conservatively
assumed in the analysis that simultaneous shutdown of all four units would induce loss of off-site power.
Nevertheless, any physical damage, additional transients or serious anomalies were not supposed in the off-
site power grid during the evolution of this event. Since the shutdown of the plant units is induced other than
grid related causes (i.e. by river contamination alone), the off-site power could presumably be recovered
within a couple of hours at maximum.
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The following water resources are available on-site for transient mitigation:
 demineralized water supply (6·960 m3 for the four units);
 water in the discharge water channel (4·2000 m3 for the four units);
 virtually unlimited supply of water from the fishing lakes and the well station.

If recovery of off-site power is successful, then the emergency and auxiliary emergency feed water systems
can ensure residual heat removal until the demineralized water sources are used up in open loop heat
removal. Taking the demineralized water supplies and the decrease of residual heat in time into account,
safe cooling conditions can be ensured for up to 110 hours after reactor scram by means of this cooling
configuration.

Motivated by the post-Fukushima Targeted Safety Reassessment, cross connection between the fire water
system and the ESWS has been implemented. The characteristics of the different fire water subsystems
(pump stations) were analysed and evaluated in detail by giving considerations to all the relevant technical
factors including the adequacy of pump capacities at the different pump stations to satisfy the minimum
necessary cooling water demand for all the units.

As described in Section 3 of the detailed case study descriptions, the fire water system can be connected
directly to the condensers too. The capacity of the pump station is sufficient to provide the minimum
necessary amount of cooling water for all the units. However, 24 hours of operation of the emergency or the
auxiliary emergency feed water system is required in open heat removal mode in any case in order to reduce
pressure and temperature in the condenser to enable injection of low pressure and low temperature water
from the fire water system or to rearrange cooling system configuration in the secondary circuit by using the
secondary decay heat removal system.

Adequacy of Verification

Based on the results of the plant response analysis summarized above, it can be concluded that the
available safety systems, structures and components, including auxiliary or supporting systems thereof can
ensure that the Paks NPP can be safely shut down and kept in a subcritical state. Also, the residual heat
removal can be maintained and the leakages of radioactive substances can be kept below the specified
limits in case of river contamination. Even though portable equipment should be utilized and support from the
on-site fire brigade is necessary to efficiently establish a safe state, it can be concluded that the fulfilment of
the given requirement may be regarded as complete with good technical quality.

Proposals for Improvement

Although the implemented measures have proven to be technically adequate and efficient for accident
mitigation purposes, installation of independent, stationary diesel generators to provide power supply to the
well station pumps is seen as a most effective measure for safety enhancement. If this is accomplished, then
quick recovery of off-site power is not absolutely necessary any further, since the massive sources of water
supply from the well station can ensure cooling water to the emergency diesel generators and for decay heat
removal through the steam generators.
Assessment of Safety Margins

Safety margins were determined and assessed on the basis of the three main types of safety analysis, i.e.:
 probabilistic safety analysis;
 deterministic safety analysis;
 human factors engineering.

These analyses are discussed one by one in the following.

Probabilistic Safety Margins

Definition

The difference between the frequency of loss of ESWS due to river contamination and the regulatory
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threshold for design basis natural external hazards may be regarded as a safety margin attribute. Besides,
considering the fragility curves of the water intake facility, the margin can also be defined as the conditional
failure or, more precisely, the conditional success probability at the design basis contamination density level,
or as the difference between the median capacity and the design basis contamination density. Moreover, the
risk attributable to riverine events indicates the adequacy of the safety margins.

Assessment

Generally, the objective of hazard assessment for external events is to determine exceedance frequencies
for various values of a parameter which represents best the load induced by an external hazard. Primarily,
loss of ultimate heat sink due to Danube contamination was the subject of hazard assessment, as opposed
to quantifying only the Danube contamination hazard itself. This consequence of the river contamination was
taken into account as the initiating event in the analysis. The use of this approach was justified by the fact
that Danube contamination can induce only one type of technological transient, namely loss of ultimate heat
sink, at the Paks plant. Moreover, identification and evaluation of a full spectrum of Danube contamination
events did not appear feasible. The assessment was performed by simultaneously analysing the hazardous
events and the effects of these events on the water intake system.

Consequently, the definition of the initiating event in question included a systematic search for all those
external events and the associated event sequences that can induce inoperability of the water intake system
due to river contamination processes. By reviewing these events and sequences, and taking the associated
uncertainties into account, the frequency of water intake blockage was estimated.

The scenarios leading to partial or total loss of the water intake systems were determined by making use of
invaluable contributions of experts in water management, environmental sciences and biology. In order to
identify and evaluate possible endangering events

1. an exhaustive list of external hazards was developed with the associated endangering events,
2. dangerous substances were described in terms of chemical, physical and biological properties,
3. those events were selected that needed detailed PSA modelling and risk quantification.

The frequency of the screened-in external events was determined by a combined use of statistical data
analysis and expert judgment as deemed appropriate according to the type of an event. The quantitative
results of hazard assessment include the frequency of loss of ESWS.

A PSA model has been developed for river contamination by applying the RiskSpectrum PSA programme.
During risk quantification, the frequency of core damage sequences was determined and the most important
risk contributors were identified. Point estimates of core damage risk were computed for each contamination
type and for the four contamination types analysed in total. In addition, importance, sensitivity and
uncertainty analyses were performed to gain further insights useful for a better characterization of risk and
for recommending safety improvements.

Evaluation

If we designate Danube contamination as a natural hazard, the difference between the frequency of loss of
ESWS due to river contamination (i.e. 5.25 10−5 /y) and the regulatory threshold for design basis natural
external hazards (i.e. 10−4 /y) may be regarded as a safety margin attribute: 4.75 10−5 /y.

It was found unfeasible to quantify the occurrence frequency for different contamination densities
(establishing a family of hazard curves) and to determine fragility curves (i.e. conditional failure probability of
the water intake facility as the function of contamination density). Hence, the conditional success probability
at the design basis contamination density level, and the difference between the median capacity and the
design basis contamination density could not be determined.

According to the results of risk quantification, the point estimate for the annual probability of core damage
attributable to Danube contamination is 9.44·10−7 /y. This figure is the cumulative frequency from all sources
of contamination in all the plant operational states analysed. The results show that the risk from river
contamination is moderate in comparison to the risk originated from other types of initiating events analysed
in the PSA for the Paks plant. Moreover, it can also be concluded that the risk due to river contamination is
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not significant in comparison to the quantitative safety criteria, i.e. 10−4 /y for core damage frequency. The
latter finding further supports the conclusion that there is sufficient safety margin beyond the design basis
river contamination.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

The interpretation of safety margins presented in this document is in good agreement with the approach
discussed in Chapter 4.3 of Deliverable 2.3. In this case study, the regulatory probabilistic safety criterion
was compared to the calculated mean risk value, which is similar to the approach described in Deliverable
2.3. The only difference is that in Deliverable 2.3 the upper bound of the uncertainty range is applied instead
of the mean value. Besides, the basis of the evaluation was the CDF value in this case study. However,
Deliverable 2.3 addresses the evaluation of risk metrics for LERF too. Similarly to the approach presented in
Deliverable 2.3, the relevant minimal cut sets as well as the importance measures related to random failures
were assessed and evaluated. On one hand, it is to be noted that several aspects addressed in Deliverable
2.3 do not seem directly applicable to the present case study. On the other hand, use was made of the
results of hazard assessment in determining safety margins in this case study, although it is not addressed in
Deliverable 2.3.

Proposals for Improvement

It is emphasized that the results of the hazard assessment can be utilized in support of determining the
safety margins if the loss of a safety function due to an external hazard is the subject of hazard assessment,
as presented in this case study. This margin can be defined as the difference between the frequency of loss
of a safety function due to a certain external event and the regulatory threshold for design basis external
hazards.

Deterministic Safety Margins

Definition

From the point of view of hazard characterization and hazard assessment, a potential definition of
deterministic safety margin could be the difference of the blockage potential of a design basis contamination
event in terms of contamination density and the capacity of the filters in the water intake facility. Moreover,
concerning plant response characterization (plant response analysis), the deterministic safety margin can be
defined as the number of the different available mitigation systems in place to cope with the effects of river
contamination.

Assessment

As it was mentioned earlier, loss of ultimate heat sink due to Danube contamination was the subject of
hazard assessment, as opposed to quantifying only the Danube contamination hazard itself. The use of this
approach was justified by the fact that Danube contamination can induce only one type of technological
transient, namely loss of ultimate heat sink, at the Paks plant. Moreover, identification and evaluation of a full
spectrum of Danube contamination events did not appear feasible. However, the maximum probable density
of the different types of characteristic Danube contamination have also been determined based on
deterministic analyses, which served as input to defining the design basis of the water intake system.

The following water resources are available on-site for transient mitigation:
 demineralized water supply (6·960 m3 for the four units);
 water in the discharge water channel (4·2000 m3 for the four units);
 virtually unlimited supply of water from the fishing lakes and the well station.

If recovery of off-site power is successful, then the emergency and auxiliary emergency feed water systems
can ensure residual heat removal until the demineralized water sources are used up in open loop heat
removal. Taking the demineralized water supplies and the decrease of residual heat in time into account,
safe cooling conditions can be ensured for up to 110 hours after reactor scram by means of this cooling
configuration.
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Motivated by the post-Fukushima Targeted Safety Reassessment, cross connection between the fire water
system and the ESWS has been implemented. The characteristics of the different fire water subsystems
(pump stations) were analysed and evaluated in detail by giving considerations to all the relevant technical
factors including the adequacy of pump capacities at the different pump stations to satisfy the minimum
necessary cooling water demand for all the units.

As described in Section 3 of the detailed case study descriptions, the fire water system can be connected
directly to the condensers too. The capacity of the pump station is sufficient to provide the minimum
necessary amount of cooling water for all the units. However, 24 hours of operation of the emergency or the
auxiliary emergency feed water system is required in open heat removal mode in any case in order to reduce
pressure and temperature in the condenser to enable injection of low pressure and low temperature water
from the fire water system or to rearrange cooling system configuration in the secondary circuit by using the
secondary decay heat removal system.

Evaluation

On one hand, a solid technical basis could not be established for quantifying the blockage potential in terms
of contamination density, even though the capacity of the filters in the water intake facility had been analysed
in detail. Hence, the hazard assessment did not allow a deterministically driven characterization of the safety
margin or an assessment of the potential for cliff-edge effects.

On the other hand, it can be concluded that the number and the capacity of available safety systems,
structures and components, including auxiliary or supporting systems thereof are sufficient, and theses plant
items are protected from the effects of Danube contamination as well as from interaction with failed systems
or components. It underpins the conclusion that there is a sufficiently high level of plant protection, hence an
appropriate safety margins in place against the effects of river contamination, i.e.:
 four diverse and redundant water resources are available on-site for transient mitigation;
 in full power operation five, in low power and shutdown states four redundant and, to a large extent,

diverse pump stations (mostly fire water subsystems) are available to cope with loss of ultimate heat
sink scenarios.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

The deterministic analysis in this case study focuses on the feasibility of the potential mitigation measures
including systems as well as interventions that are designed to cope with loss of ultimate heat sink
scenarios, as this aspect is generally the most relevant concern when the protection against external events
endangering water intake of the NPP is to be verified. Chapter 4.2 of Deliverable 2.3 deals mostly with
physical phenomena and plant parameters that are to be assessed primarily by thermo-hydraulic and reactor
physics calculations (see the listing at the end of the Chapter). Such assessments had also been performed
during the design of the different mitigation systems prior to the analyses reported in this case study to justify
that the mitigation actions can ensure a safe plant state if the necessary interventions are taken in a timely
manner. For example, it was assessed whether forced pressure reduction at the secondary side and
injection of low-pressure feedwater into the steam generators could ensure a long-term safe, stable state of
the plant or not. Consequently, it would have been feasible to assess the deterministic safety margins in this
case study as it is interpreted in Deliverable 2.3; however, those aspects were not in the interest of the case
study, as it is typically not a decisive factor when the protection against external hazards needs to be
verified.

Proposals for Improvement

From the point of view of hazard characterization and hazard assessment, the difference of the hazard
potential of a design basis external event and the capacity of the relevant plant SSCs could be interpreted as
a safety margin attribute too. Moreover, concerning plant response characterization (plant response
analysis), the deterministic safety margin can be defined as the number of the different available mitigation
systems in place to cope with the effects of river contamination.
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Safety Margins for Human Actions

Definition

An attribute of safety margins for human actions was defined as the conditional failure probability or, more
precisely, the conditional success probability of recovery from loss of ESWS within the timeframe automatic
actuations can ensure a safe stable state without the need for any operator interventions, if the off-site power
is restored. Similarly, the difference between the time window automatic interventions can prevent core
damage, if normal power supply is available and the mean time to recovery from loss of ESWS was
considered as a relevant indicator of safety margins for human actions. Moreover, the Risk Increase Factor
for all human actions beyond recovery from loss of ESWS was regarded as an additional attribute to safety
margin, since it indicates core damage risk when all human actions fail and the role of human actions in such
scenarios.

Assessment

In addition to the human actions already modelled in the internal events PSA, eight human actions were
identified and newly introduced into the model (beyond “recovery from loss of ESWS”):
 plant personnel install and start up the diesel-driven pump station for the discharge channel of the

condensate cooling water system;
 operators set the path between the fire water system and the essential service water system, and close

the paths to selected consumers of the essential service water system;
 on-site fire brigade ensures cooling water to the diesel generators from a fire hydrant;
 plant personnel transport diesel generators used for severe accident management to the well station on

the Danube bank;
 on-site fire brigade provides water supply to the steam generators from the demineralized water tank;
 on-site fire brigade provides water supply to the steam generators from other sources;
 operators set the path between the fire water system and the steam generators;
 operators fill up the high boron concentrate tanks (TB) from the pure condensate tanks (TK);
 on-site fire brigade provides water supply to the SFP from the tank TB.

The Success Likelihood Index Method (SLIM) was used for quantifying the human failures to successfully
perform the required actions listed above. The decision on using SLIM was driven by an expectation that this
method can be used relatively flexibly and in a structured manner to incorporate expert opinion into the HRA
quantification process so that the effects of key performance influences specific to the human actions in
question can be readily and explicitly shown in the estimates of human error probability (HEP).

An expert group was set up to help quantify HEPs using SLIM. This group studied the required human
interventions in detail, established a set of performance shaping factors (PSFs) based on an understanding
of the conditions for human actions, assessed the relative weight of the different PSFs, calibrated the used
factors and rated the interventions from the point of view of the PSFs. The following performance shaping
factors (influences) were considered as the most important ones for the human actions and related human
failure events assessed:
 environmental conditions;
 time constraint / emergency stressor;
 task complexity;
 human-machine interface;
 qualification and training;
 required level of team integration and team work to successfully perform the action;
 quality of procedures.

In addition to the human failure events quantified by using SLIM, recovery from loss of ESWS was also
assessed in HRA. The recovery failure probability was quantified by assuming that time to recovery is a
random variable predominantly characterised by the mean (average) recovery time, assessing the time
window for recovery and evaluating the probability of failure on the basis of the probability distribution
function considered relevant. A similar approach had been used for a limited number of recovery actions in
the internal events PSA.

Expert judgment was applied to estimate the average time to recovery by giving considerations to task
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complexity, available means and available equipment for recovery, as well as the types and number of
components affected by a given type of contamination. The quantitative results of hazard assessment
include the average time to recovery from loss of ESWS for the different substances causing Danube
contamination as follows:
 crude oil or oil by-products floating under water surface: 3 days;
 toxic substances (large scale fish devastation on the Danube): 2 days;
 grains that may cause filter clogging: 0.5 day;
 river vegetation that may cause filter clogging: 3 days.

Evaluation

According to the analysis results, the conditional success probability of recovery from loss of ESWS within
the timeframe (110 hours) automatic actuations can ensure a safe stable state without the need for any
operator interventions, if the off-site power is restored are as follows for the different contamination types:
 crude oil or oil by-products floating under water surface: 0.78;
 toxic substances (large scale fish devastation on the Danube): 0.90;
 grains that may cause filter clogging: 0.9999;
 river vegetation that may cause filter clogging: 0.78.

The difference between the timeframe automatic interventions can prevent core damage, if normal power
supply is available and the mean time to recovery from loss of ESWS is expected to be:
 crude oil or oil by-products floating under water surface: 38 hours;
 toxic substances (large scale fish devastation on the Danube): 62 hours;
 grains that may cause filter clogging: 98 hours;
 river vegetation that may cause filter clogging: 38 hours.

According to the results of risk quantification, the Risk Increase Factor for all human actions beyond recovery
from loss of ESWS is 1.8, hence the risk is around 1.8·10−6 /y in case no operator action is credited other
than the recovery actions from loss of ESWS. This figure implies that the risk from river contamination is
moderate in comparison to the risk originated from other types of initiating events analysed in the PSA for
the Paks plant, even if these operator actions are not credited. Moreover, it can also be concluded that the
risk due to river contamination is not significant in comparison to the quantitative safety criteria, i.e. 10−4 /y for
core damage frequency, even if these operator interventions are not successful.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

Although there is no specific approach presented in Deliverable 2.3 to interpret safety margins for human
actions, the analysis steps addressed in the report are also performed within this case study. The human
actions were identified, and then analysed qualitatively and quantitatively, and the human failure events and
their probabilities were built into the PSA. The qualitative and quantitative assessment was based on the
identification of key influencing factors and the evaluation of the different operator actions, including recovery
from loss of ESWS with considerations to the performance shaping factors determined.

Moreover, efforts were made in the case study to quantify the safety margin for human actions by assessing
the conditional success probability of recovery from loss of ESWS within the timeframe automatic actuations
can ensure a safe stable state without the need for any operator interventions, if the off-site power is
restored. Similarly, the difference between the time window automatic interventions can prevent core
damage, if normal power supply is available and the mean time to recovery from loss of ESWS was
assessed as a relevant indicator to safety margins for human actions. Lastly, the Risk Increase Factor for all
human actions beyond recovery from loss of ESWS was quantified as an additional attribute to safety
margin.

Proposals for Improvement

Beyond the attempt made in the case study to quantify the safety margin for human actions as presented
above, we propose to consider the difference between half an hour and the duration the operator
intervention may still lead to a safe stable state as a further attribute to safety margin for human actions. The
time window over half an hour is relevant, as it is required by national nuclear safety regulations that
operator interventions within half an hour should not be credited. It is also emphasised to establish a more
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straightforward and traceable safety margin definition for human actions on the basis of applicable
importance and sensitivity measures obtained from risk assessment. The interpretation and evaluation of
such a safety margin should also be elaborated.
Interactions between DSA, PSA and HFE

Hazard assessment for river contamination was performed using a combination of deterministic and
probabilistic analyses. The assessment was made jointly by water management experts (i.e. experts in water
management, environmental sciences and biology) and PSA analysts. Consequently, hazard assessment is
a manifestation of an integrated approach, considering deterministic, probabilistic, as well as human factors
engineering aspects simultaneously. Concerning HFE, the potential to prevent the blockage of the water
intake facility by removing the contamination from the cooling water channel was considered.

Amongst others, the stress test of the Paks NPP focused on the analysis of plant response to a loss of
ultimate heat sink scenario and on the evaluation of preparedness for such an event. Earlier, loss of cooling
by the river Danube as the ultimate heat sink had been screened out from situations that should be
considered in the design basis or beyond, as no external or internal hazards had been identified that might
cause such a situation with a non-negligible occurrence frequency. The results of the stress test triggered
the implementation of safety measures in order to improve the effectiveness of coping with loss of ultimate
heat sink scenarios. Accordingly, plant response analysis was performed deterministically first, considering
HFE aspects too. Later on, when most of the safety enhancement measures defined during the stress test
were implemented, it was found that riverine events would need to be the subject of detailed risk
assessment. Hence, PSA for riverine events have been performed after the completion of deterministic plant
response analysis and the necessary system modifications. Moreover, during the development of the PSA,
HFE aspects addressed in the post-Fukushima measures were taken into account.

Evaluation of Adequacy

Hazard assessment was performed in an integrated manner, considering DSA, PSA and HFE aspects
simultaneously, that may be regarded as an adequate and mature approach. However, plant response
analysis, including the elaboration of several safety measures in order to improve the effectiveness of coping
with loss of ultimate heat sink scenarios, was initially based on deterministic analysis, considering HFE
aspects, but neglecting probabilistic assessments. PSA was used to review the adequacy of the newly
implemented safety measures from risk point of view. This interaction (evolution) of the safety analyses is not
preferred in state-of-practice safety engineering processes and should be avoided. The results of DSA and
HFE were used in PSA, as far as it was seen practicable and feasible. This interaction and interfacing can be
regarded as adequate too.

Proposals for Improvement

It is seen advantageous and advisable to utilize PSA and PSA insights as an integral part of determining the
implementation of safety measures for coping with external events, as opposed to making use of risk insights
in a follow-on manner, i.e. mostly for the purposes of reviews. Such uses of risk assessment and risk insights
can help establish the basis of plant modifications, operational and mitigation strategy, including the
identification of the most important cornerstones, instead of making only adjustments to the available
strategy as well as SSC design laid down previously by using deterministic considerations only. In summary,
DSA, PSA and HFE should be performed simultaneously, interacting actively, so that PSA insights may be
used to underpin safety measures including plant modifications.
Characterization of the Overall Safety Engineering Process

During the Periodic Safety Review for the Paks NPP it was found that available hazard analyses did not
enable a sound conclusion whether events that can lead to loss of the ultimate heat sink due to the
discharge of dangerous or harmful substances into the river Danube could be screened out from hazards
that needed to be considered in the design and that needed to be subject to detailed analysis to quantify risk
or not. Additional hazard assessment for external events endangering cooling water intake from the river
Danube has been performed using deterministic and probabilistic analyses in a combination in order to
better examine this issue. The hazard assessment has resulted in a higher frequency for the occurrence of
Danube contamination than the threshold of 10−7 /y set as a criterion for probabilistic screening used in the
safety analyses of the plant.
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Subsequently, detailed plant response analysis was performed to identify the mitigation systems that can be
relied upon and the measures to be applied in case of loss of ESWS. Originally, the Paks NPP was not
designed against loss of ultimate heat sink situations. The post-Fukushima stress test for the Paks NPP
identified the need for introducing, amongst others, 9 safety enhancement measures to successfully cope
with loss of ultimate heat sink situations. These measures have been implemented since then. All the
measures related to providing direct water injection into the steam generators, the essential service water
system as well as the spent fuel pools from external, low pressure water sources using mobile equipment
with the support of the on-site fire brigade of the Paks NPP were evaluated in the case study. It was
examined whether these measures can effectively serve the purposes of accident mitigation in such
situations. This analysis also supported the development of a detailed operational and transient mitigation
strategy to follow in case of loss of ESWS. This strategy is being developed.

Risk assessment was performed for events that can cause loss of the ultimate heat sink due to the discharge
of dangerous substances into the river Danube. The core damage risk attributable to external events
endangering water intake was quantified and the main risk contributors were identified. Based on the
quantified risk measures and risk contributors, some plant vulnerabilities were revealed and safety concerns
were reported. The results and findings of the risk assessment can help further underpin the development of
the strategy for coping with river contamination hazards.

Evaluation of Strengths and Weaknesses

It can be concluded that the safety engineering practice was initiated by the conclusions of a periodic safety
review and, indirectly, the stress test for the Paks NPP. The relevant requirements were in the forefront of
the analyses. The plant design was modified on the basis of deterministically driven plant response analysis.
On a high level, the interrelationship of safety requirements, supporting analyses and related plant design
may be regarded as acceptable. However, the scope of supporting analyses was less than complete when
safety enhancement measures to better cope with loss of ultimate heat sink situations were identified and
implemented. It was not foreseen at the beginning that all disciplines (i.e. DSA, PSA and HFE) should be
addressed in the verification of the fulfilment of the relevant requirements. On one hand, hazard assessment
had not been performed as a first step that would have underpinned the need for preparedness against such
events. On the other hand, the process cannot be considered as a truly risk-informed approach as far as the
use of PSA information is concerned because PSA insights had not been considered during the specification
of the plant modification. PSA was performed only after implementing most of the proposed plant
modifications. Moreover, there was no integrated, unified process or approach used when justifying the
fulfilment of the relevant, multi-disciplinary requirements. It is noted that even though the plant modifications
were identified on the basis of deterministic plant response analysis, further assessments, including hazard
assessment and PSA for riverine events, verified the need and the sufficiency of the plant modifications
implemented earlier. To sum up, it was a weakness in the safety engineering process that the different types
of analyses pursued and the plant modifications made to verify the requirements were not performed in an
integrated manner, and by considering the different aspects in combination and in parallel.

Proposals for Improvement

During the identification and implementation of safety enhancement measures to successfully cope with
external hazard induced scenarios not considered originally in the design of an NPP, an action plan and a
road map should be developed that integrates the various analysis types necessary for verification.
Of particular importance is planning of the interconnections among the different types of analyses and
analysis steps, including the definition of milestones, application of unified input data, scheduling meetings to
be organised to inform each other on intermediate or final results of a certain analysis type. A generalist
expert should be nominated to be responsible for task coordination and follow up. A reasonable order of
work should be determined among the areas of DSA, PSA and HFE. Plant modifications and requirement
justification should consider the results from all the analysis areas in an integrated manner (i.e. no plant
modification is allowed until all the analyses are completed). System modifications should be designed by
considering both deterministic aspects and PSA insights. This approach seems much more effective than
subsequent system modifications based on the DSA and PSA results separately. Similarly, all the insights
obtained from HFE and PSA should be taken into account when developing operating procedures,
elaborating training programmes, defining the appropriate tools and equipment, etc. related to the use of
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portable equipment. This would ensure better risk-informed decision making and better substantiated plant
modifications, as opposed to considering the findings from different types of assessment separately.
Further Lessons Learned

The PSA for internal events and internal hazards was initially developed in the 1990s for the Paks NPP. The
analysis has been gradually (almost continuously) improved since then. Therefore, the analysis resources
expended cannot be reliably estimated. Moreover, it is even more challenging to determine the analysis
resources spent on DSA and HFE for internal events and internal hazards. Plant protection against seismic
events was analysed and evaluated from the perspectives of DSA, PSA and HFE in the late 1990s and early
2000s. Large scale plant modifications were performed at that time and the risk implications of these
modifications are reflected in the seismic PSA of the plant. No seismic PSA was performed for the original
design. The plant protection against wind and snow was analysed and evaluated together, as the same
analytical approach was considered applicable to both hazards. Loss of ultimate heat sink due to the
discharge of dangerous substances into the river Danube was analysed primarily on a deterministic basis
and, subsequently, PSA was also completed for these events. The safety enhancement measures
implemented on the basis of the findings of the stress test for the Paks NPP is essential to coping with
external events endangering water intake from the river Danube. Moreover, advantage can be taken of these
measures to provide appropriate responses to numerous other potential accidents too. All the measures
related to providing direct water injection into the steam generators, the essential service water system as
well as the spent fuel pools from external, low pressure water sources using mobile equipment with the
support of the on-site fire brigade of the Paks NPP were modelled firstly in the framework of the PSA for
external events endangering water intake from the river Danube. These model parts were subsequently
linked to the PSA model of many other types of initiating events including internal events, internal hazards as
well as other external hazards. Moreover, risk assessment was performed after plant modifications had been
implemented, so the risk reductions as well as the original risk cannot be quantified so that valuable insights
could be yielded. All these facts would bias the comparison of analysis resources. Consequently, the
evaluation of the balance between the allocated analysis resources and the plant level risk significance
among the different hazard groups for the operating units is not seen feasible (that may not be fully relevant
to new designs). However, we propose to focus in later tasks of the project on elaborating good practices
related to prioritizing safety enhancement proposals based on risk reduction potential and analysis
resources. In our view, this issue is of high importance in the nuclear industry and it may be feasible to
develop an approach within the timeframe of the project.

External hazards may not have been considered with the need for completeness in the design of operating
NPP units of older design, as opposed to newer designs. The interconnections and interfacing of DSA, PSA
and HFE can be ensured more easily for new NPP builds in the design phase, as these disciplines are
supposed to be better integrated when justifying the fulfilment of the relevant (and manifold) safety
requirements including the ones that are related to the protection against the effects of external hazards.
Indeed, this should be considered as a core activity in safety design. In contrast, the utilities of the operating
fleet for earlier design may need to focus more on operational and maintenance issues, so the fulfilment of
newly emerging requirements can become burdensome to overcome. Consequently, an appropriate level of
distinction seems justifiable when applying the safety engineering process to the operating plant of earlier
designs and to the new units, respectively.

The Hungarian nuclear safety regulations prescribe that the design basis for loads from natural external
hazards shall be set at 10−4 /y hazard frequency for operating NPP units and at 10−5 /y hazard frequency for
newbuilds. Concerning man-made hazards, loads from human induced events with a 10−7 /y hazard
frequency should be considered in the design basis of operating as well as new reactors. In some cases, it is
not straightforward to determine whether a certain external hazard should be considered as a natural or a
man-made hazard. For example, events that can lead to loss of ultimate heat sink due to the discharge of
dangerous substances into the cooling river Danube are partly natural events as the substances get into the
water intake facility via the river Danube; however, among the initiators of the external event there are many
man-made endangering events (e.g. leakages or accidents at industrial facilities handling toxic substances,
accidents in oil refineries or in facilities storing and transporting (transferring) fuel or other oil by-products)
too. This aspect may worth further investigations in the later stages of the project.

Recently, motivated by the lessons learned from the Fukushima Dai-ichi accident, the application of portable
equipment has gained high importance during the verification of plant capabilities of successfully coping with
some external events as a further, redundant and diverse measure beyond the use of traditional safety
systems. It is advisable to examine in the further project tasks to what extent and how portable equipment
should be considered when the plant protection against some design basis and beyond design basis
hazards need to be verified, including deterministic as well as probabilistic aspects.
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APPENDIX B: FINAL CASE STUDY DESCRIPTIONS

B.1 Case Study Group STIN – Structural Integrity

B.1.1 Case 1: Collapse of Venting Stack Due to High Wind

Part A – Summary
Responsible Organization(s): RELKO spol. s r.o.
Case Study Identifier: STIN_1
Date: 11.02.2022
Case Study Title: Collapse of Venting Stack Due to High Wind
Relevant External Hazard(s):
 Natural non-seismic hazard / Extreme weather conditions /High wind

Plant SSC(s) Involved:
 Venting stack
 Reactor building containing the reactor, the reactor coolant system and the safety systems
 Longitudinal building containing electrical cable channels and bus rooms
 Transversal building containing electrical cable channels, bus rooms, control room and emergency

control room
 Auxiliary building containing radioactive waste
 DG building

Key Safety Requirement Topic(s):
The following IAEA safety requirements are involved in the case study:
 Physical separation and structural integrity (DSA)
 Justification of the engineering assumptions used in analysis (DSA)
 Confidence provision for defence against the occurrence of cliff-edge effects (PSA)
 Initiating event frequency estimation (PSA)
 Assessment of potential losses of safety functions (PSA)
 Uncertainty analysis of accident sequences and operating times (PSA)
 Support for developing abnormal and emergency operating procedures and severe accident (PSA)
 Situation awareness and assessment (HFE)
 Guidance selection, decision making and intelligent use of guidance (HFE)
 Flow of information between safety analyses (SE)
 Validated modelling and simulation analysis tools (SE)

Safety Analyses Involved and Support to Safety Engineering Process:
 Calculation of high wind capacity of the buildings and venting stack (DSA)
 Mutual interactions of the buildings and venting stack, angles of interactions in degrees between 0−360°

(DSA)
 Construction of the hazard curves of the site for high wind (PSA)
 Fragility analyses (construction of the fragility curves for high wind of the buildings and venting stack,

identification of high wind HCLPF) of the buildings and venting stack (PSA)
 High wind PSA (PSA)
 Uncertainty analyses for hazard, fragility and plant response analyses (PSA)
 Analyses of operator response from similar events (HFE)
 Evaluation of adequacy of modelling from the plant safety point of view (SEP)

Short Description of Case Study:
High-wind is strongly moving air flow that arises as a result of pressure equalization between areas of
different atmospheric pressure. It is a ground horizontal flow of air flowing from the pressure up to the
pressure below. In its description, the wind direction, speed and cooling effect are significant. In general, only
the horizontal component of the wind load is taken into account because its vertical component is very small
compared to the horizontal one. A similar situation is in the case of an earthquake.

The wind speed varies greatly over time, so the average wind speed (for a certain amount of time, e.g. 1, 5
or 10 minutes) and wind speed (maximum velocity in a gust) are often reported. The wind direction is
indicated by the direction from which the wind blows − either by azimuth (0−360°) or by meteorology using
world directions. Direction and wind speed are accurately measured at meteorological stations by
anemometer or anemograph, usually at a height of 10 m above the earth's surface. The more precise name
of the wind measured in this way is the ground wind, and its direction and velocity is written into the ground
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synoptic map with the values of other meteorological elements measured at the same time. The wind speed
may change rapidly, and it will be seen as a wind impact of varying intensity (gusts).

High-wind may affect critical SSCs of the plant. Wind forces exceeding the load bearing capacity of SSCs
can cause the walls or frame to collapse, or overturning the structure and component. A very strong wind
can also be capable of lifting the materials and throwing them as objects to objects (buildings) and devices
that could be damaged if they are not adequately constructed.

Most nuclear power plant structures have excellent wind resistance. However, major vulnerabilities have
been identified for non-safety structures due to their potential for collapsing on safety related structures or
equipment. An example is the venting stack. Collapse of the venting stack may damage the safety-related
buildings (reactor building, longitudinal and transversal building, DG station and auxiliary building) in case of
WWER440/V213 type reactors.

The case study describes the construction of the hazard curves for the high-wind and construction of the
fragility curves for the different plant structures. Implementation into the PSA study is presented. Contribution
to the total risk is quantified and uncertainty sources are identified.
Administrative and/or Technical Measures Implemented Based on Case Study Results:
 Identification of the dominant accident sequences
 Verification and increasing of high wind capacity of buildings and venting stack (implementation of

safety measures)
Part B – Detailed Description

1 Introduction

After the severe accidents in the Fukushima Dai-ichi plant the European Council requested to
perform comprehensive safety and risk assessment for all nuclear power plants in the European Union. The
analyses were performed at the national level, the peer review on the European level. The task was to
evaluate how the nuclear power plants can withstand the consequences of various behind design basis
extreme external events.

The nuclear regulatory authorities over the world, also the Slovak Nuclear Regulatory Authority (UJD SR),
required to analyze the impact of more severe external events with frequency of occurrence 1.0E-4 − 1.0E-7
per year. These external events can have higher impact on the plant than the design basis events. For such
increased impact it is necessary to perform the risk assessment and to quantify the contribution to the total
risk of plant operation. Also, the impact of combination of these events must be analyzed because
simultaneous occurrence of several events further increases the load on buildings and equipment.

The non-seismic natural external event PSA is focused on relatively low number of external events. After
careful evaluation of the list of external events, the following events were selected for the Slovak plants:
 High wind
 Tornado
 Extreme snow
 Extremely high air temperature
 Extremely low air temperature
 Icing
 Lightning

The dominant contribution to the risk is from the high wind.

2 BESEP Safety Requirements Addressed

The basic BESEP safety requirements addressed in the case study for DSA and PSA are the following:
 BESEP_DSA_FSEP_003: The systems of different safety classes shall be functionally separated so

that failure of a system or component of a lower safety class does not affect a function of a higher safety
class.

 BESEP_PSA_BAL_002: PSA shall be used to confirm that the risk related to a single external hazard
does not dominate the overall risk results.

The following HFE requirement will be fulfilled:
 BESEP_HFE_GS_002: The procedures and guides shall be designed to support the human

performance in decision making.
The following SEP requirement will be fulfilled:
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 BESEP_SEP_VV_004: In the case of external hazards the NPP shall be safely shut down and kept in a
subcritical state, the residual heat removal shall be ensured and the leakages of radioactive substances
shall be kept below the specified limits.

3 Safety Analyses Performed

3.1 Deterministic Safety Analyses

The deterministic safety analyses performed are listed in Summary part of the case study description.
Structures subjected to wind loading, has been evaluated in the following steps [1,2]:
 Calculation of dynamic response in structural elements using finite element method
 Evaluation of design combinations involving wind loading
 Assessment of wind capacity for structural elements by CDFM (Conservative Deterministic Failure

Margin) method

The HCLPF value (High Confidence of Low Probability of Failure) is calculated to determine the wind
capacity of building structures, systems and components (SSC) which represents the achieved wind margin
capacity.

Reliable function of the structural elements is conditioned by fulfilment of design criteria, given by design
standards for structures, or by special service criteria, defining for instance requirements on occurrence of
cracking, crack width limits, maximum deformations, deflections or velocities. Design criteria are given in
Slovak or European Codes and define the capacity of structural elements and joints in terms of their ultimate
strength (expressed usually by allowable stress levels or maximum internal forces) or limits of deformations
or cracking. The criteria for the serviceability limit states, provided by those codes are for conventional
buildings only. The design against high wind follows European engineering standards for conventional
buildings, i.e. the Eurocodes. For wind, EN 1990:2002 and EN 1991-1-4:2005 are the standards to be
applied.

Complex FEM (Finite Element Method) model was constructed for all structures. This model was used for
checking of structural reliability of steel and concrete structures. Reinforced concrete structures were
modelled using shell elements, for steel elements (columns, girders, frames, bracing) beam and truss
elements were used. The HCLPF of the structure is given by the lowest HCLPF value of its structural
elements.

The deterministic safety analyses have shown that the structures of the plant will resist to wind-induced
forces safely and that the design basis high gust wind speed and 10 minutes high wind speeds will not
endanger the safety functions. However, major vulnerabilities have been identified for non-safety structures
due to their potential for collapsing on safety related structures or equipment. An example is the venting
stack. Collapse of the venting stack in case of behind design bases wind speed may damage the safety-
related buildings (reactor building, longitudinal and transversal building, DG station and auxiliary building).
Therefore, safety measures are implemented to improve safety of the plant. Steel ropes installed on the
venting stack prevent falling of the stack on the safety related structures.

3.2 Probabilistic Safety Analyses

Three steps of external event non-seismic PSA are:
 Hazard analysis
 SSC fragility evaluation and
 PSA model development including quantification

3.2.1 Probabilistic Hazard Analyses

The objective of the probabilistic hazard analyses is to construct the hazard curves for the site for high wind
loading. The hazard curves for the Mochovce site were constructed using the extreme value theory [3,4].

The extreme value theory is unique as a statistical discipline. It develops techniques and models for
describing unusual events. Extreme values are scarce. Estimates are required for levels of a process that
are much greater than already have been observed. This involves an extrapolation from observed levels to
unobserved levels. The extreme value theory provides a class of models to enable such extrapolation. It is a
solid theoretical basis and framework for it. The impact of extreme meteorological conditions on safety of
WWER440 reactors is being evaluated in the light of Fukushima accident. Only extreme meteorological
conditions can have impact on the plant safety. The nuclear power plants are protected against all
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meteorological conditions that are likely to experience within the projected life time. The challenge is to
estimate the frequency of such meteorological conditions which has potential to damage the plant. In this
case study the extreme wind is involved. A common rule of success of this activity is to have at least
30 years of daily data.

The high wind at the site of the plant is characterized by maximal daily wind speed. The SHMU (Slovak
Hydro-meteorological Institute) data for 30 years (1987-2016) were used to construct the hazard curves for
the site of the Mochovce plant (Figure 1).

Figure 1 Hazard curves for the high wind for different confidence levels

3.2.2 SSC Fragility Evaluation

The parameters for high wind fragility Vm, βR and βU are estimated for different SSCs using design data (e. g.
wall thickness, reinforcement, and anchorage) and variability associated with the wind response and
capacity.

The HCLPF is connected with the median wind capacity using the following formula:

HCLPF ≈ Vm e-2.326 βc

where βc = (βR
2 + βU

2)1/2 is the logarithmic standard deviation.

The deterministic parameter obtained from DSA:

HCLPF = Vm exp (−1.65 (βU + βR)).

The design values of the venting stack for wind loading are:
 HCLPF = 38.7 m/s for 10 minutes wind speed, measured at 10 m above the earth's surface, and
 HCLPF = 54 m/s for gust wind impact at 10 m above the earth's surface.

The fragility curves of venting stack for 10 minutes high wind duration are presented in Figure 2.
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Figure 2 The fragility curves of venting stack for 10 minutes high wind duration

3.2.3 PSA model development including quantification

The internal event PSA model was used to develop the high wind PSA model. Generic event tree was
constructed, the existing systemic event trees were modified. Basic events were built into the PSA model
that represents the occurrence of high wind-induced failures. Three wind-speed ranges were selected to
define the external event initiating events for the PSA quantification process (EE-01: 20-50 m/s, EE-02:
50-100 m/s, EE-03: 100-150 m/s).

The high wind PSA model was developed using the RiskSpectrum PSA Professional code. The software
module HazardLite is used to convolute hazard and fragility curves and thus to calculate the high wind-
induced failure probabilities.

The calculated mean value of the core damage frequency for all three wind-speed ranges is 2.23E-7/y. After
implementation of safety measures (steel ropes installed on the venting stack to prevent falling of the stack
on the safety related structures) the core damage frequency is reduced to 1.74E-7/y. The risk is decreased
by 28%. Dominant risk reduction is in wind-speed range EE-02: 50-100 m/s (77%).

3.3 Human Factor Engineering

The application of HEF (Human Factor Engineering) for the high wind is described. In case of high wind, the
HEPs (Human Error Probabilities) are adjusted as follows:

a. Up to wind speed of 50m/s the HEPs are taken over without modification from the PSA model for
internal events (transients and LOCAs).

b. In the case of wind speed from 50 m/s to 100 m/s, a linear interpolation between these values will
be adopted.

c. From 100 m/s, all human actions shall be considered as guaranteed failed. High winds cause
considerable damage to the safety important and unimportant structures, systems and
components. External event also leads to the irreversible process of degradation of buildings and
safety systems including critical instrumentation.

The HEF model for high wind is described graphically in Figure 3.
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Figure 3 Dependence of HEPs on the wind speed

4 Summary of the Safety Engineering Process

The Fukushima accident has shown us that defence-in-depth of NPPs with WWER440 type reactors should
be strengthened by taking into account severe accidents resulting from extreme natural hazards significantly
exceeding the design basis. Such situations can result in devastation and isolation of the site, an event of
long duration, unavailability of numerous safety systems, simultaneous accidents of several plants including
their spent fuel pools, and the presence of radioactive releases. Necessary implementation of measures
allowing prevention of accidents and limitation of their consequences in case of extreme natural hazards is a
finding of the re-evaluation of the risk.

The case study results for the behind design basis high wind demonstrate that the plant risk is reduced after
implementation of safety measures (use of steel ropes to prevent falling of venting stack on safety related
buildings). The venting stack is able to withstand the design basis high wind speed. However, exceeding this
wind speed value leads to its falling. The case study results confirm that under condition of behind design
basis wind speed the plant shall be safely shut down and kept in a subcritical state, the residual heat
removal shall be ensured and the leakages of radioactive substances shall be kept below the specified limits.
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B.1.2 Case 2: Probabilistic Analysis of Aircraft Crash Risk

Part A – Summary
Responsible Organization(s): UJV (with the help of CEZ)
Case Study Identifier: STIN_2
Date: 13.2.2022
Case Study Title: Probabilistic analysis of aircraft crash risk
Relevant External Hazard(s):
Aircraft crash
Plant SSC(s) Involved:
 reactor building;
 turbine hall;
 DG station building;
 cooling water and fire water central pumping station;
 special building with emergency feedwater system inside;
 central stack for air-conditioning systems;
 cooling towers;
 electric power supply components and systems located outside the buildings.

Key Safety Requirement Topic(s):
 physical separation and structural integrity (DSA)
 independence and strength of the individual defence-in-depth levels (DSA)
 justification of the engineering assumptions used in analysis (DSA)
 fulfilment of quantitative safety goals (PSA)
 initiating event frequency estimation (PSA)
 applicable HSI (Human System Interface) (HFE)
 flow of information between safety analyses (SE)

Safety Analyses Involved and Support to Safety Engineering Process:
 evaluation of frequency of aircraft flights over the area of Czech Republic and NPP Dukovany site (DSA

with probabilistic features);
 determination of probability of the hit of specific objects at the NPP site after the aircraft crash (DSA with

probabilistic features);
 evaluation of consequences of impact of aircraft fall into the NPP site for various types (categories) of

aircraft (DSA);
 initiating events analysis (DSA);
 probabilistic analysis of accident scenarios after aircraft fall into the NPP site (PSA);
 integration of DSA and PSA parts of the analysis into a common model.

Concise Description of Case Study:
The study was made in 2010 and up-dated in 2018 as one segment of the analysis of external hazards and
the first one related to man-induced external hazards. The analysis was divided into the following steps:
 definition of basic categories of aircraft;
 detailed analysis of location of airports in the vicinity of NPP, as well as other airports in Czech Republic

(and abroad), followed by analysis of flight routes between the airports, including frequencies of flights
for four categories of aircraft;

 analysis of frequency and routes of flights in the plant vicinity for various categories of aircraft (there is
military aircraft located relatively close to the plant);

 specification and classification of plant constructions which could be target of crashed plane, including
specification of safety important SSCs belonging to them, evaluation of vulnerability of SSCs for various
categories of aircraft;

 quantification of conditional probability that the given SSC (plant construction/building) would be hit by
crashed plane;

 evaluation of consequences of aircraft fall (for various airplane categories) on specific plant
constructions;

 initiating events analysis for making the following decisions: 1)which internal initiating events can be
used to represent the aircraft crash scenarios directly 2)how the already existing initiating events have
to be modified to cover the specifics of the aircraft crash scenarios;

 accident sequence analysis (with significant application of conservative assumptions regarding loss of
safety important SSCs due to aircraft fall and hit impact), including specification of success criteria for
safety systems;

 analysis of aircraft fall impact on specific systems and components configurations in low power and
shutdown plant operational states;
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 quantification of PSA model;
 evaluation and interpretation of results, recommendation regarding possible measures to be adopted.

The first part of the analysis concentrated upon the analysis of a broad set of data related to number of
flights of aircraft from various categories, what was a key step for derivation of aircraft crash frequencies and
conditional probabilities of hitting (and loosing) key SSCs. PSA model for internal events was used in the
phase of accident sequence analysis, where many SSCs were supposed to be completely unavailable or
unavailable with high conditional conservative probability based on expert judgment (according to the target
of the hit).

The final quantitative result of the analysis was that the aircraft crash contribution to the risk is low. It is not
completely negligible, but it does not belong to the dominant risk contributors for NPP Dukovany.
Administrative and/or Technical Measures Implemented Based on Case Study Results:
Recommendations were made on the base of results of the analysis. Two examples follow.
 A recommendation was oriented to the analytical support. It was proposed that a more detailed

deterministic analysis should be made regarding possible consequences of aircraft fall into the area of
(large) turbine building. There are many components of safety related systems located in the overall
area of the building, including safety important components of auxiliary systems (service water, electric
supply busses). That make the more detailed analysis of aircraft fall into turbine building a really
complex task.

 Another recommendation was to consider construction of interconnection of the discharge lines of two
central cooling water stations available for the plant. The unaffected cooling water station could be used
as backup of the damaged one in case of destroying it by aircraft crash. This could be important for long
term residual heat removal after this initiating event.

Part B – Detailed Description
1. Introduction

In Czech Republic, the scope and structure of external hazards analysis is given be the Decree [1], which is
an integral part of State (atomic) Law and, more in detail in the guide [2]. The aircraft crash represents a
man-related hazard, which is required to be analysed in deterministic way and addressed in the Plant Safety
Reports for both Czech NPP sites, as well as in the probabilistic safety assessment for these sites. One of
the reasons for making this requirement is the fact that military airports are located in the vicinity of both plant
sites. The analysis presented here will concerns NPP Dukovany site, where the military aircraft Namest is
located close to the plant. This case study is concerned with the description and evaluation of the applied
safety engineering process aimed at justifying sufficiently low level of risk caused by aircraft crash for the
NPP Dukovany. Besides the facts transferred from NPP Dukovany PSA [3] to the description of the case
study, there are also supporting facts used in the PSA taken from plant safety report

2. Safety Requirements Addressed

There are many safety requirements identified in the BESEP Task 2.2, which have some connection with the
case study described here. The following ones were selected as the most relevant to the specific features of
aircraft crash risk analysis carried out for NPP Dukovany.

Area: Physical separation and structural integrity (DSA)
BESEP_DSA_PSEP_001: Redundant safety systems that have a role in mitigating the effects of external
hazards shall be located so that these effects cannot hinder the performance of safety functions of all
redundant components simultaneously.

Area: Diversity and common-cause failure criteria (DSA)
BESEP_DSA_DCCF_002: Diversity shall be applied within and between defence-in-depth levels so that a
common-cause failure of any individual component type shall not prevent managing the initiating event.

Area: Redundancy and single failure criteria (DSA)
BESEP_DSA_RED_001: Systems performing a safety function designed against external hazards shall be
operable even if a single failure of systems, structures or system components of the safety function is
assumed.

Area: Justification of the engineering assumptions used in analysis (DSA)
BESEP_DSA_JEA_001: The engineering assumptions applied in conducting the deterministic safety
analysis shall be appropriately justified.
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BESEP_DSA_JEA_002: When estimating the manual operation times, they shall be based on actual
operational data and possible engineering assumptions shall be justified.

Area: Risk-informed management and balance of nuclear power plant design (PSA)
BESEP_PSA_BAL_002: PSA shall be used to confirm that the risk related to a single external hazard does
not dominate the overall risk results.

Area: Initiating event frequency estimation (PSA)
BESEP_PSA_IEF_002: The site-specific analysis for external hazard is used in the estimation of initiating
event frequencies.

Area: Assessment of potential losses of safety functions (PSA)
BESEP_PSA_ALSF_001: The potential losses of safety functions shall be evaluated based on the resilience
of the NPP against the hazards, taking into consideration current status of all systems, structures and
components relevant to nuclear safety.

Area: Situation awareness and assessment (HFE)
BESEP_HFE_SAA_003: Relevant information related to the procedures and guides shall be presented for
the operators to assess the situation, to see the plant response to actions and to assess the progress of the
plant state.

Area: Guidance selection, decision making and intelligent use of guidance(HFE)
BESEP_HFE_GS_003: The procedures and guides shall be designed taking into account the human
capabilities and limitations and the human reliability analyses.

Area: Team working, effective communication and collaboration (HFE)
BESEP_HFE_TW_002 Team working shall be enhanced through procedures, guides and tools.

Area: Safety design and requirement management for external hazards (SE)
BESEP_SEP_SDRM_006: Realistic combinations of the individual events shall be considered during
initiating event frequency estimation, including external and internal events, and they shall be selected by
taking into account both engineering considerations and probabilistic analyses.

BESEP_SEP_SDRM_007: The decision whether a given hazard of low probability is relevant for the nuclear
safety of the power plant, shall be based on engineering judgement, for example using fragility curves.

BESEP_SEP_SDRM_008: The fulfilment of specified safety functions, the suitability of the planned
interventions of the NPP operator, the availability of selected other safety-relevant equipment shall be
analysed related to external hazards.

Area: Flow of information between safety analyses (SE)
BESEP_SEP_FISA_001: When several different types of safety analyses are used to provide evidence, the
information flow between safety analyses shall be defined.

BESEP_SEP_FISA_002: The flow of information shall support reaching the comprehensive understanding
on the issue analysed.

Area: Verification and validation (V&V) of design (SE)
BESEP_SEP_VV_004: In the case of external hazards the NPP shall be safely shut down and kept in a
subcritical state, the residual heat removal shall be ensured and the leakages of radioactive substances shall
be kept below the specified limits.

3. Safety Analyses Performed

Collection of information about air traffic

At the beginning of the aircraft risk analysis, the information about the airports and a number of the flights in
the vicinity of NPP Dukovany was collected (on the base of specific chapter of PSR).

The site is protected administratively by so called prohibited flight space of the shape of cylinder with the
diameter of approximately 2 kilometres with the middle point between two NPP Dukovany production units,
with the bottom at terrain level and the upper at flight level at 1500 meters. No flight is allowed to go through
this area.
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The site belongs to the specific area of controlled operation of military airport Namest. All air traffic is
monitored in this area and limited by specific rules. These rules significantly limit the potential for
unintentional flight through NPP Dukovany prohibited area.

The Commercial flights over the NPP Dukovany site are operated along standard flight routes and the
distance of most of these routes from NPP Dukovany area is from 20 to 31 kilometres, what makes their
importance regarding aircraft crash risk negligible.

Definition of structures important as potential targets of aircraft crash

The selection of structures for the later analysis was carried out on the base of requirements regarding
protection of safety important equipment (components supporting safety functions) against floating objects
(PSR was used).

Table 1: Safety important objects addressed in aircraft crash risk analysis

Structure addressed in aircraft risk analysis

Reactor building
Specific buildings with electric equipment next to reactor building
Turbine hall
Diesel generator station
The building of component cooling water and fire water pumps
Emergency feedwater building
Ventilation stack
Cooling towers
Structures of ultimate heat sink equipment
Specific side building at turbine hall

The ventilation stack, emergency feedwater building and a specific side building at turbine hall were
excluded from later analysis as the aircraft fall on them does not represent initiating event. The diesel
generator station was included conservatively (the aircraft fall does not represent initiating event, but the
event was supposed to be that important that it could lead to IE).

The specification of probability of being a target for the hit was based on the length and wideness of the
individual structures; this information was transferred from PSR. In the first part of the analysis, all selected
subjects were described in detail. The most important information was, which safety important components
were present in each of the selected buildings.

Introduction of the aircraft categories into the analysis

The aircraft crash has got different impact for the planes of different size, that´s why it was necessary to
define several categories to address that feature. The following categories were defined in coincidence with
NPP Dukovany PSR:

1. Military aircraft – all military aircraft up to 15 tons of weight (it is normally divided into light military
and heavy military aircraft, but such division has not been applied in the case of NPP Dukovany
because the fleet of heavy military aircraft is very small in Czech Rep.

2. Commercial aircraft with the planes of more than 5.7 tons weight, typically the aircraft transporting
people, which is operated at regular schedules, or charter flights

3. Small private aircraft of weight of 0.45 tons – 5.7 tons,
4. Very small (ultralight) wind driven aircraft up to 0.45 tons of weight.
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Determination of annual frequency of aircraft crash for NPP Dukovany site and the individual categories of
aircraft

The total annual frequency of aircraft crash was determined by using the following formula:

𝐹 = 𝐹1,𝑘𝑎𝑡 + 𝐹2,𝑘𝑎𝑡 + 𝐹3,𝑘𝑎𝑡 (1)

where
F is the final estimate of annual frequency, per year,

𝐹1,𝑘𝑎𝑡 – is an estimate of annual frequency of aircraft crash caused by common aircraft operation (for
each aircraft category).

𝐹2,𝑘𝑎𝑡 – is an estimate of annual frequency of aircraft crash during the flights taken from the airports
close to NPP (for each aircraft category).

𝐹3,𝑘𝑎𝑡 – is an estimate of annual frequency of aircraft crash related to the flight along the routes close
to NPP (for each aircraft category).

In general, the frequencies were derived on the base of statistics of real crash events in Czech Republic. For
the aircraft crash caused by common aircraft operation, the following formula was used (taken from plant
PSR)

𝐹1,𝑘𝑎𝑡 = 𝑛𝑘𝑎𝑡
𝐴𝑟𝑒𝑓×𝑇𝑘𝑎𝑡

× 𝐴𝑒𝑓𝑓 (2)

where:
𝑛𝑘𝑎𝑡 – is a number of aircraft crash for each category of planes over the time period investigated;
𝐴𝑟𝑒𝑓 – is a referential area the data about crash events were collected from (Czech Republic);

Aref = 78 863km2;
𝑇𝑘𝑎𝑡 – is time period, the data about crash accidents were collected from;
𝐴𝑒𝑓𝑓 – is effective area of target object for each aircraft category.

The aircraft crash statistics was transferred from PSR or from other relevant information sources for all plane
categories (database Aviation Safety Network, viz www.aviation-safety.net). The time period of 40 calendar
years (1970-2009) was addressed. The results of the analysis are presented in the following table.

Table 2: Summary on aircraft crashes over the area of Czech Rep.

Plane category Time period (Tkat) Number of events
„aircraft accident“

Number of events „aircraft
fall to ground“

military (VOJ) 17 (1993-2009) 19 16
commercial (OBCH) 40 (1970-2009) 23 2
small private 17 (1993-2009) 31 22
very small (wind) 13 (1997-2009) 40 29

For each plane category, a specific value of Aeff was derived in PSR and transferred to the risk analysis from
there. The annual frequencies of aircraft crash due to common aircraft operation are presented in Table 3
below.

The following formula was used for determination of annual frequency in the case of the flights from the
airports close to the plant site

𝐹2,𝑘𝑎𝑡 = 𝑃1×𝑁𝐶×𝐴𝑒𝑓𝑓

2×𝜋×𝑅
(3)

where:
𝑃1 – is a probability of aircraft accident related to 1 km of flight; P1 = 1.0 x 10-7 1/km,
𝑁𝑐 – is the total number of flights per year,
𝐴𝑒𝑓𝑓 – is effective area of target object for each aircraft category,
𝑅 – is the distance of the airport from the specific target object.

The only airport located close to the plant site is Namest. The information about the number of flights
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operated at this airport was used. The annual frequency values of aircraft crash for these flights, for each
plane category and each target subject at NPP site are presented in Table 3.

The contribution of aircraft crash related to the flights along the routes close to the plant site was neglected
on the base of detailed analysis.

Determination of the effective area of target objects Aeff

The following formulas were used for determination of the effective area:

𝐴𝑒𝑓𝑓 = 𝐴𝑓 + 𝐴𝑠 (4)

𝐴𝑓 = 𝐻 × (𝐵 + 𝑊𝑆) (5)

𝐴𝑆 = (𝑊𝑆 + 𝑅) × 𝑆 (6)

where:
𝐴𝑓 – is the effective area of direct hit of the target object,
𝐴𝑠 – is the effective area of indirect hit of the target object (by aircraft slide along the ground),
𝑊𝑆 – is the span of aircraft wings,
𝐵 – is the length of the diagonal of target object,
𝑆 – is the average length of aircraft slide.
𝐻 = ℎ × 𝑐𝑜𝑠 𝛼 + 𝑏 × 𝑠𝑖𝑛 𝛼,

ℎ – height of the target object,
𝑏 – length of the target object,
𝛼 – average angle of expected aircraft fall to ground.

For the target objects of more complex shape, the shape was conservatively approximated by the closest
bigger simple shape, for which the formula above could be used.

Determination of the overall frequency of hitting the target object

The total annual frequency of the hit is given by the sum of frequencies F1,kat, F2,kat a F3,kat, see equation (1).
These frequencies were derived for all target objects and all categories of aircraft. A sample of frequency
values for reactor building is presented in Table 3.

Table 3: Aircraft fall and hit annual frequencies for reactor building (without addressing the local limitations
regarding flights in the plant area

Object Aircraft category F1,kat [1/y] F2,kat [1/y] F3,kat [1/y] F [1/y]

Reactor
building

Military 6.7 x 10-8 7.7 x 10-8 0 1.4 x 10-7

Commercial 4.9 x 10-9 0 0 4.9 x 10-9

Small 9.2 x 10-8 1.9 x 10-9 0 9.4 x 10-8

Very small 1.6 x 10-7 1.9 x 10-9 0 1.6 x 10-7

The plant site is protected by the status of prohibited flight operation, which significantly decreases the
potential for operation of aircraft in plant vicinity. This status can be represented by specific coefficient C
expressing lower probability that the plane route will tough plant area. The C values are specific for each
aircraft category, in principle, but the same value was used for the category of small and very small aircraft.
For the category of Commercial aircraft, no impact of the protection status was expected. A sample of values
valid for reactor building is presented in the following table, where the value in the third column was
transferred from the previous table, the value of the protection coefficient is presented in the fourth column
and the value in the fifth column, representing modified annual frequency of aircraft fall into the plant site, is
a product of the values from the third and fourth column.
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Table 4: Modified aircraft fall and hit annual frequencies for reactor building, addressing the local limitations
regarding flights in the plant area

Object Aircraft category F[1/y] C fIU[1/y]

Reactor building

Military 1.4 x 10-7 0.26 3.7 x 10-8

Commercial 4.9 x 10-9 1.00 4.9 x 10-9

Small 9.4 x 10-8 0.43 4.1 x 10-8

Very small 1.6 x 10-7 0.43 6.9 x 10-9

Identification and screening of initiating events

To simplify the next analysis, one category of aircraft was selected for each object – it was conservatively
such category, where the risk contribution was expected as highest (estimated IE frequencies as well as
CDFs were considered). The worst point of aircraft hit from risk point of view was conservatively considered.
For the hit by aircraft from the category “military” and “commercial, impact on the plant response by the hit
was generally considered, for the following reasons:
− possibility of catastrophic damage of the object (high kinetic energy of the plane, of the missiles

generated, big volume of the fuel in aircraft tanks);
− possibility of generation of more than one missile (commercial aircraft usually possess more than one

engine);
− possibility of explosion of military arsenal located at the military aircraft;
− possibility of damage of neighbour objects (big span of aircraft wings, high kinetic energy generated by

the fall, big volume of fuel in the tanks);
− possibility of direct damage of reactor core or spent fuel pool (in the case of aircraft fall on reactor

building).

The analysis was systematically documented in the way, presented for the case of reactor building in
Table 5.

Table 5: Analysis for support of possible screening of risk negligible aircraft crash events for reactor building

Object Aircraft
category

fIU

[1/y]
Object

damaged
Expected plant

response Screening Screening
why

Reactor
building

Military 3.7 x 10-8 Yes Impacted No -
Commercial 4.9 x 10-9 Yes Impacted Yes IE frequency

Small 4.1 x 10-8 Yes Impacted No -
Very small 6.9x 10-8 Yes Impacted No -

Evaluation of consequences of aircraft fall

The evaluation of consequences of aircraft fall represents deterministic analysis of structural integrity of the
object being hit and loss of function of structures, systems and components important for plant safety due to
the hit. The methodology DOE-STD-3014-96 providing description of conservative simplified approach to the
analysis was used. The following aspects were considered:
 local damage including generation of consequent missiles, scabbing, penetration of the structure etc.;
 global damage – collapse of the structure, vibrations etc.;
 limited damage regarding the structure as a whole, but loss of important systems or components

(the missile falls close to them).

For each category of aircraft, typical missile representing the damage potential was defined and described
by the representative parameters (missile speed at the point of hit, diameter of the missile, weight of the
missile). In most cases, the parameters represent a missile formed from the aircraft engine. In the case of
military aircraft, the aircraft operated in the Namest airport located close to the NPP was selected as
representative.
Specific deterministic formulae taken from DOE-STD-3014-96 were used for evaluation of the degree of
structures, systems or components local damage, where concrete and steel was considered as the materials
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facing the hit. For the case of global damage and loss of important systems or components, the approaches
used in PSR were applied.
Several critical locations were specified for each object, the analysis of structural damage was made for. For
the reactor building, for example, these alternatives were:
 aircraft fall to the floor of reactor room (+18.9 m);
 aircraft fall into the reactor shaft;
 aircraft fall into the spent fuel pool.

The impact of aircraft fall was evaluated for each location and each aircraft category specifically. The results
for reactor building are summarized in Table 6.

Table 6: Analysis of the impact of aircraft fall onto the reactor building

Location hit Aircraft
category

Local damage
Global

damage
Loss of system

functionConcrete Steel
scabbing penetration penetration

Floor
(+18.9m)

Military) No No - No No
Commercial Yes No - No Yes

Small No No - No No
Very small No No - No No

Reactor
shaft

Military) - - Yes / -* No Yes
Commercial - - Yes / -* No Yes

Small - - No/ -* No No/ Yes*
Very small - - No/ -* No No/ Yes*

Spent fuel
pool

Military) Yes Yes - No Yes
Commercial Yes Ye Yes s - No Yes

Small Yes - No Yes
Very small Yes No - No Yes

*Not valid in the operational regimes with reactor shaft opened. Loss of function of all related SSCs is
expected in such case, caused by the fire of the fuel released from aircraft tanks and by mechanical damage
by the hit. IU identification for the event aircraft crash

On the base of previous analysis, initiating events occurrence was systematically postulated for the
individual targets and aircraft categories. The results of IU identification became specific for the specific
conditions of the individual plant operational regimes.

Accident sequence analysis

This part of the analysis followed typical PSA framework, which is well-known from internal events analysis.
It will be described just in brief here.
The IE was defined as “random event of aircraft hit of the NPP”. The security matters (terrorist attack)
were not included into the analysis. The following groups of events were introduced on the base of the target
of the hit:
− IU AC1.2 – aircraft crash with the reactor building – reactor shaft hit
− IU AC1.3 − aircraft crash with the reactor building – spent fuel pool hit
− IU AC3.1 – aircraft crash with the turbine building – turbine hit
− IU AC3.2 – aircraft crash with the turbine building – significant elements of service water system hit
− IU AC5.1 – aircraft crash with component cooling water station hit, all four component cooling water

divisions lost

These five basic categories of events were further divided into more specific initiating events on the base of
plant status (operational state) at the time point of the hit. Each individual variant – initiating event was
described in brief in the documentation, including consequences. The next step of the analysis was
specification of the safety functions possibly lost due to the initiating event:
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− IU AC1.2 – primary circuit integrity
− IU AC1.3 – spent fuel pool cooling and heat removal
− IU AC3.1 – reactor core heat removal
− IU AC3.2 – reactor core and spent fuel pool heat removal
− IU AC5.1 – reactor core heat removal.

In the next phase of the analysis, event trees were developed for all individual initiating events defined and
success criteria were systematically postulated. This part of the analysis took into consideration the specific
conditions of the individual plant operation regimes. Where necessary, specific event trees or success
criteria were adopted for the individual operation regimes. Since the small event tree – large fault free
method was adopted in this PSA study for internal event analysis, a more complicated success criteria were
reflected in the fault tree logic (usually as a part of specific interface between fault trees and events trees.
One differentiation point regarding the success criteria was the borderline between the scenario categories
representing complete blackout and the scenarios without blackout (due to the basic differences between the
course of the event in these two cases).
As usually, the event tree headings covered successes/failures of the systems or operators participating in
plant response to the initiating event caused by aircraft crash. It was preferred to sort the headings in
accordance with expected timing of the plant response. An example of a set of event tree headings for the
initiating event „aircraft crash with turbine hall hit“ is given in the following table.

Table 7: A set of event tree headings for the initiating event aircraft crash with the hit of turbine hall

Safety functions
followed Heading Description

Subcriticality ROR+BOR Reactor scram by RTS or RLS, or by insertion of boric acid into RCS
by high pressure make-up or emergency core cooling

Heat removal
from primary
circuit.

BLACKOUT Loss of electric power supply from the 6kV busses (BV, BW, BX).
F&B Bleed & Feed procedure by means of high pressure emergency core

cooling
F&B-SHCHZ Bleed & Feed procedure by emergency core cooling in the primary

circuit low pressure status
NDČ Primary circuit make-up by low pressure heat removal system

INJ-BV Spent fuel pool make-up by emergency core cooling pump under
specific conditions of S8

INJ-S10-SO Spent fuel pool make-up by emergency core cooling pump under
specific conditions of S10

XL-RE/BV Reactor core or spent fuel pool coolant delivery by gravitation) from
XL system (bubble tower)

Primary circuit
integrity.

TREND-30-T Primary circuit cooling by the trend of 30°C/hour

Primary circuit
coolant delivery

TJR+OA Recirculation of high pressure coolant delivery (set up manually from
control room) over the sump.

Some assumptions made for accident sequence analysis

Some assumptions and conclusions based on deterministic analysis, which were made for the purpose of
probabilistic accident sequence analysis and commented more in detail in the PSA documentation, follow
below to show some more features of the analysis and the approach to the scope and level of detail of the
analysis:.

1. The availability of the equipment not directly influenced by aircraft crash can be restored up to
24 hours.

2. The probability of fuel damage in spent fuel pool after the fall of very small plane is negligible.
3. The probability of fuel damage in spent fuel pool after the fall of a plane from all categories onto the

floor of reactor building is negligible.
4. The probability of fuel damage in spent fuel pool after the fall of a small and very small plane on the
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turbine hall is negligible.
5. The probability of fuel damage in reactor core after the fall of a small and very small plane on the

turbine hall is negligible. In addition, the equipment of the objects adjacent to the turbine hall will not
be damaged.

6. In case of fall of the military plane on the turbine hall, the equipment in the building adjacent to the
turbine hall will be damaged and unavailable for plant response.

7. The probability of fuel damage in reactor core after the fall of a small and very small plane on the
central cooling station is negligible.

8. The probability of fuel damage in spent fuel pool after the fall of a small and very small plane on the
central cooling station is negligible.

9. The probability of fuel damage in reactor core after the military aircraft hit into three or less
component cooling water divisions (at central cooling station) is negligible.

10. The probability of fuel damage in spent fuel pool after the military aircraft hit into three or less
component cooling water divisions (at central cooling station) is negligible.

11. The hit of reactor shaft by military aircraft leads to the core damage with probability one.
12. The hit of a small or very small plane onto the reactor shaft during plant operational states S8, S9

and S10 (operational regime 6 – outage with fuel in reactor core) leads to core damage with
probability one.

13. The hit of military or small private aircraft onto the spent fuel pool leads to fuel damage with
probability one.

14. The hit of military aircraft onto the turbine hall with direct impact on the service water system piping
leads to core damage with probability one.

15. The hit of aircraft of any category onto the turbine hall will cause unavailability of selected equipment
(main feedwater system, residual feedwater system, pumps, condensate pumps, transformers
feeding the 6kV busses of uninterruptible power supply, transformers feeding 6kV busses of back-up
power supply.

16. The military plane fall onto the component cooling station can cause loss of all four component
cooling water divisions with consequent unavailability of the component cooling water system or
service water system, i.e. loss of ultimate heat sink.

17. The availability of ultimate heat sink will not be threatened by the collapsed cooling towers after the
aircraft fall onto them.

18. It is necessary to assure core subcriticality after the aircraft crash initiating event for all such initiating
events occurring when plant is operated on power (operational regime R1) as well as close to power
(operational regime R2).

19. A fast injection of coolant by high pressure emergency core cooling system or primary circuit make-
up is sufficient for successful and timely reactor cooldown in the plant operation regimes R1 and R2.

20. Fire water pumps can be successfully used as sources of coolant for steam generators to assure
sufficient heat removal from the primary circuit in all plant operation states, except for S8 and S10
(operational regime R6 with reactor open).

21. It is not necessary to cooldown the reactor completely (to the cold status) after the aircraft event
when the plant is operated in the status S1 to S4.

22. The low pressure emergency core cooling system cannot be used for successful cooling down the
primary circuit by the Bleed & Feed procedure after loss of secondary circuit in the operational states
S1 to S5 (conservative assumption). The conclusions taken from the specific analyses regarding
applicability of Bleed & Feed procedure for the occurrence of aircraft initiating event during full-power
operation are also valid for the operational states S1 to S5 (conservative assumption).

23. As soon as the residual heat removal system has been lost due to aircraft crash event when the
plant becomes in transitional states between full operation and outage, one division of emergency
feedwater is sufficient for plant cooldown.

24. As soon as the residual heat removal system has been lost due to aircraft crash event when the
plant becomes in outage (operational states S8 and S10), two divisions of emergency feedwater are
necessary for plant cooldown, or one division of emergency feedwater when the low pressure
residual heat removal pumps are able to provide sufficient support.

25. The fire water pumps do not have sufficient capacity (flow) for feeding of steam generators for
complete heat removal from primary circuit in the plant operation states S8 to S10 (plant outage).

26. The low pressure emergency core cooling pump is sufficient for primary circuit heat removal by
means of Bleed & Feed procedure when the secondary circuit is lost in the operational states S6 and
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S7.
27. The high pressure emergency core cooling pumps can be used for the Bleed & Feed procedure in

plant states S6 a S7 or for make-up of the spent fuel pool in the plant state S8 even if they are
unavailable and disconnected from power supply.

28. Loss of secondary circuit does not lead to exposing of the fuel in the reactor core up to 24 hours in
the plant state S8 after the fuel exchange pool has been filled in up to +21 m.

29. A success of recovery of a minimum configuration of critical components by 72 hours is expected so
that if the fuel in the spent fuel pool is not damaged by 72 hours, negligible risk is expected even if
the final solution of the initiating event consequences has not been adopted.

30. A sufficient volume flow by gravitation from the upper part of the XL system (bubble tower) for
reactor core heat removal is expected for the complete time period of plant states S8 to S10.

31. A successful make-up of the fuel exchange pool by the coolant from XL system is possible only
when the cover is removed.

32. The primary circuit make-up in plant state S14 cannot be supported by low pressure residual heat
removal pumps.

33. The primary circuit relief valve will not open due to overpressure transient after the secondary circuit
is lost in plant operation regimes R2 and R3.

Quantitative results and general conclusions from the analysis

In Table 8, the results of aircraft risk analysis are compared with the results of analyses of other external
hazards (FDF = fuel damage frequency). It can be seen that the risk of this external hazard is “almost
negligible” in comparison with risk contribution taken from the other hazards. It should be pointed out that the
approach used for aircraft risk analysis was still (pretty) conservative at some points. As a consequence, the
study was used to prove that this external hazard does not belong to the significant risk contributors, where
some measures have to be (immediately) taken.

Table 8: Overall quantitative results of external hazards analysis in NPP Dukovany PSA

IU FDFext
[1/y]

% of total
FDFext

LERFext
[1/y]

% of total
LERFext

Aircraft crash 5.3E-08 0.4% 1.0E-08 0.3%

Abrasive storm 3.4E-08 0.2% <1E-09 <0.1%

Extreme temperatures (high, low) 7.2E-07 4.9% 3.3E-07 11%

Extreme precipitation 3.81E-06 26% 4.8E-07 16%

Extreme wind 9.43E-06 64% 1.67E-06 57%

Seismic events 5.5E-07 3.7% 4.2E-07 14%

Tornado 1.2E-07 0.8% 1.7E-08 0.6%

In total (FDFext) 1.47E-05 100% 2.93E-06 100%

4. Summary of the Safety Engineering Process

In Czech Republic the regulatory body guide [2] prescribes that, amongst other external hazards, aircraft
crash should be taken into consideration in the PSA scope in the PSA part related to the external hazards. It
is important to prove that the risk contribution related to accidental unintentional aircraft crash is sufficiently
low or, if not, to adopt specific measures to decrease the risk to acceptable level. Consequently, the aircraft
crash risk is required by the criteria of the area O7 (devoted to internal ana external hazards) of Periodic
safety review methodology, which have been recently applied in NPP Temelin PSR after 20 years of
operation and will be applied in 2023 in frame of NPP Dukovany PSR after 40 years of operation.

For those reasons, aircraft risk analysis was carried out and updated from some perspectives during the last
decade both for NPP Dukovany and NPP Temelin. The safety engineering process described here concerns
NPP Dukovany, but the basic steps were similar also for NPP Temelin.

It can be summarized, in general, that the aircraft risk analysis included several steps that are significantly
oriented in the deterministic way. These steps, which are described above, were performed in the first part of
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the analysis with the goal to provide basic inputs for the probabilistic model. As soon as the inputs for
probabilistic analysis had been ready, the analysis has continued in a common way, broadly employing the
already existing PSA model for internal events. The analysis has had to address the specifics of the
individual plant operation regimes since the impact of aircraft crash may be pretty different for different
configurations of plant equipment available.

Regarding human factor engineering, it does not seem that this aircraft crash risk analysis had got some
specific attributes beyond those typical for internal events PSA. In the case that the impact of aircraft crash
(very) significantly impacted the control room crew work, it could be conservatively supposed that the control
room crew actions are not successful (with probability 1). In the case that the aircraft crash led to loss of
some safety important plant equipment with control room still completely available, the same HRA methods
were used as in the internal events part of this PSA. One of the reasons for adaptation of this approach has
been that the aircraft crash is a very “fast” event, which can totally impact control room crew work – or may
not impact it directly at all. This is different from the case of some other external hazards, where the
conditions for control room crew work may gradually get worse, still making the control room crew work
possible, but with higher probability of failure, to be addressed by modification of HRA methods used in the
internal event PSA.

The analysis described here represents a kind of simplification in some points, which could save the
resources available for it. Still, the basic requirement to be followed was to remain on the conservative side.
Since the analysis addressed this position, a relatively small risk contribution to the total plant operation risk
has been found justifiable.
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B.1.3 Case 3: Loss of Heat Removal of Spent Fuel Pool due to External
Impact

Part A – Summary
Responsible Organization(s): VTT
Case Study Identifier: STIN_3
Date: 6.5.2022
Case Study Title: Loss of heat removal of spent fuel pool due to external impact
Relevant External Hazard(s):
 Seismic event / Airplane crash / Missile / Explosion (e.g. hydrogen tanks)

Plant SSC(s) Involved:
 Spent fuel storage pools
 Auxiliary building containing residual heat removal systems
 Auxiliary building support systems

Key Safety Requirement Topic(s):
 Physical separation and structural integrity (DSA)
 Confidence provision for defence against the occurrence of cliff-edge effects (PSA)
 Workload, stress and fatigue management (HFE)
 Flow of information between safety analyses (SEP)

Safety Analyses Involved and Support to Safety Engineering Process:
 Seismic hazard analysis (DSA/PSA)
 Load characterization (DSA)
 Structural integrity analysis (DSA)
 Assessment of performance: penetration resistance and induced vibrations (DSA)
 Capacity check for the technological systems/Component fragility analysis (DSA/PSA)
 Simulation of spent fuel pool coolant losses (DSA)
 Accident frequency estimation (PSA)
 Seismic PSA (PSA)
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 Human reliability analysis (PSA)
 Functional situational modelling (HFE)
 Analysis of emergency operation procedures and guidance (HFE)

Concise Description of Case Study:
The residual heat removal (RHR) system is damaged due to external impact. The RHR system is essential
for the cooling of spent fuel storage pools. Potential further accident escalation can be caused by collapsing
structures and leakage(s) in the spent fuel pool. Accident management is dependent on the physical
separation of redundant safety systems and operators’ responses.

Operational data for design basis exceeding external impacts for NPPs is sparse or non-existing.
Assessment of protecting structures and pool integrity starts with characterization of mechanical load. In the
analysis, the following steps are included: i) Selection of representative impact locations, ii) Structural
response analysis, iii) Assessment of performance: penetration resistance, induced vibrations, iv) Capacity
check for the technological systems installed in the structures to demonstrate their sufficient design
functionality under the induced loads. The conclusions on the analysis are compared e.g. with the strength
and fragility analysis on seismic events. With the use of seismic PSA and extensive use of expert
judgements on the initiating event estimation, cautious risk estimates can be concluded for the design basis
exceeding event. Two levels of evaluation are required for the spent fuel pool integrity and cooling
assessment:

1. Loss of structural integrity of the spent fuel pool causes release of water and leads to uncovered
spent fuel pool elements.

2. Spent fuel pool cooling system fails. A cooling system includes two redundancies with a pump, a
heat exchanger and piping connecting the components to the pool. In case of the cooling function
cannot be maintained, the water boils off and the spent fuel rods become uncovered. Thus, structural
integrity and functionality of these components should be maintained.

If the heat removal of the pool is lost, or the integrity of the pool is compromised, the assessment will be
complemented with an analysis of the coolant boil-off. The time scales of the progression of the accident can
be utilised in the analysis of operator responses. It is assumed, that there is no significant leakage in the pool
structure.

The assessment is further developed by evaluation of operator responses to the accident progression and
mitigation. Control room operators’ ability to detect, control, and limit accident, and to make sure that the
performance of safe shutdown functions is not prevented, and the risk of radioactive release to the
environment is minimized, can be analysed. Feedback from the analysis can be used to update the risk
models and to support the human reliability analysis.

The safety engineering process is used to recognise potential gaps and areas of improvement in the case
study models and simulation tools. Due to lack of operational data for design basis exceeding events, expert
judgements are extensively applied in the analyses. The safety engineering process ensures the utilisation of
versatile information and integration of expert judgements from different safety analysis disciplines.
Administrative and/or Technical Measures Implemented Based on Case Study Results:
 Improvements to emergency operations guidance and operator training programs
 Documentation of accident sequences and use of expert judgements in the modelling
 Updates to simulation models.

Part B – Detailed Description
1 Introduction

This case study describes the assessment of the structural integrity of the spent fuel pool located inside the
containment and the residual heat removal (RHR) system after an impact, and the actions needed to ensure
sufficient cooling of the spent fuel pool. The analyses are applicable to a hypothetical VVER-440 plant.

Figure 1 shows the reactor hall spent fuel pool and its cooling system. The normal residual heat removal
system has two redundant pipelines, pumps and heat exchangers. Backup cooling is available from an
emergency water tank. Also, an external source of water, such as a fire engine, can be connected to the
backup line.

The chain of events in the case study begins with an impact, that could be induced by a seismic event or
other impact such as an airplane crash, explosion or missile. It is assumed that the impact causes no
significant damage to the structural integrity of the fuel pool. Instead, the vibrations induced by the impact
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damage the residual heat removal system of the fuel pool, so that the heat removal from the fuel pool is
ultimately lost. The extent of the impact is analysed using impact analyses and analyses of the structural
integrity of the pool and the capacity of the RHR system.

Due to the loss of RHR system, the pool water inventory starts to heat up and boil off, which eventually leads
to fuel damage, if the cooling cannot be restored. MELCOR code analysis is used to calculate the evolution
of the pool inventory and the important time windows for the water level to radiation protection and fuel
damage.

Figure 1: Schematic of the fuel pool residual heat removal system

Regarding human factors, there is a lot of uncertainty after an impact or seismic event. Operators need to
assess the damage and perform necessary operations. The loss of cooling can be mitigated with human
interventions. Backup cooling is switched on from the control room, and if that option is not available, then an
external source of water can be connected to the RHR system, if piping has remained intact after the impact.
The human actions in exceptional situations, e.g. operation under stress and fatigue management are
analysed using functional situational model and other HFE analysis methods.

Seismic PSA, together with accident frequency analysis and human reliability analysis (HRA), are performed
to evaluate cautious accident frequency and risk estimates for the design basis exceeding event.

2 Safety Requirements Addressed

Accident management relies on physical separation of the safety systems, structural integrity of the spent
fuel pool (DSA requirements) and operator actions, especially fatigue management throughout the long
timespan of the accident (HFE requirements). The previous, and other relevant safety requirements are
listed as follows.

 Physical separation and structural integrity (DSA)
o BESEP_DSA_PSEP_001: Redundant safety systems that have a role in mitigating the effects of

external hazards shall be located so that these effects cannot hinder the performance of safety
functions of all redundant components simultaneously.

o BESEP_DSA_PSEP_002: The systems, structures and components, including auxiliary or
supporting systems thereof shall be protected from the effects of external hazards as far as
reasonably practicable.
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 Confidence provision for defence against the occurrence of cliff-edge effects (PSA)
o BESEP_PSA_CEE_001: Probabilistic safety analyses shall be used to demonstrate that sufficient

safety margins are available to avoid cliff-edge effects.
o BESEP_PSA_CEE_002: Probabilistic safety analyses shall be used to identify potential areas of

improvement in the design to ensure the avoidance of the cliff-edge effects.
 Workload, stress and fatigue management (HFE)

o BESEP_HFE_SM_001: To reduce the stress simulator-based training of stressful events shall be
arranged.

o BESEP_HFE_SM_002: Training that improves control room personnel communications skills shall
be applied to reduce the likelihood that communications will fail under stress.

o BESEP_HFE_SM_003: The procedures designed for abnormal and emergency conditions, power
plant outages and start-up activities and SAMGs shall support operator work by reducing memory
load and need for complex decision making.

 Flow of information between safety analyses (SEP)
o BESEP_SEP_FISA_001: When several different types of safety analyses are used to provide

evidence, the information flow between safety analyses shall be defined.
o BESEP_SEP_FISA_002: The flow of information shall support reaching the comprehensive

understanding on the issue analysed.

3 Safety Analyses Performed

Various analyses have been performed, including
 impact analysis, load characterisation, structural integrity analysis, assessment of performance (induced

vibrations), capacity check for technological systems and simulation of spent fuel pool coolant loss (see
section 3.1),

 accident frequency analysis, seismic PSA including component fragility analysis, and human reliability
analysis (see section 3.2),

 Analysis of emergency operation procedures using Functional Situation Model (see section 3.3).

3.1 Deterministic Safety Analysis

3.1.1 Impact analysis

Operational data for design basis exceeding external impacts for NPPs is sparse or non-existing. Impact in
this case could be a seismic event, an explosion, a missile or an airplane crash. The analysis aims to study
the effects of the impact on the plant, and in this case study specifically the in-containment spent fuel pool
and its RHR system. There are two main interests in the analysis, the structural strength of the pool, and the
capacity of the RHR system components against the vibrations.

Impact analysis begins with assessment of structures: Load characterization for: a) Mechanical load, and b)
explosion. In the analysis, the following steps are included:

i) Selection of representative impact locations,
ii) Structural response analysis,
iii) Assessment of performance: penetration resistance, induced vibrations,
iv) Capacity check for the technological systems installed in the structures to demonstrate their

sufficient design functionality under the induced loads.

3.1.2 Spent fuel pool integrity and residual heat removal system capacity check

Two levels of evaluation are required for the spent fuel pool integrity and cooling assessment:
1. Loss of structural integrity of the spent fuel pool causes release of water and leads to uncovered

spent fuel pool elements. Structural integrity may be lost due to collapse of an outer wall further
damaging the pool wall or due to penetration of a projectile through the outer wall and the pool wall.
See assessment of protecting structures.

2. Spent fuel pool residual heat removal system fails. Each of the two redundancies in the RHR system
include a cooling pump, a heat exchanger and piping connecting the components to the pool. In case
of the cooling function cannot be maintained, the water boils off and the spent fuel rods become
uncovered. Thus, structural integrity and functionality of these components should be maintained.
Pump malfunction in this case can be e.g. due to lack of power. Structural integrity of the piping
system and associated components can be assessed with dedicated piping analysis methods or with
finite element method. First, a calculation model of the system needs to be built. Secondly, the load
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needs to be characterized. Floor response spectra obtained from structural integrity analyses of the
protecting civil structures can be applied as excitation at the piping and component support locations.
Calculation results e.g. in terms of stresses and strains can be used in structural integrity and
functionality assessments.

3.1.3 Spent fuel pool loss of coolant analysis with MELCOR

This part analyses hypothetical VVER-440 in-containment SFP coolant losses. The assumed mechanism for
the coolant loss is boil-off. The effect of having a lid on top of the pool is analysed to study the possible air-
cooling of the fuel. Analyses were made with MELCOR version 1.8.6.

The pool rack has a total of 425 storage positions for intact spent fuel bundles and 57 hermetic bottles to be
used to seal any leaking fuel bundles. The radius of the bottles is 0.219 m. Fuel bundles stand on 80 mm
thick steel plate the top of which is located at the elevation of 0.3 m from the bottom of the pool. There are
two 40 mm thick grid plates supporting the fuel bundles at the elevations of 1.5 meters and 2.85 meters from
the bottom of the pool.

The pool bottom is a rectangle of 7.46 m x 3.76 m. The volume and the cross-section area of the 57 storage
bottles was subtracted from the overall pool volume and pool flow area for the MELCOR hydrodynamics
model. The fuel bundles in the pool were modelled with the reactor core model in MELCOR code with the
interstitial volume of the bundles in the racks representing the bypass, the core channel being the flow area
inside the bundles and the downcomer is the remaining volume in the pool periphery that is outside the
racks. The top of the pool above the bundles is the upper plenum divided into to two adjacent control
volumes to allow modelling of flow circulation and the two upper compartment volumes represent the gas
space of the containment dome. The bottom of the pool is at level 0.0 in the model. The height of lower
plenum is 0.3 m, the top of the downcomer, channel and bypass volume is at 3.23 m, the top of the upper
plenum compartments is at 13.6 m and that of the two upper compartment volumes at 30.25 m.

Figure 2: Used control volumes (Nieminen, 2014)

All 425 positions in the pool were assumed to occupied by fuel in the analyses. The decay heat was set to
4 500 kW in the beginning of the simulation. This power level corresponds to a situation where the fuel is
relatively recently taken out from the reactor. The water level in the pool in normal use is 13.1 m.
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The reference case was a boil-off with a lid on top of the pool when the pool cooling is lost. A similar case,
but without the lid on the pool was calculated for comparison. Based on previous studies it was anticipated
that the lid may prevent air cooling of the bundles.

Table 1 presents the progress of the two accident scenarios. Radiation protection by overlying water is lost
when the water column above the fuel bundles is less than 1 meter. i.e. the water level in the pool is 4.23 m.
Similarly, the fuel uncovery is defined as the moment when the water level reaches the top of bundle. The
loss of leak tightness of the fuel cladding is assumed to occur when the cladding temperature reaches
1273 K, which is based on experimental and fuel design characteristics. Once the cladding fails the easily
volatilised fission products that have migrated through the fuel pellet material to the gap between the fuel
pellets and the cladding will be released immediately. The amount is small, typically 1-5% of the inventory of
noble gases (Xe, Kr), iodine and caesium. As the fuel temperature further increases, more fission product
inventory is released. The fuel melting occurs in stages with increasing temperature and material
interactions. Zirconium-rich cladding melts at 2100 K, with some amount candling downwards. However, the
oxidised cladding (ZrO2) remains in solid state for higher temperatures. At about 2500 K the oxidised
cladding and UO2 in the pellet interact thermo-chemically and form molten mixture at about 2500 K causing
more significant material relocations downwards. Since the cladding support is lost, also solid fuel pellets
may collapse down. The melting temperature of pure UO2 is high, 3100 K. The used MELCOR model
assumes that the fuel is damaged prior to reaching the UO2 melting temperature. The timing of fuel melting
begins indicates the first relocation of material containing UO2. The supporting structure collapse marks the
time when the adjacent steel structures of the racks reach the melting temperature (1723 K). MELCOR code
analysis further suggests that about 600 kg of hydrogen would be generated by the metal oxidation reactions
in the coolant boil-off case of spent fuel pools. The hydrogen would be released to the containment
atmosphere. In the performed analysis the hydrogen is mostly generated due to air-ingress to the pool
occurring first down through the downcomer and then upwards through the channel volume. The air-ingress
commenced after the boil-off of water in the pool. During the pool-boiling phase the upward steam-flow
cooled the fuel and prevented any significant oxidation. However, the uncertainties related to the air-ingress
modelling were not fully addressed in this study.

Table 1: Time scales of the scenarios (Nieminen, 2014)

Boil-off with lid Boil-off no lid
Pool starts to boil 3 h 30 min 3 h 10 min
Radiation protection lost 34 h 20 min 31 h 8 min
Top of fuel uncovered 37 h 2 min 34 h 20 min
Fuel assemblies fully uncovered 49 h 50 min 46 h 50 min
Gap fission product release starts 46 h 50 min 44 h 47 min
Gap fission product release begins in last fuel
assembly group

47 h 9 min 44 h 54 min

Fuel starts to melt 51 h 40 min 47 h
Supporting structure starts to collapse due
melting

56 h 36 min -
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Figure 3: Water level in different control volumes in the reference case (boil-off, lid on) (Nieminen, 2014)

Figure 3 depicts the water level in different control volumes. The water level increases slightly in the
beginning when the pool temperature rises.

According to the results, there is plenty of time to react to loss of cooling in the pool if there is no coolant
leak. The radiation shielding is maintained, and the containment is approachable for approximately 31 hours
from the initiating events even if the lid would not be on top of the pool. However, the containment
atmosphere temperature becomes inaccessibly high soon after the pool starts to boil.

3.2 Probabilistic Safety Analysis

3.2.1 Methodology

Risk estimates for seismically induced initiating events and seismic system failures are generated with a
specific probabilistic safety analysis (PSA) methodology called seismic PSA. Although, the methodology has
been developed for the risk assessment of seismic events, the general principles of the methodology can be
applied for the risk, or accident frequency, estimation of other external impacts as well.

According to Helminen (2020) the Finnish practice of seismic PSA procedure at VTT is divided to four main
phases: i) probabilistic seismic hazard analysis, ii) building modelling, iii) seismic fragility analysis and iv) risk
modelling and quantification. The linking between the sequential phases and the interacting inputs and
outputs are illustrated in Figure 3.
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Figure 4: Procedure for the seismic probabilistic safety assessment

The process starts with the quantification of the loading side uncertainties using the probabilistic seismic
hazard assessment (PSHA) methodology. The outcome of the PSHA is a probabilistic representation of the
site specific hazard, expressed in terms of a ground motion parameter (GMP), usually peak ground
acceleration (PGA) or ground response spectrum.

In the second phase, the ground level hazard is propagated to the building and structures of spent fuel pools.
This is done by assessing the response of the primary building structures by modelling. At the same time,
the variability of the loading is integrated in the model. The building model is used for calculating vibrations at
the anchoring points of critical equipment hosted in the building. These in-structure vibrations, or floor
vibrations, are represented by floor response spectra.

In the third phase, the failure probabilities of pool structures and individual components of residual heat
removal are estimated using seismic fragility analysis. Fragility curves are constructed for the structures and
components, integrating both the loading side and performance side variability. The fragility curves express
the conditional failure probability of the structure or component, as a function of PGA.

In the final phase, the seismically induced initiating events and components’ failure probabilities are
implemented to the probabilistic risk model. The seismic events are typically coupled with the normal PSA
model of internal events. In the internal events PSA model the internal failures of the plant, such as
component failures and pipe breaks, are modelled. From the internal events PSA model the components
vulnerable to failure during earthquake are identified. Identified components are collected to a seismic
equipment list (SEL). The SEL creates an important input for the seismic fragility analysis and forms the
basis for the seismic walk-downs. In the seismic walk-downs, the assumptions made in the seismic fragility
analysis are verified and the SEL can be screened.

The seismically vulnerable components are divided into component groups. The seismic response within a
component group is considered identical, and thus, the SSCs are assumed to fail simultaneously. Typically,
some kind of common cause failure treatment is defined for the SSCs belonging to the same group.

Basis for the grouping can be, for example, the component type, location, mass and dimensions. The
conditional failure probabilities for the components at certain acceleration levels are estimated from their
fragility curves. Typically, the seismic PSA model incorporates several different earthquake acceleration
levels considered as mutually exclusive initiating events. For each acceleration level the unavailability of a
component group is determined based on its conditional failure probability. A failure of a component group is
modelled either as an initiating event, which is the case in the loss of residual heat removal accident of spent
fuel pool due to the external impact, or as system unavailability when other initiating events are quantified.

3.2.2 Accident frequency estimation

For extreme external impacts beyond the design basis acceleration levels, the integrity of spent fuel pool can
be lost and the main interest in the analysis is how to plug up the cracks and how to compensate the coolant
leakages. For less extreme external impacts, the main interest is in ensuring the short and long-term residual
heat removal of the spent fuel pool.
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The accident frequency for the loss of residual heat removal is estimated by applying the seismic PSA model
of the corresponding acceleration level. However, some consideration is needed at least on the following two
inputs. First, operational data for the external impacts of NPPs is non-existing and the estimation of their
initiating event frequencies can be challenging. For the determination, if the event frequency of certain
external impact is higher or lower to the reference seismic event, an extensive use of expert judgement is
required. Second, the recovery from the accident sequence requires operator actions. These actions can be,
for example, the activation of diverse safety systems from the control room or implementation of manual
operations at different locations of the power plant. The failure probability of these operator actions needs to
be evaluated. The evaluation should take into consideration the initiating event, plant status and available
time to perform the actions. Typically, the failure probability estimation for the operator actions is done using
some method in the human reliability analysis (HRA) domain.

3.2.3 Human reliability analysis

In the case study, the normal residual heat removal and water inventory control of the spent fuel pool has
been lost, the pool is cooled by boiling and the pool’s water inventory is maintained by backup systems.
There are two diverse options requiring operator actions to increase the water inventory. First option is to
use the plant’s internal water reserves. The second option is to plug the pool’s water injection system to an
external water source, e.g. from a fire truck. The first option can be operated from the control room, while the
second option requires also actions outside the control room.

The failure probability of operator actions for the two options was estimated using a prior failure probability
1E-4 for the first option (Plugging to internal water reserve) run from the control room and a prior failure
probability 1E-3 for the second option (Plugging to external water reserve) run from the control room and
other locations of the plant. Both failure probabilities were multiplied with performance shaping factors (PSF)
to achieve the posterior failure probabilities. The PSF and posterior failure probabilities for the basic events
representing the operator actions are shown in Table 2.

Table 2: Failure probabilities of basic events requiring operator actions

Basic event P(prior) M(stress) M(guidance) M(training) M(decision) M(feedback) P(posterior)
Plugging to
internal water
reserve

1E-4 0.5 0.2 0.5 2 5 5.0E-5

Plugging to
external water
reserve

1E-3 1 0.5 2 5 5 2.5E-2

3.2.4 Probabilistic safety analysis model

The PSA model created for the accident sequence is straight forward. The fuel damage is the product of
three basic events: 1) Loss of residual heat removal (RHR) due to external impact, 2) Failure to plug on
internal water reserve, and 3) Failure to plug on external water reserve. The fault tree illustrating the accident
is shown in Figure 5.

Figure 5: Fault tree of fuel damage due to external impact induced loss of RHR
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The accident frequency estimate for the top event is generated by multiplying the basic events of the AND-
gate. As mentioned above, the operational data for external impacts of NPPs is non-existing and the
estimation of their initiating event frequencies has to be done by using subjective estimates. For the case
study, the frequency estimate of an external impact sufficient to incapacitate the RHR of the spent fuel pool
was set to 1E-4/a. After multiplying this value with the values presented in Table 2, the accident frequency
estimate for the fuel damage is 1.25E-10/a.

3.3 Human Factors Engineering

According to Garrick et al. (2020), spent fuel pool is the only location where a large number of fuel
assemblies exist requiring human interventions to mitigate the loss of cooling and prevention of fuel damage.
The operative personnel’s main task is to deploy mitigation activities in the loss of heat removal of spent fuel
pool incident. Operators’ ability to monitor and control the accident may be hampered by a limited number of
relevant procedures, by communication difficulties in a noisy environment and by difficulties in visual
inspection. On the other hand, the progression of the accident is relatively slow, thus affording more time for
mitigating and preventive interventions.

After a seismic event, there is a lot of uncertainty regarding the damage caused by the event. Control room
operators’ first tasks would be to verify the integrity of spent fuel storage and the decay heat removal of the
spent fuel storage by checking the measurement of temperature and level of water and functioning of the
pumps. If the pumps are not pumping, water has to be fed through an auxiliary system. Also, the cause of
the pump fault has to be determined and fixed, if possible. If the auxiliary system is not pumping, water has
to be fed to the fire pumps of the fire-fighting system.

All the above-mentioned tasks are conducted by the reactor operator. One of the shift supervisor’s main
duties is to establish the emergency management organization: first, he has to call in the emergency
manager, who will lead the tasks of the emergency management organization.

The analysis of the incident can be presented in a form of a functional situation model. Functional Situation
Model combines both chronological and functional views (Savioja 2015). These two dimensions define a
two-dimensional space in which the most important operator actions and process phenomena are mapped.
Actions are depicted under the functions they are related to. The critical function of the domain provides
each action a contextual meaning. In the chronological view, the event is divided into different phases
(detection, mitigation, diagnosis and stabilization; see Figure 6) based on the goals of the operating
activities; in the functional view, the critical functions of the process that are endangered in a specific
situation are depicted.

Figure 6: Event phases

Operator stress is a prominent performance shaping factor in all four stages (detection, mitigation, diagnosis
and stabilization) of the accident management. We are here mainly interested in cognitive effects, including
factors such as narrowing of attention, tunnel vision, disruption of working memory and response rigidity.
According to the theory of cognitive appraisal, the evaluation of the meaning and significance of the accident
situation and one’s capacity to meet the demands are essential steps in coping with stress effects. Cognitive
readiness can be considered as an operator’s ability to anticipate the occurrence of environmental stressors,
make accurate evaluations of threats and realistic expectations of his/her ability to manage them as shown in
Figure 7.
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Figure 7: Environmental stressors and cognitive readiness of the operator

The negative effects of stress and cognitive load in the pilot case can be mitigated by basic and refresher
simulator training and carefully designed operating procedures. The development of stress mitigation training
is based on the systematic approach of training (see Figure 8), which also provides the basis for training
evaluation.

Figure 8: Systematic approach to training

Procedure design is also based on a systematic approach (see Figure 9). Validation of new or revised
procedures is based on the Systems Usability Case approach described in VTT Case Study EIIC 3 “Loss of
on-site power supply and control due to lightning“. From the perspective of procedure evaluation, it is
important to have an estimation of the complexity of ‘building blocks’ of a procedure, i.e. tasks related to
each procedure step. By combining knowledge of human psychological processes and knowledge of the
complexity of procedures at the level of procedure steps, it is possible to estimate the correlation between
task load and complexity. Task complexity of the procedures that are used in the pilot case will be measured
by applying the existing task complexity measures (for a review, see Liu & Li, 2014).

Figure 9: Procedure design
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A thorough application of human performance tools can reduce errors in the pilot case by increasing, e.g.
situational awareness and self-awareness, cautiousness and mindfulness, communication and feedback
promotion and worker engagement. Especially, tools that promote communication and collaboration are
valuable in the present case. Examples of these tools are pre-task and post-task briefings, coaching and
observation, three-way communication and concurrent verification/peer checking. It should be evaluated how
well they are applied by questionnaires, interviews and observations.

4 Summary of the Safety Engineering Process

The structural models applied in the deterministic safety analysis (e.g. in the structural response analysis)
have a dual role. Primarily, they are used to calculate the internal forces on the elements of the buildings,
resulting from the external impact. These internal forces can be compared to the capacities of the respective
elements in a deterministic or probabilistic way.

Secondly, the models are used for calculating vibrations at anchoring points of critical components hosted in
the building, with the purpose of evaluating the possible damage to the components. These vibrations are
called, in structure vibrations or floor vibrations, and are represented by in-structure or floor spectra.

In the seismic PSA context the internal forces and vibrations, and their related uncertainties, are integrated in
the fragility curves developed for the critical structural elements and components. The fragility curves define
the conditional failure (or unacceptable seismic performance) probability given an appropriate ground motion
parameter (e.g. peak ground acceleration).

MELCOR analysis was performed to evaluate the time windows available for operator actions in the accident
management. The pool inventory is maintained by back-up water resources, use of which requires operator
actions. HFE analysis is used to evaluate the stress and fatigue of the operators in the challenging long-term
accident. Process in Figure 6 summarises the accident progression and related safety analyses.
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Figure 10: Process description and the associated safety analyses

The safety analyses feed inputs and outputs to each other, for example time estimates from pool water
inventory analysis can be used as operation time windows in HFE analysis. HFE provides performance
shaping factors to HRA human reliability estimates. Information from seismic analyses, e.g. PGA, component
fragilities and component failure probabilities are used as inputs in the seismic PSA model, whilst the PSA
provides feedback to the deterministic analyses in form of seismic equipment list and walk-downs.
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B.2 Case Study Group LUHS – Loss of Ultimate Heat Sink

B.2.1 Case 1: Loss of Ultimate Heat Sink (Frazil Ice or Oil Spill)

Part A – Summary
Responsible Organization(s): Fortum
Case Study Identifier: LUHS_1
Date: 15.2.2021
Case Study Title: Loss of Ultimate Heat Sink (Frazil Ice or Oil Spill)
Relevant External Hazard(s):
 Natural non-seismic hazard / Extreme weather conditions / Frazil ice (sea), Algae
 Human-induced external hazard/ Oil spill (sea)

Plant SSC(s) Involved:
 Sea Water Pumping Plant, sea water intake, sea water outlet
 Auxiliary Emergency Feedwater pumping plant
 Turbine hall (steam generator relief valves and steam header dump valves)
 Auxiliary Residual Heat Removal System
 Cooling tower
 Intermediate cooling circuit
 Residual Heat Removal System

Key Safety Requirement Topic(s):
 Independence and strength of the individual defence-in-depth levels (DSA)
 Assessment of potential losses of safety functions (PSA)
 Initiating event frequency estimation (PSA)
 Support for developing abnormal and emergency operating procedures and severe accident guidelines

(PSA)
 Situation awareness and assessment (HFE)
 Verification and validation (V&V) of design (SE)

Safety Analyses Involved and Support to Safety Engineering Process:
 Deterministic plant response analysis (DSA)
 External events PSA (PSA)
 External phenomena probabilistic analysis (PSA)
 Task analysis (HFE)
 Analysis of emergency operation procedures and guidance (HFE)

Short Description of Case Study:
Loviisa NPP units are designed to be cooled primary with sea water. The heat transfer cycle is closed and
requires both power supply and the availability of the cooling sea water. After reactor trip the cooling of the
reactor is based on the heat transfer in the steam generators, and via condensers to the ultimate heat sink
sea. When the primary pressure has decreased so that no vaporization occurs in the steam generators, the
residual heat is transferred via residual heat removal system to the sea. In case of primary coolant leakages,
the heat is transferred with emergency cooling chain from the containment systems via intermediate cooling
circuit to the sea. The needed protection systems are automatically actuated and can be controlled from
main and emergency control room.

In case of loss of ultimate heat sink an external event prevents cooling water intake from the sea. The event
can be either oil spill on the Gulf of Finland, severe algae or other fouling occurrence or fragile ice. Critical
systems needing cooling in this event are the residual heat removal system and the intermediate cooling
circuit. If loss of off-site power occurs at the same time, also emergency diesel generator cooling is essential.

In case the sea water intake gets blocked, cooling water can be taken from the outlet side. Also, an internal
cooling chain between the plant units is available. These means ensure the residual heat removal only for a
limited time.

Among the most important external events concerning Loviisa NPP have been estimated in the probabilistic
safety analysis to be:
 oil spill on the Gulf of Finland that causes the loss of ultimate heat sink (sea) when the plant is in cold

shutdown and the residual heat is lead only to sea,
 sea level > + 3 m, that causes flood in the plant yard area and to buildings
 extremely high wind > 45 m/s
 large algae occurrence combined with high wind, where the wind causes the loss of off-site power and
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simultaneously algae blocks the sea water cooling system, which may also cause the loss of emergency
diesel generators, as they are cooled with sea water, too.

To secure the heat transfer in case of loss of ultimate heat sink, cooling towers have been designed and
commissioned. Before the towers were commissioned, the share events leading to the loss of ultimate heat
sink was 44% of the extreme weather conditions.

The need for continuous improvement based on the results of probabilistic and deterministic safety analysis
has led to several plant modifications after the original commissioning. The auxiliary emergency feedwater
system, the auxiliary residual heat removal system, the possibility to switch the intake of the service water
system cooling from the intake side to the outlet side, and cooling towers are examples of improvements that
improve plant's capability to cope with loss of ultimate heat sink.
Administrative and/or Technical Measures Implemented Based on Case Study Results:
The cooling towers (one for primary circuit (fuel pools) and one for secondary circuit (reactor residual heat
removal) per plant unit) were installed.

The usage of cooling towers was instructed in operating guidelines.
Part B − Detailed Description

Introduction

Among the most important external events concerning Loviisa NPP have been estimated in the probabilistic
safety analysis to be:
 oil spill in the Gulf of Finland that causes the loss of ultimate heat sink (sea) when the plant is in cold

shutdown and the residual heat is lead only to sea,
 sea level > + 3 m, that causes flood in the plant yard area and buildings
 extremely high wind > 45 m/s
 large algae occurrence combined with high wind, where the wind causes the loss of off-site power and

simultaneously algae blocks the sea water cooling system, which also may cause the loss of back-up
diesel generators, as they are cooled with sea water.

Of the abovementioned events oil spill and large algae occurrence have the same means designed against
them. Also, frazil ice possesses a risk for loss of ultimate heat sink, so it is included into this case study, as
the consequences and the countermeasures are the same or similar.

Background

Sea water systems
The cooling water is taken from south-west side of Loviisa NPP. There are three parallel inlet flow ports each
with capacity to supply 50% of cooling water need on a normal operation. Of course the need of cooling
water is essentially lower on a shutdown mode. Each flow port has a coarse screen with holes of 85 mm.
Each inlet has a mechanical screen cleaning system to remove impurities. One coarse screen has an
electricity heated section which can be heated with electricity for frazil ice situations. Inlet flow ports can be
closed in flow direction before the coarse screen. Hence it is possible to prevent e.g. oil from entering the
flow channel.

After flow ports and coarse screens, sea water flows to both units in a 70 m2 rock tunnel which later break
ups to individual tunnels for both units. In unit specific sea water systems, there are four parallel suction
chambers. There are fine screens (16 mm holes) and basket case filters (1 mm holes) to remove impurities.
Each suction chamber including fine screen and basket filter can be isolated with sluice gates.
There is a 1020 mm pipeline from LO1 and LO2 units' sea water systems, which can be used to divert part of
the warmed sea water back to units' inlet sea chambers. This system is used if inlet's sea temperature is
close to frazil ice formation.

If inlet is blocked for some reason, e.g. because of algae or oil slick, sea water is circulated between units
with seawater system pumps. This naturally applies only for cooling safety related systems. This method is
applicable until water becomes too hot for cooling purposes.
Loviisa NPP has also prepared for blocked fine screens or basket case filters. In this case it is possible to
take necessary cooling water through outlet tunnel and discharge warmed water to inlet's surge chamber.
This applies for both units.

Plant Emergency Operating Procedures (EOPs) include an individual procedure with a clear strategy and
detailed actions for the following events:
− Starting recirculation between sea water systems of LO1 and LO2, in case inlet or inlet and outlet are
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blocked.
− Loss of primary sea water system (partial or total), i.e. safe shutdown procedure.
There are also incident procedures for risk of clogging of seawater system's screens due to e.g. frazil ice,
algae, or oil slick. Hence it is likely that for the most probable loss of seawater system accidents, the
operators will react swiftly.

Heat transfer to the atmosphere
The main means to cool the residual heat are the steam generators. The heat is transferred from the steam
generators and further via condensers to sea. If condensers are not available, the heat is transferred to the
atmosphere either with steam header lowdown valves or steam generator safety valves. Heat transfer vie
steam generators requires also maintaining the mass balance of the steam generators.

Auxiliary emergency feedwater system
Auxiliary emergency feedwater system is used to keep the plant in controlled state during the early course of
the event. Controlled state has been defined as a state where reactor is sub-critical and no boiling occurs.
Valves that are needed for auxiliary emergency feed water system are battery backed and they can be
operated also locally. Pumps, diesel motors and other systems in auxiliary emergency feed water system are
air-cooled, so the system is independent from seawater. The auxiliary emergency feedwater building has
been protected against high sea water in recent years (after commissioning the cooling towers).
The system was not part of the original design, but been commissioned afterwards.

Auxiliary residual heat removal system
Auxiliary residual heat removal system is needed for reaching the final safe state (i.e. the primary circuit is
non-pressurized, heat removal is secured and there exists no release). The system needs power supply from
either the power grid or from emergency diesel generators. Auxiliary heat removal system building has been
protected against high sea water in recent years (after commissioning the cooling towers).
The system was not part of the original design, but been commissioned afterwards.
The external hazards and their effects are discussed in more detail in the following sections.

Oil spill
If the oil reaches the sea water intake and installing oil booms has not been successful, oil propagation into
the cooling systems can be prevented by closing the inlet. In this case the cooling water can be taken from
the outlet side or the internal cooling between the units is used. Internal cooling is available approximately
one day. If the oil reaches the outlet side, the reactors are taken to hot shutdown. In this state it is possible to
stay 2-3 days. If oil reaches the cooling systems, also the internal cooling option is not available.

Wind and algae
Strong wind together with a heavy concentration of algae can cause a loss of offsite power and at the same
time algae can clog the intake of the seawater pumps and the intake screens of the diesels’ cooling pumps.
It has been estimated the probability of algae occurring simultaneously with storms is 0.20.

The loss of offsite power can be caused by sheet-metal panels being detached by the wind (> 28 m/s) and
blown into the switchyard. This kind of power outage can be restored in a short time, 1–4 h. During the
outage, seawater pumps will stop and the diesels will start up in which case also the service water pumps
are operating. Diesels can come to a halt in about an hour due to the possible clogging of the cooling water
pumps’ intake opening; this would lead to a loss of the cooling of the main circulation pumps’ sealing water
and possibly, thirty minutes later, the integrity of the seals if the back pressure line isolation valves do not
close. This would lead to a small loss of coolant accident. When offsite power is restored, the service water
pumps will start, but service water can be lost because of the algae in the seawater channel, making the
repair of the primary circuit’s small leak unsuccessful.

If the wind is very strong (> 39 m/s), it can also topple the main grid power line poles, causing a long-term
power outage (> 4 h). The repair of a small leak that has possibly occurred will be unsuccessful due to the
total loss of power. If a leak does not occur, the primary circuit residual heat can be removed with the
auxiliary emergency feedwater system.

Wind and frazil ice
Strong wind together with frazil ice can cause a loss of offsite power. At the same time, frazil ice can clog the
intake of the seawater pumps and the intake screens of the diesels’ cooling pumps, which, however, is
assessed as being highly improbable.

In order for frazil ice to enter the cooling water tunnel, a cold easterly wind must prevail and blow the wind-
chilled water against the east-west oriented shoreline. If a strong southwest wind follows, it can push the
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supercooled or icy water to the tunnel opening.

The frequency estimate of a frazil ice occurrence is 2.2*10–2 /y. Wind that is 5–10 m/s is strong enough to
generate frazil ice. These wind speeds occur frequently. Of these winds, the share that could cause a loss of
offsite power is less than 0.01. Based on this, the frazil ice frequency can be multiplied by a factor of 0.01.
On the other hand, the stronger the wind blows, the stronger the frazil ice phenomenon can be, and thus
also the frazil ice phenomenon is very strong specifically during these exceptionally strong winds.

Wind, frazil ice and freezing conditions (snow storm)
As a result of a storm leading to frazil ice and the loss of offsite power, diesels also can be lost due to the
clogging of the intake-air openings if freezing conditions prevail: heavy snowfall, supercooled rain and/or
wind-detached sheet-metal or other obstructive materials. The auxiliary emergency feedwater system’s
intake air openings are also at risk of clogging in the same conditions.
If frazil ice occurs, there is a 0.01 probability that the wind is strong enough to result in a loss of offsite
power. The probability of freezing conditions is 1/3 during the whole year.

Effects of external hazards
The effects of the external hazards and hazards combinations have been estimated in PSA. The event
frequencies and related core damage frequencies of the hazards related to the loss of ultimate heat sink are
shown in the following Table 1. The values are from analyses conducted before commissioning the cooling
towers.

Table 1 Event and core damage frequencies related to selected extreme weather conditions

Event Description Event f
(1/y)

CDF,
shutdown
(1/y)

CDF,
power
(1/y)

CDF, all
(1/y) Share

ALGAE Algae on the sea 1.1E+00 2.2E-07 4.1E-08 2.6E-07 3.9%

ALSNW28 Algae, snow storm and
wind >28 m/s 1.6E-04 3.3E-10 3.3E-10 0.0%

ALSNW39 Algae, snow storm and
wind >39 m/s 4.5E-05 3.7E-07 3.7E-07 5.6%

ALW28 Algae and wind >28 m/s 6.1E-04 5.8E-10 9.4E-10 1.5E-09 0.0%

ALW39 Algae and wind >39 m/s 1.7E-04 1.2E-06 9.1E-07 2.1E-06 31.9%

FRICE Frazil ice 2.2E-02 1.7E-07 1.7E-07 2.6%

FRSNW28 Frazil ice, snow storm and
wind >28 m/s 7.3E-05 1.8E-08 1.8E-08 0.3%

FRSNW39 Frazil ice, snow storm and
wind >39 m/s 5.9E-06 1.4E-08 1.4E-08 0.2%

FRW28 Frazil ice and wind >28 m/s 1.5E-04 5.1E-09 5.1E-09 0.1%

FRW39 Frazil ice and wind >39 m/s 1.2E-05 6.7E-10 6.7E-10 0.0%

Solution

Cooling towers
Based on the analysis and results described in this case study In 2015 cooling towers were commissioned.
There are two towers in each plant unit, one for primary circuit (fuel pools) and one for secondary circuit
(reactor residual heat removal). The towers are mechanical draft dry towers. The water to be cooled is
circulated through the liquid cooler inside the tower.

The residual heat of the fuel pools and reactor in shutdown state can be removed in the long term, so the
plant can be kept in the final safe state for the desired period of time.

The cooling towers are powered from the power grid, from the emergency diesel generators, from the air-
cooled backup diesel generator. Additionally connecting a mobile generator is possible. The fuel supply for
the emergency diesel generators has been secured to allow 72 hours independent operation, and after 72 h
the fuel tanks can be filled with mobile devices or with pipeline connection from the plant area. Additionally,
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there exists an air-cooled backup diesel generator on the site.

Cooling towers practically eliminate the risks in loss of ultimate heat sink. The CDF was reduced by 4*10-6.

The cooling towers were designed to withstand the wind conditions of the site. The conditions were
estimated based on Eurocode 1 (standard SFS-EN 1991-1-4:2005 1) and on measurement data of the
Loviisa NPP’s meteorological mast in 1977–2005. Earlier estimates and other observations (Rankki,
Olkiluoto) were also used as support. Frequency distributions at three different locations are presented: the
top of the ventilation stack and the rooftops of the reactor building and the turbine building. The heights of
these are 107.5 m, 64 m and 35 m above ground.

The maximum wind value used in the cooling tower design is 3 s gust speed of 45 m/s. This value
corresponds with 50% confidence level on the turbine hall roof (+35 m). As the cooling towers were installed
15 meters lower, this value is seen conservative. The wind gust frequency distribution is illustrated in the
following Figure 1.

Figure 1 The intensity-frequency distribution of a three-second wind gust, tornadoes and downbursts at the
Loviisa NPP at the site of the turbine hall. The figure shows wind gusts at the height of the stack (bold,

unbroken lines), the reactor rooftop (dotted lines), and the turbine building rooftop (thin, unbroken line). At
each location, the smallest gust speeds are 10% (brown lines), mid-level 50% (black lines) and highest 90%

(blue lines) confidence level speeds. Additionally, the table has speed distributions for downbursts (green
curve, and □ symbol) and for tornadoes (red curve and Δ symbol)

For the dimensioning the cooling towers, in addition to the heat load to be transferred, also the environment
temperature was taken into account. For the environment temperature, estimation the intake air temperature
of the instrument room cooling device was measured in summertime. The measurements were recorded with
several other weather observations for the purpose of comparisons and making conclusions. Additional data
for the assessment was received from Helsinki’s Kaisaniemi observations (Finnish Meteorological Institute)
from the years 1830–2002. The results and conclusions formed the basis for the evaluation of the
frequencies of the maximum temperatures of the cooling device’s intake air. The frequency distributions of
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the maximum average temperatures for one hour, six hours, 24 hours, one week, 30 days and 60 days are
presented in the following Figure 2. The Weibull distributions have been found to be consistent with the
observed data. Also, exponential tangent has been applied in the extrapolated part starting from the
maximum observation value.

Figure 2 The frequency distributions of the maximum average one hour, six hours, 24 hours, one week,
30 days and 60 days instrument room cooling device intake air temperature

HFE improvements
After PSA studies there have been some additional improvements related to the loss of ultimate heat sink.

Regular training of the incident procedure on using the auxiliary residual heat removal system that was
started in 2015 has lowered the risk with several percentages after a couple of years.

New procedure for operating the auxiliary emergency feedwater system without instrumentation (in case of
SBO) reduced the risk 5*10-8 on both units. The AEFW pumping station has a remarkable role in all LUSH
cases during the early stage of the event. Without it the CDF of the whole plant in power operation would be
14 times larger and the total CDF for the whole plant would be 8 times larger.

Safety engineering process
The need for cooling towers was discovered in different analysis to be important and also cost-efficient way
to improve the plants' capability to cope with the loss of ultimate heat sink. Both probabilistic and
deterministic safety analysis were used. Also, the human factors were considered in locating the towers, in
designing the operation of the towers, and in creating the procedures for the towers.

Conclusions

The need for continuous improvement based on the results of probabilistic and deterministic safety analysis
has led to several plant modifications after the original commissioning. The auxiliary emergency feedwater
system, the auxiliary residual heat removal system, the possibility to switch the intake of the service water
system cooling from the intake side to the outlet side, and cooling towers are examples of improvements that
improve plant's capability to cope with loss of ultimate heat sink.

The need for cooling towers was discovered by analysing the loss of ultimate heat sink events. Two towers
were commissioned in each plant unit, one for primary circuit (fuel pools) and one for secondary circuit
(reactor residual heat removal). With the cooling towers residual heat can be removed as long as needed in
case of loss of ultimate heat sink when the plant has first been brought into controlled state. Cooling towers
practically eliminate the risks in these events. The CDF was reduced by 4*10-6.

B.2.2 Case 2: Loss of the Essential Service Water System due to Extremely
Low Temperature
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Part A – Summary
Responsible Organization(s): RELKO spol. s r.o.
Case Study Identifier: LUHS_2
Date: 11.02.2022
Case Study Title: Loss of the essential service water system due to extremely low air

temperature
Relevant External Hazard(s):
 Natural non-seismic hazard / Extreme weather conditions / extremely low air temperature

Plant SSC(s) Involved:
 Essential service water system

Key Safety Requirement Topic(s):
The following IAEA safety requirements are involved in the case study:
 Functional separation to provide defence against failure propagation (DSA)
 Justification of the engineering assumptions used in analysis (DSA)
 Initiating event frequency estimation (PSA)
 Assessment of potential losses of safety functions (PSA)
 Uncertainty analysis of accident sequences and operating times (PSA)
 Situation awareness and assessment (HFE)
 Team working, effective communication and collaboration (HFE)
 Guidance selection, decision making and intelligent use of guidance (HFE)
 Flow of information between safety analyses (SE)
 Validated modelling and simulation tools (SE)

Safety Analyses Involved and Support to Safety Engineering Process:
 Physical modelling of the impact of extremely low temperatures on the operational service water system

(DSA)
 Construction of hazard curve for the extremely low temperature on the site (PSA)
 Fragility analyses of the service water system for extremely low temperature and construction of the

fragility curves (PSA)
 Extremely low temperature PSA (PSA)
 Uncertainty analyses for hazard, fragility and plant response analyses (PSA)
 Analyses of operator response from similar events (HFE)
 Evaluation of adequacy of modelling from the plant safety point of view (SEP)

Short Description of Case Study:
In the event of an extreme and jump-drop in the ambient temperature, the temperature of the water in
equipment of the nuclear power plant can be dropped and subsequently frozen. In order to solve the problem
of freezing of water, because of their specific thermal character, the calculation modules were used to obtain
the most accurate results. The study addresses the suction duct of the service water pumps.

All service water trains are lost. Probability of occurrence depends on the outside temperature. Automatic
reactor trip is initiated. Due to loss of all operational service water trains important safety systems are
becoming unavailable (e.g. HPSI system, AFW system, DGs, etc.). The initiating event occurs after freeze of
service water piping. Also, the critical point is the bottom of the service water pool.

This study analyzes the mechanism of cooling and freezing of water in designated technological equipment
due to extreme jump of ambient temperature, for selected climatic conditions. The results are the time course
of temperature drops in individual equipment locations from the initial temperature to the total freezing of the
water. The PSA analyses the contribution of this event to CDF.
Administrative and/or Technical Measures Implemented Based on Case Study Results:
 Identification of the dominant accident sequences from the risk point of view
 Verification of the simulation models for extremely low temperatures
 Improvement of emergency operating guidelines and training program of the personnel
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Part B − Detailed Description
1 Introduction

The Fukushima accident underlines the necessity of conducting risk re-assessment of nuclear power plants
against the hazards caused by external events of natural origin and their combinations. The European
Council requested to perform comprehensive safety and risk assessment for all nuclear power plants in the
European Union. The analyses were performed at the national level, the peer review on European level. The
task was to evaluate how the nuclear power plants can withstand the consequences of various behind
design basis extreme external events.

The nuclear regulatory authorities over the world, also the Slovak Nuclear Regulatory Authority (UJD SR),
required to analyze the impact of more severe external events with frequency of occurrence 1.0E-4 − 1.0E-7
per year. These external events can have higher impact on the plant than the design basis events. For such
increased impact it is necessary to perform the risk assessment and to quantify the contribution to the total
risk of plant operation. Also, the impact of combination of these events must be analyzed because
simultaneous occurrence of several events further increases the load on buildings and equipment.

The non-seismic natural external event PSA is focused on relatively low number of external events. After
careful evaluation of the list of external events, the following events were selected for the Slovak plants:
 Extreme wind
 Tornado
 Extreme snow
 Extremely high air temperature
 Extremely low air temperature
 Icing
 Lightning

Extremely low air temperature can lead to loss of ultimate heat sink with severe consequences. Therefore, its
impact is re-analyzed within the case study.

2 BESEP Safety Requirements Addressed

The basic BESEP safety requirements addressed in the case study for DSA and PSA are the following:
 BESEP_DSA_PSEP_001: Redundant safety systems that have a role in mitigating the effects of

external hazards shall be located so that these effects cannot hinder the performance of safety
functions of all redundant components simultaneously.

 BESEP_PSA_BAL_002: PSA shall be used to confirm that the risk related to a single external hazard
does not dominate the overall risk results.

The following HFE requirement will be fulfilled:
 BESEP_HFE_GS_002: The procedures and guides shall be designed to support the human

performance in decision making.

The following SEP requirement will be fulfilled:
 BESEP_SEP_VV_004: In the case of external hazards the NPP shall be safely shut down and kept in a

subcritical state, the residual heat removal shall be ensured and the leakages of radioactive substances
shall be kept below the specified limits.

3 Safety Analyses Performed

3.1 Deterministic Safety Analyses

The deterministic safety analyses performed are listed in Summary part of the case study description.

In the event of an extreme and abrupt drop in ambient temperature, the water temperature will also drop in
the facilities and its subsequent freezing occurs. When solving the problem of freezing the water in these
facilities, due to their specific thermal nature, different final elements calculation models were used in
ANSYS code to achieve the most accurate results [1].

The output of the analysis is the time course of temperature distribution in the water. It is possible to
determine from the time course the time of change of the state of the liquid phase to the solid phase and
thus determine the time course of freezing fluids in the technological equipment.
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Extremely low temperatures cause the water to freeze in the essential service water system and failure of the
system. The time for the complete freezing of the water depends on the parameters of the evaluated thermal
system. The subject of the analysis was the pool of the cooling towers, the shaft duct and the pipeline in
aeration channel. At −44.8 °C, the pool freezes after 22 days, the duct after 17 hours and aeration channel
after 43 hours.

3.2 Probabilistic Safety Analyses

Three steps of external event non-seismic PSA are:
 Hazard analysis
 SSC fragility evaluation and
 PSA model development including quantification

3.2.1 Probabilistic Hazard Analyses

The objective of the probabilistic hazard analyses is to construct the hazard curves for the site for extremely
low temperature. The hazard curves for the Mochovce site were constructed using the extreme value theory
[2,3].

The extreme value theory is unique as a statistical discipline. It develops techniques and models for
describing unusual events. Extreme values are scarce. Estimates are required for levels of a process that
are much greater than already have been observed. This involves an extrapolation from observed levels to
unobserved levels. The extreme value theory provides a class of models to enable such extrapolation. It is a
solid theoretical basis and framework for it. The impact of extreme meteorological conditions on safety of
WWER440 reactors is being evaluated in the light of Fukushima accident. Only extreme meteorological
conditions can have impact on the plant safety. The nuclear power plants are protected against all
meteorological conditions that are likely to experience within the projected life time. The challenge is to
estimate the frequency of such meteorological conditions which has potential to damage the plant. In this
case study the extremely low temperature is involved. A common rule of success of this activity is to have at
least 30 years of daily data.

The extremely low temperature at the site of the plant is characterized by minimal daily air temperature. The
SHMU (Slovak Hydro-meteorological Institute) data for 30 years (1987-2016) were used to construct the
hazard curves for the site of the Mochovce plant (Figure 1).

Figure 1 Hazard curves for the extremely low air temperature for different confidence levels

3.2.2 SSC Fragility Evaluation

The parameters for extremely low air temperature fragility tm, βR and βU are estimated for different SSCs
using finite elements model.



[945138] BESEP – Benchmark Exercise on Safety Engineering Practices Page 82/268

The HCLPF is connected with the median temperature capacity using the following formula:

HCLPF ≈ tm e-2.326 βc

where βc = (βR
2 + βU

2)1/2 is the logarithmic standard deviation.

The deterministic parameter:

HCLPF = tm exp (−1.65 (βU + βR)).

The HCLPF of the extremely low air temperature of the essential service water system is -31.16 °C.

The fragility curves of are presented in Figure 2.

Figure 2 The fragility curves of essential service water system for extremely low temperature

3.2.3 PSA model development including quantification

The internal event PSA model was used to develop the low air temperature PSA model. Generic event tree
was constructed, the existing systemic event trees were modified. Basic events were built into the PSA
model that represents the occurrence of extremely low temperature-induced failures. Three ranges of
temperatures were selected to define the external event initiating events for the PSA quantification process:
 EE-01: −10 °C – −28 °C,
 EE-02: −28 °C – −45 °C,
 EE-03: −45 °C – −100 °C.

The extremely low air temperature PSA model was developed using the RiskSpectrum PSA Professional
code. The software module HazardLite is used to convolute hazard and fragility curves and thus to calculate
the probabilities of failures caused by extremely low air temperature.

The calculated mean value of the core damage frequency for all three extremely low air temperature ranges
is 9.95E-10 /year. Dominant contribution is from the third range of temperatures. Based on the results of the
importance analyses it can be concluded that the most important events from the risk point of view are:
duration of extremely low temperature to equipment damage within the range 03 and extremely low air
temperature within the range 03.

3.3 Human Factor Engineering

The application of HFE for the extremely low air temperature is described. The HEPs (Human Error
Probabilities) are adjusted as follows:

1. Up to temperature of −28 °C HEPs are taken over without modification from the PSA model for
internal events (transients and LOCAs).

2. In the case of temperature from −28 °C to −45 °C, a linear interpolation between these values will
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be adopted.
3. From −45 °C all human actions shall be considered as guaranteed failed. Extremely low air

temperature causes considerable damage to the safety important and unimportant structures,
systems, and components. External event also leads to the irreversible process of degradation of
buildings and safety systems including critical instrumentation.

The HFE model for extremely low air temperature is described graphically in Figure 3.

1

HEP

50 100

HEPint

wind speed
[m/s]

EE01 EE02 EE03

Figure 3 Dependence of HEPs on the extremely low air temperature

4 Summary of the Safety Engineering Process

The Fukushima accident has shown us that defence-in-depth of NPPs with WWER440 type reactors should
be strengthened by taking into account severe accidents resulting from extreme natural hazards significantly
exceeding the design basis. Such situations can result in devastation and isolation of the site, an event of
long duration, unavailability of numerous safety systems, simultaneous accidents of several plants including
their spent fuel pools, and the presence of radioactive releases. Necessary implementation of measures
allowing prevention of accidents and limitation of their consequences in case of extreme natural hazards is a
finding of the re-evaluation of the risk.

The case study results for the behind design basis extremely low air temperature demonstrate that the plant
is able to withstand these conditions. The plant shall be safely shut down and kept in a subcritical state, the
residual heat removal shall be ensured and the leakages of radioactive substances shall be kept below the
specified limits.
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B.2.3 Case 3: Blockage of (Water) Intake Building

Part A – Summary
Responsible Organization(s): Risk Pilot
Case Study Identifier: LUHS_3
Date: 2022-02-13
Case Study Title: Blockage of intake building
Relevant External Hazard(s):
Frazil ice
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Plant SSC(s) Involved:
Intake building
Key Safety Requirement Topic(s):
 Redundancy and single failure criteria (DSA)
 Assessment of potential losses of safety functions (PSA)
 Support for developing abnormal and emergency operating procedures and severe accident guidelines

(PSA)
 Situation awareness and assessment (HFE)
 Verification and validation (V&V) of design (SEP)

Safety Analyses Involved and Support to Safety Engineering Process:
PSA – initiating event frequency estimation
PSA – sensitivity analyses
HFE – Functional requirements analysis and function allocation
HFE – Important human actions (HRA)
HFE – Verification and validation
DSA – safety margin analysis
Short Description of Case Study:
Low temperatures in the air combined with open water and wind can result in sub-cooled temperatures. This
can result in a fast-paced phenomenon where ice is forming in fast flowing water and due to the turbulence
in the water the ice will not reach the surface of the water but instead go downwards which can result in
problems for the screening equipment in the intake.

Operational data from design basis exceeding external impacts for NPPs in Sweden is sparse or non-
existing, though experience from NPPs in Finland have been reviewed. The assessment of the external
events in Sweden is based on updated regulations (2008:17) and the stress tests initiated by the Fukushima
accident. Evaluation of design basis exceeding incidents are based on PSA and expert judgement.

The SEP is characterized by crediting of manual tasks combined with the system diversity. PSA sensitivity
analyses with postulated functional error or implications from multi-unit aspects. The HFE-process where the
functional requirement analysis and function allocation gives insights to the interconnectivity between
technical systems and human actions.

The main lessons to be learned are that multiple units within the same site can be affected by the same
scenario, fast-paced events with credited manual tasks require treatment of important human actions and
V&V.
Administrative and/or Technical Measures Implemented Based on Case Study Results:
The flow from the recirculation building have been partly directed to the intake canal. Instructions and
equipment for cooling of diesel generators.

Part B – Detailed Description
1 Introduction

The case study is based on evaluation of blockage of the water intake building for the NPP Forsmark located
on the east coast of Sweden in Östhammar municipality.
Forsmark consists of three reactor units:

Forsmark Unit 1: ABB Atom BWR 1010 MW, in operation since 1980.

Forsmark Unit 2: ABB Atom BWR 1120 MW, in operation since 1981.

Forsmark Unit 3: ABB Atom BWR 1190 MW, in operation since 1985.

The case study is based on the safety enhancements preformed during 2005-2020 at Unit 1 and 2. During
2004 the Swedish Radiation Authority issued new regulations where external events where among other
things highlighted. The regulations were updated in 2008, SSMFS 2008:172, [1]. During the process of
fulfilling the new regulations the Fukushima event happened putting even more focus on external events.
Both the new regulations and the Fukushima events have been driving forces for plant modifications and
analysis related to externa events.

2 New regulations in Sweden replacing SSMFS2008:17 was issued in December 2021 and valid from first of mars
2022. Regulations related to external events put more highlight on beyond design base conditions. Furthermore, it is
stated that H4 for external event should correspond to 10-5/year.
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The case study focuses on how wind and frazil ice can affect the water intake building at Forsmark unit 1
and 2.

2 Definition of extreme event

In SSMFS 2008:17, [1], it is stated:

“…

Section 9 The safety functions in accordance with Section 3 shall be able to withstand single failures in all
events up to and including the event class improbable events.

…
Section 14 The nuclear reactor shall be dimensioned to withstand natural phenomena and other events that
arise outside or inside the facility and which can lead to a radiological accident. In the case of such natural
phenomena and events, dimensioning values shall be established. Natural phenomena and events with such
rapid sequences that there is no time to take protective measures when they occur shall also be assigned to
an event class. For each type of natural phenomenon that can lead to a radiological accident, an established
action plan shall be available for the situations where the dimensioning values run the risk of being
exceeded.

…”

This has been interpretated that the nuclear reactors shall be dimensioned to withstand natural phenomena
with rapid sequences corresponding to improbable events.

2.1 Event classification

The general event classes are defined as described in Table 1 according to SSMFS 2008:17.

Table 1 Event classification

Frequency
(1/year) Event class Decription

1 H1, Normal operation Includes disturbances successfully managed by
regular operations and control systems without
interrupted operation

1 > f > 10-2 H2, Anticipated events Events that can be expected to occur during the
lifetime of a nuclear power reactor

10-2 < f < 10-4 H3, Unanticipated
events

Events that are not expected to occur during the
lifetime of a nuclear power reactor, but which can be
expected to occur if several reactors are taken into
account

10-4 < f< 10-6 H4, Improbable events Design base accidents

Events that are not expected to occur; this also
includes a number of postulated events that are
analysed to verify reactor robustness independently
of the event frequency.

F < 10-6 H5, Highly improbable
events

Events that are not expected to occur; if the event
should nevertheless occur, it can result in major core
damage. These events are the basis of the nuclear
power reactor’s mitigating systems for severe
accidents.

For external events in the deterministic aspect, it has been agreed that they are to be limited to event class
H2 and H4. Loads for external events in event class H2 corresponds to a return frequency of 10-2/year and
for H4 a return frequency of 10-5/year is used. For the Forsmark site the following loads are used:
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Extreme wind:
H2 load: Vref = 45 m/s at 25 m elevation for 5 sec

H4 load (DBA): Vref = 80 m/s at 25 m elevation for 5 sec

Extreme sea water temperature:
H2 load: T0 = 0.5 °C

H4 load (DBA): T0 = < 0.1 °C

These events are defined in a deterministic point of view but are determined in the probabilistic analysis, see
section 4.2.

Extreme wind is defined with a reference wind related to euro code. The H2 wind is based on normal civil
construction rules in Sweden, [2].

Event class H4 includes DBA events. It is possible to include events, given that their estimated occurrence
frequency correlates to Table 1, to event class H4 that can be defined as an extreme external event. For
example, contamination of the heat sink water, extreme water levels and extreme wind loads. In the
deterministic safety analysis for Forsmark no events of this type have been identified for event class H4.

The event of blockage of the sea water inlet is defined as a H4 event relating to a sea water temperature of
below 0.1 °C in combination with onshore winds of 10 m/s (ground elevation) or more. Ice crystals can in this
situation be created in the water and transported by the water movement down to several meters below the
water surface. The crystals hook into each other and form formations that will stick to structures underwater,
e.g. a thick ice coating can be obtained on the inlet strainer and eventually block the inlet.

The classification of events that are fast paced is done in accordance with section two and three in
ANSI/ANS 52.1 1983. This states that it is allowed to credit the residual heat removal through the filtrated
pressure relief.

For all events within DEC, it is allowed to evaluate them with “best estimate approach” in accordance with
IAEA Safety Standards SSR-2/1 rev 1. This approach can be used for special events which includes the
LUHS event.

2.2 Original plant design

The function of the heat sink and the ultimate heat sink at Forsmark unit 1 and 2 is carried out by three
systems. One system for the inlet canal, one for the inlet building and one for the outlet canal. During DBA
events these systems are responsible for separating contamination from sea water to provide coolant water
to for example emergency diesel generators.

The event of blockage of the sea water intake is defined as a H4 event relating to a sea water temperature of
below 0.1 °C in combination with onshore winds of 10 m/s (ground elevation) or more. Ice crystals can in this
situation be created in the water and transported by the water movement down to several meters below the
water surface. The crystals hook into each other and form formations that will stick to structures underwater,
e.g. a thick ice coating can be obtained on the intake strainer and eventually block the intake.

To provide protection from this phenomenon it is possible to recirculate the heated water from the outlet
canal to the inlet canal through manual maneuvering of the outlet water flow. This is initiated by monitoring
the sea water temperature and when it undergoes 1 degree Celsius the operators should redirect the outlet
flow to the inlet canal.

Additional manual tasks within DBA events are to open the hatch allowing the heated outlet water to
recirculate from an alarm in the MCR when the sea water temperature is 0.1 degrees Celsius. And to
completely stop the main cooling water system pumps when the sea water temperature is 0 degrees Celsius.

Forsmark unit 1 and 2 can at low water temperatures recirculate a certain amount of heated outlet water to
the inlet channel of the intake building. The temperature measurement in the intake channel is performed by
redundant sensors giving alarm in the control room at 0.1 °C, and manual switch over to recirculation can be
performed.
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In the original plant design external events were not highlighted, most buildings were only designed using
normal civil engineering design values corresponding to H2 (Anticipated events), though some
building/building parts were extra strengthened. The strainers in the water intake building were designed to
withstand quantities corresponding to H2 events given that the flow of water is at its max and all strainer
trains are in operation.

3 Safety requirement topics

The relevant safety requirement topics have somewhat been modified compared to the topics stated in
Part A.

In order to fulfil the requirements, i.e. protecting plant and safety functions from impact of external event, it
should be shown that the plant can uphold the cooling of the reactor core given an event of blockage of the
water intake causing LUHS. The following requirements is highlighted in this case study:

 Functional separation to provide defence against failure propagation
o BESEP_DSA_FSEP_001: The safety systems, structures and components, including auxiliary or

supporting systems thereof, shall be protected from interaction with failed systems, structures or
components as far as reasonably practicable.

o BESEP_DSA_FSEP_002: The safety divisions hosting redundant parts of safety systems shall be
located in different buildings or housed in dedicated compartments to separate them from the other
safety divisions in the same building in order to prevent faults from spreading from one redundant
system part to another as a result of external events.

o BESEP_DSA_FSEP_003: The systems of different safety classes shall be functionally separated so
that failure of a system or component of a lower safety class does not affect a function of a higher
safety class.

 Assessment of potential losses of safety functions (PSA):
o BESEP_PSA_ALSF_001: The potential losses of safety functions shall be evaluated based on the

resilience of the NPP against the hazards, taking into consideration current status of all systems,
structures and components relevant to nuclear safety.

o BESEP_PSA_ALSF_002: Complex failure combinations of systems, structures and component
initiated by external hazards shall be identified and their significance to nuclear safety shall be
evaluated.

o BESEP_PSA_ALSF_003: The important functional dependencies on physical location and from
operation, maintenance and the effects of human activities shall be considered in assessing the
potential losses of safety functions.

 Situation awareness and assessment (HFE):
o BESEP_HFE_SAA_001: The design of user interfaces in NPP shall support the operators in

assessing any normal and abnormal situation so that they can perceive the situation, comprehend it
and finally anticipate the future status of the event.

o BESEP_HFE_SAA_002: The visual monitors or operating panels shall provide the operators a
holistic view on the plant state and feedback from the course of event and effects from activations
and passive or automatic functions.

o BESEP_HFE_SAA_003: Relevant information related to the procedures and guides shall be
presented for the operators to assess the situation, to see the plant response to actions and to
assess the progress of the plant state.

 Verification and validation (V&V) of design (SEP):
o BESEP_SEP_VV_001: V&V shall demonstrate that the included areas, spaces, systems, structures

and components, manual tasks and organizational conditions are working together as designed and
meet the safety requirements set to them.

o BESEP_SEP_VV_002: It shall be possible to trace the decisions made based on the results of V&V
to safety design and safety requirements.

o BESEP_SEP_VV_003: The procedures and guidelines shall be systematically validated and verified.
Validation shall also address the role of human factors in the procedures and the correct signal
generation under the conditions of external hazards.

o BESEP_SEP_VV_004: In the case of external hazards the NPP shall be safely shut down and kept
in a subcritical state, the residual heat removal shall be ensured and the leakages of radioactive
substances shall be kept below the specified limits.

o BESEP_SEP_VV_005: The operability of systems, structures and components shall be
demonstrated in their design basis external environmental conditions.
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4 Safety analysis

4.1 PSA

Analysis of the initial event frequency for frazil ice is based on assumptions that the air temperature must be
below minus 10 degrees Celsius, and the wind must be strong (10 m/s at ground level) and in a specific
direction (aligned with the water intake canal). Furthermore, the water intake canal cannot be covered with
ice, the water must be open.

The frequency for the wind is estimated based on weather data during 20 years at the site and in the
archipelago east of the plant. By using data on the maximal wind speed at the site it is possible to
extrapolate the occurrence rate by the usage of the Weibull and Gumble distributions. Among these two the
Gumble distribution is conservatively chosen due to better correspondence with data from the archipelago.
The frequency of different winds speed are estimated based on the Gumble distribution. The frequency for
temperatures below -10 degrees Celsius are estimated based on meteorological data over 50 years. The
probability of no ice on the water surface, which is required for frazil ice to be able to build, is based on
expert judgement. The hazard frequency is hence estimated to approximately 5E-05/year.

In the initiating event is the probability for the recirculation of the heated outlet water to malfunctioning in
closed position, or failure of corresponding manual action, included with a probability of approximately 1E-03
resulting in an initiating event frequency of approximately 5E-08/year. The probability for the recirculation
malfunction is due to lack of sufficient operational experience based on engineering judgement, and the
importance of the probability is further evaluated in the sensitivity analysis of the PSA.

Based on the initiating event the plant response is analysed. Analysis of the plant response is based on
deterministic analyses, and operating guides. The event will due to the fact that Forsmark Unit 1 and 2 share
intake and outlet channels affect both units within a short time frame, with the potential to cause a shutdown
of both units. This timeframe was compared to disturbance analyses of the main electrical grid performed by
the Swedish power grid authority, showing that a rapid shutdown of both units will cause a collapse of the
external 400 kV. Hence the event is modelled in the PSA under the assumption of simultaneous loss of
offsite power.

The PSA performed covered all relevant manual actions including FLEX actions. HRA were performed for
manual actions based on existing and newly developed procedures. Initially different conceptual
FLEX strategies were evaluated by use of PSA importance measures in order to identify the most efficient
strategies. From the PSA, the need for additions to existing, or the need for new procedures identified. The
final set of strategies was implemented in the PSA considering both new mobile equipment and
corresponding manual actions and routines. Manual actions considered in the fault tree model were amongst
others:

 Coast-down of main cooling pumps;
 Manual cooling of emergency diesel generators;
 Manual start of mobile diesel generators after 8 hours;
 Start of independent core cooling system.

Analysis was performed according to standard PSA approach, where requirements for safety functions
needed to ensure that the plant can be taken to a safe state within the next 24 hours are analysed and
represented by fault trees in the PSA model. The availability of the required safety functions is based on
operational data from systems and components in the Nordic NPPs, data for planned maintenance, data for
common cause failures, uncertainty analysis data, and HRA. Separate sets of event trees were produced to
describe the accident sequence as realistic as possible.

The quantification showed by comparison of the total CDF for all initiating events at power, that the plant
design gives a satisfying safety margin to quantitative safety goals. By use of importance measures and
sensitivity analyses it was shown for the frazil ice initiating event that 1) the barrier against core damage is
large (> factor 1000), and 2) no cliff-edge effects existed.

4.2 DSA

The design for DBA event of frazil ice is based the original design of the plant in combination with expert
judgement and estimated calculations to determine the amount of water needed to ensure that the
temperature always is over 0.3 degrees Celsius. The analysis included tests of a model scaled 1:20. The
analysis for this showed that given the manual maneuver of opening the hatch for the recirculation system
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the water temperature at the strainers is always kept at a level where the risk for frazil ice is marginal. If
however indication for the temperature rise in the inlet canal manual actions are taken to reduce the main
coolant flow with sustained recirculation flow. Unexpectedly low temperatures in the inlet canal have
occurred during operation which initiated further testing of the recirculation flow that ensured that the flow
was in accordance with the design. The conclusion is however that blockage of the inlet canal is very unlikely
and if it occurs it will not interfere with a safe shut down of the plant.

The analysis methods used for evaluating the DEC event of LUHS is performed using quantitative methods
where LUHS is included in the Extended Loss of All AC Power (ELAP) since ELAP challenges the safety
functions more than LUHS. During the initial phase of LUHS the safety functions emergency core cooling
and residual heat removing are functional which they are not during ELAP. The cases ELAP and LUHS are
labelled “Special Events”. These special events where not analysed during the initial design of the Forsmark
NPP. Therefore, in accordance with European praxis, it is not suitable to analyse these events based on the
same conditions and acceptance criteria that are used for DBA events. The methods used for analysis of the
special events applies a realistic methodology, with realistic conditions without surcharge for uncertainties
combined with sensitivity analyses. The sensitivity analyses aim to confirm that no decisive uncertainties will
affect the validity of the results. The sensitivity analyses shall be performed if cliff edge effects are likely to
occur or if the safety margins to the acceptance criteria are small. The independent core cooling system
(ICCS) is shown to be reliable and available through PSA and HRA.

4.3 HFE

Slow-paced external events are characterized by the opportunity to through manual tasks initiate operations
that aim to mitigate the impacts of the event. These are judged based on the following criteria:

 Sufficient time for diagnosis, decision, and actions to be able to act in accordance with guides.
 There shall be enough time and opportunity to through pre-warning or alarm act against the impact of

an event.
 Describe the identification, diagnosis, of the event and ensure that the actions necessary are possible to

perform regardless of the conditions.
 The actions to mitigate the impacts of the event shall be possible to perform during both normal and

extreme conditions and these actions shall to the extent possible mitigate the impact of the event.

In the event of blockage of the water intake the manual tasks can be divided into two categories: Manual
tasks associated with a slow-paced event and manual tasks associated with a fast-paced event.

The former relates to the manual tasks carried out during the necessary changes in the weather. These
tasks consist mainly of overseeing the progress and when the temperature in the inlet canal undergoes
1 degree Celsius start the recirculation system.

The latter is the manual tasks necessary if the blockage is complete and start of the independent core
cooling system is needed.

During an external event that leads to blockage of the water intake resulting in LUHS. The operators are
given a pre-warning from SMHI which indicates that they ought to focus on the water temperature in the
water intake canal. The weather conditions for this external event also increase the operator’s awareness
since they observe the weather conditions on their way to work. The operators are given indications in the
MCR from transmitters in the intake canal and when the temperature drops below 0.1 degree Celsius an
alarm indicates the start of the recirculation system. Furthermore, the operators are clearly instructed that
during this cold weather the goal is to keep the water temperature in the intake canal at 1 degree Celsius
using the recirculation system. There are certain instructions used as guides during the winter specifically
focusing on the water intake canal, these also initiates local controls and how to operate the recirculation
system based on the status of the plants operation.

Analyses to ensure that the operation of the ICCS in the case of an LUHS event can be performed in
accordance with design and operating requirements include operating experience review to determine
relevant operational experiences to provide basis for system specific requirements analysis, functional
analysis, and task analysis.
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4.4 Safety margin

The concept of safety margins can be viewed form different perspectives.

The first perspective is from the detailed analyse performed for an event. In the case of frazil ice there are
conservative assumptions regarding the recirculation of heated outlet water. The recirculation system is
operable during times that the sea water temperature is below 1 degree Celsius which constitutes a margin
to the temperature when the formation of frazil ice is possible. This provides the operators with a large
margin for assessing and initiating necessary actions provided the malfunction of the recirculation system.

The second perspective on safety margin is related to the different levels on defence-in-depth and event
classes (frequency for events) as illustrated in Figure 3. In this case the safety margin is defined as the
margin to core damage frequency if DBA-levels of external events are exceeded (i.e. how the plant can
handled beyond design base conditions). As can be seen in the figure the installation of the Independent
Core Cooling System (ICCS) at Forsmark has introduced a safety margin in case of exceeding design base
external events. The ICCS is verified for external events up to a return frequency of 10-6/year (limiting design
event is earthquake) providing a safety margin for design base external events which have a frequency
10-5/year.

Figure 3 Safety margin related to the concept of event frequency

4.5 Safety engineering process

The safety engineering process (SEP) in the case of blockage of the water intake building was initiated by
the new requirements initiated by the regulations from Swedish Radiation Authority in 2004. During the time
working with this at Forsmark the Fukushima accident happened which further emphasised external events.

The case study describes a process that has been ongoing for 15 years at the Forsmark NPP. The initiator
for the process was new regulations from the Swedish authorities stating that external events should be
considered in design. Therefore, re-qualification against external events for fulfilment of the new regulations
were initiated.

The SEP is an integrated part in the overall engineering process, see Figure 4. The main goal of the SEP in
this case was to fulfil requirements from Swedish Radiation Authority related to external events and thereby
improving the safety of the Forsmark NPP. The SEP resulted in an up-dated Safety Analysis Report showing
fulfilment of the requirements. The verification for external events was completely up-dated and re-structured
in the Safety Analysis Report (SAR), the green box on the right-hand-side in the figure.
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Figure 4 Overview of the SEP

The engineering process for plant modifications is based on the classic V-model. The SEP is integrated in
the engineering process and is highlighted in the green boxes in the figure. An important phase is the
iteration between incoming plant design/requirements, system design and safety assessment. The process
described in the figure above in combination with the process of interactions between the different analyses
forms the SEP.

The flow of information between the different analysis can be summarised as:
 Input of frequencies for external events (PSADSA);
 Plant response analysis (DSAPSA);
 Operating procedures (DSA, PSAHFE).

Generally, there have been little iterations between the analysis e.g. the PSA-study has mainly used input
from the DSA and have not been feeding back information related to the overall plant risk.

From a deterministic point of view the requirements are fulfilled since it is shown that that the safety functions
are protected from design base external events. From a probabilistic point of view the requirements are
fulfilled by the PSA-study meeting the target level for core damage frequency on an overall level.

References

[1] The Swedish Radiation Safety Authority’s regulations and general advice concerning the design and
construction of nuclear power reactors, SSMFS 2008:17, Swedish Radiation Safety Authority
Regulatory Code

[2] Design Guide for Nuclear Civil Structures (DNB), Research 2015:25, Swedish Radiation Safety
Authority

B.2.4 Case 4: Evaluation of Plant Vulnerabilities to Riverine Events

Part A – Summary
Responsible Organization(s): NUBIKI Nuclear Safety Research Institute
Case Study Identifier: LUHS_4
Date: 28.04.2022
Case Study Title: Evaluation of Plant Vulnerabilities to Riverine Events



[945138] BESEP – Benchmark Exercise on Safety Engineering Practices Page 92/268

Relevant External Hazard(s):
 Natural non-seismic hazard / External events endangering water intake from the ultimate heat sink

Plant SSC(s) Involved:
 Water intake system including the essential service water system
 Portable equipment used for accident mitigation

Key Safety Requirement Topic(s):
 Functional separation to provide defence against failure propagation (DSA)
 Assessment of potential losses of safety functions (PSA)
 Situation awareness and assessment (HFE)
 Verification and validation (V&V) of design (SE)

Safety Analyses Involved and Support to Safety Engineering Process:
 Deterministic and Probabilistic Hazard Assessment (DSA/PSA)
 Plant Response Analysis (DSA/PSA)
 PSA for river contamination (PSA)
 Analysis of accident mitigation strategy in case of loss of ESWS (HFE)
 Availability and adequacy of equipment, tools, and administrative arrangements and controls for

accident mitigation in case of loss of ESWS (SEP)
Concise Description of Case Study:
During the Periodic Safety Review for the Paks NPP it was found that available hazard analyses did not
enable a sound conclusion whether events that can lead to loss of the ultimate heat sink due to the
discharge of dangerous or harmful substances into the river Danube could be screened out from hazards
that needed to be considered in the design and that needed to be subject to detailed analysis to quantify risk
or not. Additional hazard assessment for external events endangering cooling water intake from the river
Danube has been performed to better examine this issue. Those substances were considered dangerous in
the analysis that can directly or indirectly disable water intake from the river (hereafter often referred to as
“Danube contamination”). The hazard assessment has resulted in a higher frequency for the occurrence of
Danube contamination than the threshold of 10-7 /y set as a criterion for probabilistic screening in the safety
analyses of the plant.

Detailed plant response analysis was performed to identify the mitigation systems that can be relied upon
and the measures to be applied in case of loss of ESWS. Several safety enhancement measures had been
identified earlier during the stress test of the Paks NPP and implemented subsequently to enable coping with
loss of ultimate heat sink situations efficiently. All the measures related to enabling direct water injection into
the steam generators, the essential service water system as well as the spent fuel pools from external, low
pressure water sources using mobile equipment with the support of the on-site fire brigade of the Paks NPP
were evaluated whether they can effectively serve the purposes of mitigation in such situations. This analysis
also supported the development of a detailed operational and transient mitigation strategy to follow during
loss of ESWS. This strategy is being developed.

Risk assessment was performed for events that can cause loss of the ultimate heat sink due to the discharge
of dangerous substances into the river Danube. The core damage risk attributable to external events
endangering water intake was quantified and the main risk contributors were identified. Based on the
quantified risk measures and contributors, some plant vulnerabilities were revealed and safety concerns
were reported. The results and findings of the risk assessment can help further underpin the development of
the strategy for coping with river contamination hazards.
Administrative and/or Technical Measures Implemented Based on Case Study Results:
 Improvement of the strategy for protective and accident mitigation actions against the effects of river

contamination
Part B – Detailed Description

1 Introduction

Similarly to all operating Nuclear Power Plants in the European Union, a Targeted Safety Reassessment
(so-called “stress test”) [1] was performed for the Paks NPP after the Fukushima nuclear accident in 2011.
Amongst others, the stress test focused on the analysis of plant response to a loss of ultimate heat sink
event and on the evaluation of preparedness for such an event. Earlier, loss of the river Danube as the
ultimate heat sink had been screened out from situations that should be considered in the design basis or
beyond, as no external or internal hazards had been identified that might cause such a situation with a
non-negligible occurrence frequency. The results of the stress test triggered the implementation of safety
measures in order to improve the effectiveness of coping with loss of ultimate heat sink scenarios. During the
Periodic Safety Review for the Paks NPP it was found that available hazard analyses did not enable a sound
conclusion whether events that can lead to loss of the ultimate heat sink due to the discharge of dangerous
or harmful substances into the river Danube could be screened out from hazards that needed to be
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considered in the design and that needed to be subject to detailed analysis to quantify risk or not. The case
study is concerned with the description and evaluation of the applied safety engineering process aimed at
justifying the protection against external events endangering water intake from the river Danube at Paks
NPP.

2 Safety Requirements Addressed

The implemented safety measures to cope with a loss of ultimate heat sink situation aim at utilizing
components not affected by river contamination. Initially, the removal of the water intake filters was also
considered as a candidate measure to handle such an event by trying to use the contaminated water for
cooling purposes with the cooling system of the NPP; however, this option was dismissed. The implemented
measures are described in Section 3 that substantiate the fulfilment of the following requirement:
 Functional separation to provide defence against failure propagation (DSA):

BESEP_DSA_FSEP_001: The safety systems, structures and components, including auxiliary or
supporting systems thereof, shall be protected from interaction with failed systems, structures or
components as far as reasonably practicable.

Detailed plant response analysis (see Section 4.2) as well as probabilistic safety assessment (see Section
4.3) were performed by considering all the plant modifications implemented on the basis of the conclusions
of the stress test of the plant in order to demonstrate the fulfilment of the following requirements:
 Assessment of potential losses of safety functions (PSA):

BESEP_PSA_ALSF_001: The potential losses of safety functions shall be evaluated based on the
resilience of the NPP against the hazards, taking into consideration current status of all systems,
structures and components relevant to nuclear safety.

 Verification and validation (V&V) of design (SEP):
BESEP_SEP_VV_004: In the case of external hazards the NPP shall be safely shut down and kept in a
subcritical state, the residual heat removal shall be ensured and the leakages of radioactive substances
shall be kept below the specified limits.

The use of plant systems and components to cope with a loss of ultimate heat sink situation due to river
contamination is not described in the emergency operating procedures or in the severe accident
management guidelines. System specific as well as other types of operating procedures provide guidance on
how to tackle such situations. This guidance helps fulfil the following requirement:
 Situation awareness and assessment (HFE):

BESEP_HFE_SAA_003: Relevant information related to the procedures and guides shall be presented
for the operators to assess the situation, to see the plant response to actions and to assess the
progress of the plant state.

Based on the findings yielded during the self-evaluation of the case studies, the verification of the following
requirements are additionally included in the self-evaluation in relation to the evaluation of plant
vulnerabilities to riverine events:
 Functional separation to provide defence against failure propagation (DSA):

o BESEP_DSA_FSEP_003: The systems of different safety classes shall be functionally separated so
that failure of a system or component of a lower safety class does not affect a function of a higher
safety class.

 Assessment of potential losses of safety functions (PSA):
o BESEP_PSA_ALSF_002: Complex failure combinations of systems, structures and components

initiated by external hazards shall be identified and their significance to nuclear safety shall be
evaluated.

o BESEP_PSA_ALSF_003: The important functional dependencies on physical location and from
operation, maintenance and the effects of human activities shall be considered in assessing the
potential losses of safety functions.

 Verification and validation (V&V) of design (SE)
o BESEP_SEP_VV_001: V&V shall demonstrate that the included areas, spaces, systems, structures

and components, manual tasks and organizational conditions are working together as designed and
meet the safety requirements set to them.

o BESEP_SEP_VV_003: The procedures and guidelines shall be systematically validated and
verified. Validation shall also address the role of human factors in the procedures and the correct
signal generation under the conditions of external hazards.

o BESEP_SEP_VV_005: The operability of systems, structures and components shall be
demonstrated in their design basis external environmental conditions.
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3 Safety Enhancement Measures Implemented to Successfully Cope with Loss of Ultimate Heat Sink
Situations

The stress test for the Paks NPP identified the need for introducing 46 safety enhancement measures [2] at
the Paks NPP, and a schedule was proposed for implementing these measures. 9 of these measures are
related to coping with loss of ultimate heat sink situations:

1. Enable the use of demineralized water through the auxiliary emergency feedwater system,
implementation of necessary modifications in the plant procedures;

3. Ensure the conditions for preparing and storing boric acid solutions from external water sources,
implementation of the necessary modifications in the plant procedures;

4. Establish an alternative route to supply cooling water into the spent fuel pool, implementation of the
necessary modifications in the plant procedures;

5. Provide direct electric power supply in accident conditions to the submersible pumps of the wells
drilled into the pebble bed of the Danube bank;

6. Enable the use of the water inventory in the closed section of the discharge cooling water channel by
diesel-driven fire water pumps;

7. Connect the fire water system with the service water system on the basis of the interconnection in
place at units 1 and 2;

8. Ensure the possibility of cooling at least one emergency diesel generator per unit from the fire water
system, implementation of the necessary modifications in the plant procedures;

9. Installation of equipment needed for the use of external cooling water supply in case of severe
accidents and development of the necessary procedures for maintenance and testing;

10. Amend plant operating procedures with a description of how to make use of external cooling water
supply sources.

Based on the analysis and evaluation of the plant modifications as well as the associated, newly developed
plant procedures, it could be concluded that the above mentioned measures were performed in order to
enable the use of the fire water system for the following main interventions:

11. Direct water injection into the steam generators;
12. Ensuring cooling water to some designated consumers of the essential service water system;
13. Water injection into the spent fuel pool (SFP).

In order to provide long-term heat removal through the steam generators (i.e. measure no. 1 above), the
necessary conditions have been ensured for feeding external cooling water from the existing connection
points in the plant yard area via existing feed lines to the auxiliary emergency feedwater system.
Accessibility of the external connection points in accident conditions has been improved. As water stored in
the demineralized water tanks can be used as an alternative water source during an accident, flexible
connection nozzles have been installed on these tanks for providing water to the auxiliary emergency
feedwater system using mobile pumps. Preparatory measures have also been made for utilizing additional
water sources such as the fishing lakes near the plant. The tools needed for constructing the external water
supply line to the auxiliary feedwater system, and means of connecting mobile aggregators and pumps taken
from outside the site, have been provided. Plant procedures have been prepared for deploying these water
sources.

The key element to recover from loss of the ultimate heat sink is the connection between the essential
service water system, the technological service water system and the fire water system (i.e. measure no. 2
above). At Units 1 and 2 supply of fire water to the essential service water system via the normal service
water system was readily achievable through built-in connections and assemblies. The same interconnection
possibility has been provided for the corresponding systems at Units 3 and 4. Moreover, start-up and cooling
of the emergency diesel generators have been enabled by the use of the fire water system, if essential
service water is not available. Necessary equipment and procedures have been provided to cool at least one
diesel generator per unit from the fire water system.

The loss of the essential service water system would result in the loss of SFP cooling. An alternative
pathway of supplying external water to the SFPs has been provided (i.e. measure no. 3 above). Water
supplied to the SFP via the new pipeline has to be borated. The coolant supplied via the new pipeline can be
taken from the existing tank fleet used for the preparation and storage of boric acid solution for this purpose.
The necessary operations have been specified in plant operating procedures.

Over and above these interventions, some subparts of the fire water system have also been upgraded to
enable operation during various accident conditions. On one hand the nuclear power plant has nine large-
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diameter wells with a depth of 30 m, drilled into the pebble bed of the Danube. The wells are interconnected
with some other parts of the fire water system. These wells form a permanent water base with a virtually
unlimited water supply. As a result of some plant modifications, the pumps at the station can be operated
from portable diesel generators, if the necessary connections are established. On the other, hand portable,
diesel-driven fire water pumps as well as the corresponding piping system and other components have been
provided to ensure that the water inventory in the closed section of the discharge cooling water channel can
be used by the fire water system.

4 Safety Analyses Performed

To evaluate the preparedness of the Paks NPP for responding to river contamination, the following safety
analyses have been performed by giving considerations to the safety measures listed above:
 hazard assessment using a combination of deterministic and probabilistic analyses (see Section 4.1);
 plant response analysis from both deterministic and probabilistic aspects (see Section 4.2);
 event logic modelling and risk quantification for river contamination (see Section 4.3) including the

analysis of accident prevention and mitigation strategy in case of loss of ESWS;
 assessing availability and adequacy of equipment, tools, and administrative arrangements and controls

for accident mitigation in case of loss of ESWS (already described in Section 3, see also Sections 4.2
and 4.3, and Section 5).

4.1 Hazard Assessment

Generally, the objective of hazard assessment for external events is to determine event frequencies for
various values of a parameter which represents best the load induced by an external hazard. Primarily, loss
of ultimate heat sink due to Danube contamination was the subject of hazard assessment, as opposed to
quantifying only the Danube contamination hazard itself. This consequence of the river contamination was
taken into account as initiating event in the analysis. The use of this approach was justified by the fact that
Danube contamination can induce only one type of technological transient, namely loss of ultimate heat sink,
at the Paks plant. Moreover, identification and evaluation of a full spectrum of Danube contamination events
did not appear feasible. The assessment was performed by simultaneously analysing the hazardous events
and the effects of these events on the water intake system.

Consequently, definition of the initiating event in question included a systematic search for all those external
events and the associated event sequences that can induce inoperability of the water intake system due to
river contamination processes. By reviewing these events and sequences and taking the associated
uncertainties into account, estimation was made on the frequency of water intake blockage. The events that
can be induced by Danube contamination include clogging of the essential service water system filters, loss
of the essential service water system due to causes other than filter clogging, as well as loss of any other
cooling water supply subsystems (including condenser and technological cooling water systems) at the plant.
Nevertheless, the analysis focused primarily on loss of the essential service water system due to filter
clogging, since the ESWS is the ultimate cooling system that predominantly affects plant safety from among
the systems directly impacted by river contamination.

The scenarios leading to partial or total loss of the water intake systems were determined by making use of
invaluable contributions of experts in water management, environmental sciences and biology (hereafter
referred to as water management experts). In order to identify and evaluate possible endangering events

1. an exhaustive list of external hazards was developed with the associated endangering events,
2. dangerous substances were described in terms of chemical, physical and biological properties,
3. those events were selected that needed detailed PSA modelling and risk quantification.

The frequency of the screened-in external events was determined by a combined use of statistical data
analysis and expert judgment as deemed appropriate according to the type of an event. Time to recovery
from loss of ESWS was also assessed as it was important to modelling PSA accident sequences. The
maximum probable density of the different types of characteristic Danube contamination have also been
determined based on deterministic analyses, which served as input to defining the design basis of the water
intake system.

4.1.1 Identification and Evaluation of Associated Possible Endangering Events

As the first step of the assessment, the water management experts reviewed the water intake systems
including all their subsystems and components that should operate in order to provide cooling water to the
plant. The experts evaluated the resistance of the components in question against the possible types of
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Danube contamination and identified the technical areas and characteristics that they found most relevant to
the analysis. The scope of the review covered:
 the cooling water channel between the Danube and the water intake facility;
 the water intake facility;
 the three subsystems of the plant cooling water system:

o condenser cooling water system;
o technological cooling water system;
o essential service water system;

 fire water system.

The water management experts analysed and evaluated several water contamination events that had
affected water intake systems of NPPs around the world, primarily on the basis of Special Operating Reports
(SOER) of the World Association of Nuclear Operators (WANO) related to intake cooling water blockage [3].
The identification of direct and hidden causes of unfavourable tendencies in the blockage of water intake
systems as well as an assessment of the role of defence barrier failures and technological deficiencies
therein were amongst the goals of this SOER analysis.

The SOER, the lessons learned from past assessments as well as the experience of water management
experts were utilized in integration to develop an exhaustive list of hazards together with the possible
endangering events that can induce loss of the ultimate heat sink. A list of those man-made activities was
prepared that can lead to significant Danube contamination in case of an accident, system malfunction or
inappropriate usage thereof. Besides, some rare natural phenomena were also identified that can cause
damage to the water intake system. The associated endangering events were determined for each type of
man-made activity and natural phenomena. The effects of the endangering events with respect to loss of
ultimate heat sink were evaluated. If it was apparent in this early phase of the analysis that a certain
endangering event cannot cause even partial loss of ultimate heat sink, the event was screened out of
further analysis.

Based on the results of the aforementioned initial screening, the following events were analysed and
evaluated in detail by the water management experts in the next step of the analysis:
Road Transport
 Accidents of trucks or large cargo vehicles transporting toxic substances on a Danube bridge or in the

riverine area of 100 m in width (the substances transported get into the Danube);
 Accidents of trucks or large cargo vehicles transporting fuel (gasoline, diesel oil, gas oil that floats on

water surface) or other oil by-products of similar density on a Danube bridge or in the riverine area of
100 m in width (the products transported get into the Danube);

 Accidents of trucks or large cargo vehicles transporting crude oil or other oil by-products (dead oil,
mazut etc. that floats under water surface) on a Danube bridge or in the riverine area of 100 m in width
(the materials transported gets into the Danube).

Rail Transport
 Accidents of cargo trains transporting toxic substances on a Danube bridge or in the riverine area of 100

m in width (the substances transported get into the Danube);
 Accidents of cargo trains transporting fuel (gasoline, diesel oil or gas oil that floats on water surface) or

other oil by-products of similar density on a Danube bridge or in the riverine area of 100 m in width (the
products transported get into the Danube);

 Accidents with cargo trains transporting crude oil or other oil by-products (dead oil, mazut etc. that float
under water surface) on a Danube bridge or in the riverine area of 100 m in width (the materials
transported gets into the Danube).

Transport by Inland Waterways
 Accidents leading to damage or sinking of cargo ships or tows transporting toxic substances on the

Danube (the materials transported gets into the Danube);
 Accidents leading to damage or sinking of cargo ships or tows transporting fuel (gasoline, diesel oil or

gas oil that float on water surface) or other oil by-products of similar density on the Danube (the
products transported get into the Danube);

 Accidents leading to damage or sinking of ships on the Danube (the fuel thereof gets into the Danube);
 Accidents leading to damage or sinking of cargo ships or tows transporting crude oil or other oil by-

products (dead oil, mazut, etc. that floats under water surface) on the Danube (the products transported
get into the Danube);

 Accidents leading to damage or sinking of cargo ships or tows transporting large amount of solid, grainy
cragged type of goods (e.g. sand, grain) on the Danube (the materials transported gets into the
Danube).
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Industrial and Other Man-made Activities
 Leakages or accidents at industrial facilities handling toxic substances (the toxic substance gets into the

Danube);
 Accidents in oil refineries or in facilities storing and transporting (transferring) fuel or other oil by-

products (the oil by-product gets into the Danube) – including rupture of transmission lines too;
 Damage of industrial facilities storing solid, grainy (not hazardous) goods (the grainy substances get

into the Danube);
 Accidents leading to significant release of toxic substances during chemical mosquito control along the

Danube (the toxic substance gets into the Danube).
Natural Phenomena
 Large quantities of algae or other river vegetation get into the Danube from backwaters or forks

upstream the Danube;
 Accumulation of river vegetation in the cooling water systems;
 Collapse of riverine loess walls upstream the Danube.

Activities Related to Plant Operation
 Moving of counter-shuttles at the water intake;
 Operation with special configuration of the condenser cooling water pumps;
 Installation and operation of dedicated pumps in case of low water level;
 Regular dredging of the cooling water channel between the Danube and the water intake facility;
 Construction work or other types of potentially endangering activities in the so-called northern

investment area.

Some of these activities and natural phenomena can lead to similar consequences with respect to
endangering cooling water supply of the plant. A detailed impact assessment was performed for each
consequence event, focusing on the effects on the components of the cooling water systems. Using the
results of initial deterministic screening and subsequent detailed impact assessment, the quantification of
event frequencies was found necessary for the following set of cause–consequence event combinations:
 Crude oil or other oil by-products floating under water surface get into the Danube, the cooling water

channel and the water intake facility;
 Large scale fish devastation in the Danube, dead fish gets into the cooling water channel and the water

intake facility;
 Grains with blockage potential get into the Danube, the cooling water channel and the water intake

facility;
 River vegetation with blockage potential gets into the Danube, the cooling water channel and the water

intake facility.

The impact assessment showed that all screened-in consequence events can induce blockage of the finest
filters installed at the water intake facility. Moreover, large scale fish devastation as well as river vegetation
may also block the coarse filters and the open drum filters at the water intake facility.

4.1.2 Occurrence Frequency of Screened-in Events

The frequency of screened-in external events was determined by quantitatively describing each man-made
activity, natural phenomenon and the associated endangering events to the extent seen feasible. Due to
shortage in applicable data, not all endangering events could be quantified on the basis of experience. In
such cases, expert judgement was applied to estimate the occurrence frequency of the consequence event.

For road and rail transport as well as for transport by inland waterways, use was made of the following types
of data:
 location of relevant transport routes;
 types of hazardous materials transported;
 quantity of goods transported;
 quantity of hazardous materials transported;
 data on daily average traffic of trucks and large cargo vehicles / rail transport / water vehicles;
 accident statistics for trucks and large cargo vehicles / rail transport / water vehicles.

Based on the input data listed above, the occurrence frequency of transport related endangering events
could be quantified by primarily relying on statistical data analysis. From among the endangering events
caused by industrial and other man-made activities, use was made of generic failure statistics to assess the
rupture frequency of oil lines running across the bed of river Danube. A qualitative assessment was made in
support of expert judgement for all other human induced endangering events.
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The analysis of how algae and river vegetation can enter the river Danube in large quantities concluded that
erroneous operations during management and maintenance of backwaters and forks upstream the river
Danube could be seen as the main contributor to such events. In lack of appropriate data for such erroneous
operations and related accidents, a coarse expert judgment was applied to assess the occurrence frequency
of these events.

Similarly, the evaluation of endangering events that might be associated with activities on plant operation
concluded that the predominant endangering events were failures during regular dredging along the cooling
water channel between the Danube and the water intake facility. Only rough engineering judgement could be
used for quantification in this case too. All the other endangering events related to plant operational activities
were found unimportant in the qualitative analysis.

The frequency of consequence events related to crude oil or oil by-products floating under water surface,
grains and river vegetation was assessed by summing up the occurrence frequencies of the endangering
events leading to the consequence event in question. Due to scarcity of data, the occurrence frequency of
discharging toxic substances into the Danube causing large scale fish devastation could not be quantified by
strictly assessing the related endangering events; therefore, expert judgment was used to estimate the
frequency of large scale fish devastation in the Danube. Historical data, a qualitative evaluation of barriers
and the effects thereof, as well as estimation on fish quantities that have blockage potential were taken into
consideration in this assessment.

Besides quantification of occurrence frequencies, time to recovery from loss of ESWS was also assessed for
each contamination type, since this information was needed in support of delineating accident sequences.
Expert judgment was used to estimate the average time to recovery by giving considerations to task
complexity, available means and available equipment for recovery, as well as the types and number of
components affected by a given type of contamination.

The quantitative results of hazard assessment include the frequency of loss of ESWS, the average time to
recovery from loss of ESWS as well as the maximum probable density of the different substances causing
Danube contamination, as shown in Table 1.

Table 1 Summary Results of the Hazard Assessment for External Events Endangering Water Intake from the
River Danube at NPP Paks

Type of Danube Contamination Frequency of Loss
of ESWS [1/y]

Average Time to
Recovery [day]

Maximum Probable
Density [g/m3]

Crude oil or oil by-products
floating under water surface 7.52 10-6 3 607

Toxic substances (large scale
fish devastation on the Danube) 2.50 10-5 2 58

Grains that may cause filter
clogging 1.00 10-5 0.5 N/A

River vegetation that may cause
filter clogging 1.00 10-5 3 2846

Total 5.25 10-5 - -

As the results of hazard assessment are largely based on expert judgment, the underlying uncertainties are
considered high. This fact has to be taken into consideration in the interpretation and use of PSA results in
decision making.

If we designate Danube contamination as a natural hazard, the difference between the frequency of loss of
ESWS due to river contamination and the regulatory threshold for design basis natural external hazards
(i.e. 10-4 /y) may be regarded as a safety margin attribute. On the other hand, a solid technical basis could
not be established for quantifying blockage potential in terms of contamination density, even though the
capacity of the filters in the water intake facility had been analysed in detail. Hence, the hazard assessment
did allow a deterministically driven characterization of the safety margin or an assessment of the potential for
cliff-edge effects.

4.2 Analysis of Plant Response
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Four largely similar VVER-440 type reactors are in operation at the Paks site. The water intake facility is
common for units 1 and 2, and also for units 3 and 4 (called twin units). The two separate water intake
facilities are almost identical and located next to each other. Consequently, it could be assumed that all
water intake filters would be blocked shortly after one another in case of a riverine event. Loss of ESWS
requires reactor shutdown according to the operational limits and conditions. It was conservatively assumed
in the analysis that simultaneous shutdown of all four units would induce loss of off-site power. Nevertheless,
any physical damage, additional transients or serious anomalies were not supposed in the off-site power
grid. Since unit shutdown is induced other than grid related causes (i.e. by river contamination alone), the
off-site power could presumably be recovered within a couple of hours at maximum.

The plant operating personnel initiates ESWS recovery after the occurrence of filter blockage. As long as
recovery actions are ongoing, the condenser system and the technological cooling water system are
assumed unavailable due to the similarities of filters and other vulnerable components to that of the ESWS,
and because these cooling water systems have no power supply in case of loss of off-site power.

The following water resources are available on-site for transient mitigation:
 demineralized water supply (6 · 960 m3 for the four units);
 water in the discharge water channel (4 · 2000 m3 for the four units);
 virtually unlimited supply of water from the fishing lakes and the well station.

In the analysis, the mean time to recovery from loss of off-site power and the available time for recovery
were taken into account in the same way as in the internal events PSA. If recovery of off-site power is
successful, then the emergency and auxiliary emergency feed water systems can ensure residual heat
removal until the demineralized water sources are used up in open loop heat removal. Taking the
demineralized water supplies and the decrease of residual heat in time into account, safe cooling conditions
can be ensured for 110 hours after reactor scram by means of this cooling configuration.

Motivated by the post-Fukushima Targeted Safety Reassessment, cross connection between the fire water
system and the ESWS has been implemented (see Section 3 for details). The characteristics of the different
fire water subsystems (pump stations) were analysed and evaluated in detail by giving considerations to all
the relevant technical factors including the adequacy of pump capacities in the different pump stations to
satisfy the minimum necessary cooling water demand for all the units.

As described in Section 3, the fire water system can be connected directly to the condensers too. The
capacity of the pump station is sufficient to provide the minimum necessary amount of cooling water for all
the units. However, 24 hours of operation of the emergency or the auxiliary emergency feed water system is
required in open heat removal mode in any case in order to reduce pressure and temperature in the
condenser to enable injection of low pressure and low temperature water from the fire water system or
rearrange cooling system configuration in the secondary circuit by using the secondary decay heat removal
system.

It can be concluded that there are sufficient safety systems, structures and components, including auxiliary
or supporting systems thereof available that are protected from the effects of Danube contamination as well
as from interaction with failed systems or components. It underpins that there is a sufficient level of plant
protection, hence an appropriate safety margins (i.e. the number of different available mitigation systems) in
place against the effects of river contamination. Also, there is no potential of a cliff-edge effect due to beyond
design basis river contamination for a sufficient number of mitigation systems (since river contamination has
no effect on such systems). Moreover, it was also demonstrated that in case of river contamination the
Paks NPP can be safely shut down and kept in a subcritical state, the residual heat removal can be ensured
and the leakages of radioactive substances can be kept below the specified limits.

4.3 Probabilistic Safety Assessment

4.3.1 Event Sequence Modelling

An event tree has been developed for each contamination type. The end state of an event sequence in these
event trees is one of the following
 stable core cooling conditions (shutdown, cooled in long term) as success
 core damage as the one and only pre-defined undesirable end state in the full power level 1 PSA for

NPP Paks.
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The “small event tree – large fault tree” concept was applied during event sequence development. A mission
time of 168 hours was used, since time to recovery of ESWS can take several days. Full credit was given to
successful recovery within a week.

After the definition of the undesired end state and specifying the mission time as 168 hours, the event tree
development followed the commonly known steps:

1. The safety functions were identified, that must be ensured in order to prevent core damage.
2. The systems and human interactions that have a role in fulfilling the required safety functions were

identified. Also, the minimal configuration, the associated operational conditions and the
requirements for appropriate human interactions (success criteria) that are necessary and sufficient
to fulfil the required safety functions were determined for each system.

3. Each initiating event was examined with respect to the functional failures that can lead to core
damage.

4. Finally, the event tree was built up for each initiating event by taking into account failures and
successes of system and human responses needed to fulfil the required safety functions.

Separate treatment of the four root causes presented in Table 1 appeared advantageous for event sequence
analysis in order to explicitly show the role of the different risk contributors in the model, as opposed to
merging them into a common event tree. The structure of the event trees for the four initiating events is
identical; differences can be observed in the initiating event frequencies and in the failure probabilities for
timely recovery only. These differences do not show up at the event tree level, but in the associated fault
trees.

All event tree headers relate to one of the following mitigating actions or system operations:
 recovery from loss of off-site power;
 decay heat removal by means of emergency or auxiliary emergency feed water systems;
 recovery from loss of ultimate heat sink (primarily: ESWS);
 decay heat removal with the fire water system.

4.3.2 Fault Tree Analysis

As usual, failures of system and human responses to prevent severe consequences by fulfilling the defined
success criteria were linked as top events to the event tree nodes during event tree development. Main
(or front line) and support systems were modelled in detail in accordance with the role they play in accident
mitigation and with their functional interconnections.

Use was made of fault trees elaborated earlier for the internal events PSA to model timely recovery of
 off-site power,
 decay heat removal by means of the emergency or auxiliary emergency feed water systems.

In addition, timely recovery from loss of ESWS was quantified by assessing the probability of failure to
recover the ultimate heat sink in response to each initiating event. The fire water system had not been
modelled in the original PSA, hence reliability of this system had to be analysed for the purposes of this
analysis.

4.3.3 Human Reliability Analysis

Similarly to the PSA for internal events, human reliability analysis (HRA) within the PSA for external events
endangering water intake from the river Danube at NPP Paks was aimed at identification and quantification
of those safety significant human failure events which can take place either prior to a plant disturbance or
during evolution of an accident. The potential erroneous actions were identified in the course of event tree
analysis and fault tree development.

Beyond human actions already modelled in the internal events PSA, eight human actions were identified and
newly introduced into the model (beyond “recovery from loss of ESWS”):
 plant personnel install and startup the diesel-driven pump station for the discharge channel of the

condensate cooling water system;
 operators set the path between the fire water system and the essential service water system, and close

the paths to selected consumers of the essential service water system;
 on-site fire brigade ensures cooling water to the diesel generators from a fire hydrant;
 plant personnel transport diesel generators used for severe accident management to the well station on
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the Danube bank;
 on-site fire brigade provides water supply to the steam generators from the demineralized water tank;
 on-site fire brigade provides water supply to the steam generators from other sources;
 operators set the path between the fire water system and the steam generators;
 operators fill up the high boron concentrate tanks (TB) from the pure condensate tanks (TK);
 on-site fire brigade provides water supply to the SFP from the tank TB.

The use of plant systems and components to cope with a loss of ultimate heat sink situation due to river
contamination (see the above list) is not described in the emergency operating procedures or in the severe
accident management guidelines. System specific as well as other types of operating procedures provide
guidance on how to tackle such situations. This kind of guidance is in place to help the operators collect and
interpret all the relevant information in order to make an assessment and evaluation of the situation, to
understand the plant responses to their interventions and to monitor the changes in plant state to achieve
safe and stable core and fuel cooling conditions.

The Success Likelihood Index Method (SLIM) [4] was used for quantifying the human failures to successfully
perform the required actions listed above. The decision on using SLIM was driven by an expectation that this
method can be used relatively flexibly and in a structured manner to incorporate expert opinion into the HRA
quantification process so that the effects of key performance influences specific to the human actions in
question can be readily and explicitly shown in the estimates of human error probability (HEP).

An expert group was set up to help quantify HEPs using SLIM. This group studied the required human
interventions in detailed, established a set of performance shaping factors (PSFs) based on an
understanding of the conditions for human actions, assessed the relative weight of the different PSFs,
calibrated the used factors and rated the interventions form the point of view of the PSFs. The following
performance shaping factors (influences) were considered as the most important ones for the human actions
and related human failure events in question:
 environmental conditions;
 time constraint / emergency stressor;
 task complexity;
 human-machine interface;
 qualification and training;
 required level of team integration and team work to successfully perform the action;
 quality of procedures.

In addition to the human failure events quantified by using SLIM, recovery from loss of ESWS was also
assessed in HRA. The recovery failure probability was quantified by assuming that time to recovery is a
random variable predominantly characterised by the mean (average) recovery time, assessing the time
window for recovery and evaluating the probability of failure on the basis of the probability distribution
function considered relevant. A similar approach had been used for a limited number of recovery actions in
the internal events PSA.

4.3.4 Input Data Assessment

Reliability data relevant to failures independent of Danube contamination were taken from the internal events
PSA without any modification. The assessment of reliability data for components playing a role in direct
water injection into the steam generators, the essential service water system as well as the spent fuel pools
from external, low pressure water sources was primarily based on a careful evaluation of reliability data
applied in the internal events PSA for similar types of components including mechanical, electrical and I&C
components. Moreover, use was also made of data supplied by the Auxiliary Systems Operations Section at
the plant (e.g. surveillance test intervals, data on maintenance). It was found that the existing PSA data was
not applicable to the pumps of the well station at the Danube bank, the diesel driven firewater pumps, the
mobile fire-fighting pumps and the diesel generators used for severe accident management. Hence, in lack
of plant specific data, reliability data was taken from NUREG/CR-6928 [5] based on the technical
characteristics of the pumps and the diesel generators.

4.3.5 Risk Quantification

During risk quantification, the frequency core of damage sequences was determined and the most important
risk contributors were identified. Point estimates of core damage risk were computed for each initiating event
and for the four initiating events analysed in total. In addition, importance, sensitivity and uncertainty
analyses were performed to gain further insights useful for a better characterization of risk and for
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recommending safety improvements. The RiskSpectrum PSA software was the basic tool used for risk
quantification.

4.3.6 Results and Findings

The PSA results show that the point estimate for the annual probability of core damage attributable to
Danube contamination is 9.44 · 10-7/y. This figure is the cumulative frequency from all sources of
contamination in all the plant operational states analysed. Figure 1 shows the role of the different
contamination types in core damage risk. Even though the same event sequences are induced by the
different types of contamination, the associated risk figure may differ due to the differences in the initiating
frequencies and in the average time to recovery. It can be concluded that toxic substances have a
paramount influence on core damage risk as their contribution is comparable to the sum of all the other
contributors. This is primarily due to the relatively high initiating event frequency and the mean time to
recovery that is larger than the average. The second highest core damage frequency is originated from river
vegetation that may cause filter clogging, the third corresponds to crude oil or oil by-products floating under
water surface. The lowest risk value is attributable to grains causing filter clogging, which can be explained
by the relative short average time of 12 hours to recovery.

Figure 1 Distribution of Core Damage Risk over Contamination Types

The results show that the risk from river contamination is moderate in comparison to the risk originated from
other types of initiating events analysed in the PSA for the Paks plant. Moreover, it can also be concluded
that the risk due to river contamination is not significant in comparison to the quantitative safety criteria, i.e.
10-4 /y for core damage frequency. The latter finding further supports the conclusion that there is sufficient
safety margin beyond the design basis river contamination and it provides quantitative arguments that there
are practically no cliff-edges as to the risk associated with the failure of the water intake due to river
contamination.

Some proposals have been outlined for follow-on analyses and risk reduction at the plant using the PSA
results including that of sensitivity analyses in particular. The most important proposals are summarized
hereby:

1. To ensure a high level of preparedness for coping with water contamination hazards, development
and implementation of a Danube contamination detection and alarm system should be considered.

2. Various follow-on analyses and actions are seen necessary to enable a more accurate assessment
of the loss of ultimate heat sink potential and an adequate treatment of the consequences of
endangering events. An example of the proposed follow-on analyses is an in-depth evaluation of
changes in heat transfer effectiveness in heat exchangers due to Danube contamination including oil
and oil by-products in particular. The scope of the endangering events that should be subject to
detailed risk assessment has to be reviewed after performing the proposed further analyses.

3. The symptom-oriented emergency operating procedures in use at the plant do not include the
strategy and the associated instructions for secondary side cooling by the use of the fire water
system. Similarly to the seismic safety concept elaborated earlier at the plant, it appears advisable to
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set up an operational and transient mitigation strategy and specify the corresponding sequences of
actions needed to be taken in case of Danube contamination. Use should be made of the proposed
strategy to amend the symptom-oriented emergency operating procedures with an accurate
description of actions to take in response to the symptoms representative for those plant transients
that can be induced by Danube contamination. Finally, the PSA should be updated by taking the
procedural changes into account.

4. Installation of independent, stationary diesel generators to ensure power supply to the well station
pumps is seen as a most effective measure for safety enhancement. If this is accomplished, then
quick recovery of off-site power is not absolutely necessary any further, since the massive sources of
water supply from the well station can ensure cooling water to the emergency diesel generators and
for decay heat removal through the steam generators.

Follow-on analyses have been started in relation to items no. 2 and 3; however, proposals no. 1 and 4 are
not in the focus of the plant activities at present, as the risk attributable to river contamination is considered
sufficiently low.

5 Summary of the Safety Engineering Process

During the Periodic Safety Review for the Paks NPP it was found that available hazard analyses did not
enable a sound conclusion whether events that can lead to loss of the ultimate heat sink due to the
discharge of dangerous or harmful substances into the river Danube could be screened out from hazards
that needed to be considered in the design and that needed to be subject to detailed analysis to quantify risk
or not. Additional hazard assessment for external events endangering cooling water intake from the river
Danube has been performed using a combined approach of deterministic and probabilistic analyses to better
examine this issue. The hazard assessment has resulted in a higher frequency for the occurrence of Danube
contamination than the threshold of 10-7 /y set as a criterion for probabilistic screening in the safety analyses
of the plant.

Subsequently, a detailed plant response analysis was performed to identify the mitigation systems that can
be relied upon and the measures to be applied in case of loss of ESWS. All the measures related to enabling
direct water injection into the steam generators, the essential service water system as well as the spent fuel
pools from external, low pressure water sources using mobile equipment with the support of the on-site fire
brigade of the Paks NPP were evaluated whether they can effectively serve the purposes of mitigation in
such situations. This analysis also supported the development of a detailed operational and transient
mitigation strategy to follow during loss of ESWS. This strategy is being developed.

Risk assessment was performed for events that can cause loss of the ultimate heat sink due to the discharge
of dangerous substances into the river Danube. The core damage risk attributable to external events
endangering water intake was quantified and the main risk contributors were identified. Based on the
quantified risk measures and contributors, some plant vulnerabilities were revealed and safety concerns
were reported. The results and findings of the risk assessment can help further underpin the development of
the strategy for coping with river contamination hazards.

Several safety enhancement measures proposed during the stress test of the plant have been implemented
to improve the effectiveness of managing ultimate heat sink situations, which substantiates the fulfilment of
the corresponding BESEP requirement: In the case of external hazards the NPP shall be safely shut down
and kept in a subcritical state, the residual heat removal shall be ensured and the leakages of radioactive
substances shall be kept below the specified limits.
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B.3 Case Study Group PVES – Plant Vulnerability to Extreme Snow

B.3.1 Case 2: Protection of the Reactor Hall from the Effects of Extreme
Snow

Part A – Summary
Responsible Organization(s): NUBIKI Nuclear Safety Research Institute
Case Study Identifier: PVES_2
Date: 28.04.2022
Case Study Title: Protection of the Reactor Hall from the Effects of Extreme Snow
Relevant External Hazard(s):
 Natural non-seismic hazard / Extreme weather conditions / Extreme snow

Plant SSC(s) Involved:
 The complete building structure of the reactor hall
 Equipment and tools for snow removal

Key Safety Requirement Topic(s):
 Physical separation and structural integrity (DSA)
 Support to developing abnormal and emergency operating procedures and severe accident

management guidelines (PSA)
 Confidence in provision for defences against the occurrence of cliff edge effects (PSA)
 Guidance selection, decision making and intelligent use of guidance (HFE)
 Safety design and requirement management for external hazards (SE)

Safety Analyses Involved and Support to Safety Engineering Process:
 Structural strength and structural reliability analyses (DSA)
 Fragility analysis for SSCs (PSA)
 Snow PSA (PSA)
 Analysis of the snow removal strategy and corresponding EOPs (HFE)
 Availability and adequacy of equipment, tools, and administrative arrangements and controls for snow

removal (SEP)
Concise Description of Case Study:
By considering the results of an upgraded hazard assessment for meteorological hazards it was found in the
latest Periodic Safety Review of the Paks NPP as well as in its lifetime extension project that the safety of the
NPP might be challenged for design basis loads and the safety margins beyond design basis loads might not
be sufficient. Consequently, it was required that appropriate defences should be ensured against the effects
of meteorological hazards through establishing and maintaining sufficient safety margins by design for
design basis loads and beyond and, also, to reassuringly exclude potential cliff-edge effects due to such
loads. The case study is concerned with the description and evaluation of the applied safety engineering
process aimed at justifying the protection of a building structure of a nuclear power plant against the effects
of extreme snow. The building structure selected for this purpose is that of the reactor hall.

Use was made of structural strength analysis to assess whether the reactor hall can withstand the design
basis snow load at high confidence level or not. It was concluded that some plant modifications were needed
to ensure appropriate protection against the design basis loads. The proposed modifications included
strengthening some structural components. Subsequently, structural reinforcement was made in accordance
with the proposal.

After implementing the proposed plant modifications, fragility analysis was performed to enable a quantitative
assessment of safety margin by means of the plant PSA for extreme snow. The fragility analysis made use of
structural strength as well as structural reliability analyses. PSA was applied to justify the fulfilment of
probabilistic safety criteria and qualify the adequacy of protecting the reactor hall against snow loads at a
higher, facility level.

The occurrence of plant transients due to snow load can be prevented if snow is removed from some
designated plant areas, important to plant safety, in a timely manner. The operating procedure controlling
snow removal was subject to a risk-informed review that included the development of proposals for ensuring
reliable snow removal based on an evaluation of the underlying influences on performance and success rate.
This review supported the improvement of the snow removal strategy.
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Administrative and/or Technical Measures Implemented Based on Case Study Results:
 Strengthening some structural components
 Improvement of the strategy for snow removal

Part B – Detailed Description
1 Introduction

In Hungary, the Nuclear Safety Codes [1] list the most important internal and external hazards which shall be
taken into consideration during the justification of the design and safety. In particular, the Codes highlight
that, amongst others, severe weather conditions shall be addressed. Originally, severe weather conditions
were not considered with the need for completeness in the design of the Paks Nuclear Power Plant. By
considering the results of an upgraded hazard assessment for meteorological hazards it was found in the
latest Periodic Safety Review of the Paks NPP as well as in its lifetime extension project that the safety of the
NPP might be challenged for design basis loads and the safety margins beyond design basis loads might not
be sufficient. Consequently, it was required that appropriate defences should be ensured against the effects
of meteorological hazards through establishing and maintaining sufficient safety margins by design for
design basis loads and beyond and, also, to reassuringly exclude potential cliff-edge effects due to such
loads. The case study is concerned with the description and evaluation of the applied safety engineering
process aimed at justifying the protection of a building structure of a nuclear power plant against the effects
of extreme snow. The building structure selected for this purpose is that of the reactor hall.

2 Safety Requirements Addressed

To justify the protection of a designated building structure of an NPP against the effects of extreme snow, an
evaluation should be made, amongst others, whether the structure can reassuringly withstand the design
basis as well as the beyond design basis snow load or not. The potential of cliff-edge effects should also be
analysed and evaluated. Accordingly, the fulfilment of the following requirements is demonstrated in this
case study using deterministic as well as probabilistic safety analyses (see Sections 3.1 and 3.2 for details):
 Physical separation and structural integrity (DSA):

BESEP_DSA_PSEP_002: The systems, structures and components, including auxiliary or supporting
systems thereof shall be protected from the effects of external hazards as far as reasonably practicable.

 Confidence in provision for defences against the occurrence of cliff edge effects (PSA):
BESEP_PSA_CEE_001: Probabilistic safety analyses shall be used to demonstrate that sufficient
safety margins are available to avoid cliff-edge effects.

Structural damage leading to snow-induced transients can be prevented if snow is removed from plant
areas, important to plant safety, adequately and in a timely manner. Plant procedures and associated
arrangements in place for snow removal were evaluated and the weaknesses in the current snow removal
strategy were revealed. A risk-informed review of the operating procedure controlling snow removal was
performed to help enhance safety. These analyses are related to the fulfilment of the following requirements
(see Section 3.3 for details):
 Support to developing abnormal and emergency operating procedures and severe accident

management guidelines (PSA):
BESEP_PSA_EOP_001: PSA shall be used to support the development of abnormal and, emergency
operating procedures and severe accident guidelines considering aspects that may influence the
activities and performance of operating personnel.

 Guidance selection, decision making and intelligent use of guidance (HFE)
BESEP_HFE_GS_003: The procedures and guides shall be designed taking into account the human
capabilities and limitations and the human reliability analyses.

Overall, the justification of protection against the effects of extreme snow covers various types of analysis
relating to different aspects in safety engineering practices. Although these aspects are manifold, the
fulfilment of the following requirement in this case study should be highlighted (see Sections 3 and 4 for
details):
 Safety design and requirement management for external hazards (SE)

BESEP_SEP_SDRM_009: Appropriate tools, functions and procedures shall be designed to ensure the
mitigation of the consequences of the initiating event occurred in addition to or due to an external
hazard.

Based on the findings yielded during the self-evaluation of the case studies, the verification of the following
requirements is additionally included in the self-evaluation in relation to the protection of the reactor hall from
the effects of snow:
 Guidance selection, decision making and intelligent use of guidance (HFE)
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o BESEP_HFE_GS_001: The procedures and guides designed for any event shall be easy to identify
and select during the event.

o BESEP_HFE_GS_002: The procedures and guides shall be designed to support the human
performance in decision making.

o BESEP_HFE_GS_004: To support the high-quality implementation of work the use of procedures
and guides shall be based on experience, routines and training for the tasks.

 Safety design and requirement management for external hazards (SE)
o BESEP_SEP_SDRM_003: The design basis hazard factors shall be selected based on site-specific

analysis. They shall be specified based on the hazard curve, taking into account the screening
criterion applicable to the given hazard factor. The analysis shall be performed by deterministic
methods, and based on the state-of-the-art results of science and technology by probabilistic
methods.

o BESEP_SEP_SDRM_004: The dependencies affecting the simultaneous occurrence of external
events shall be taken into account in selecting design values and in applying the redundancy and
separation principles.

o BESEP_SEP_SDRM_007: The decision whether a given hazard of low probability is relevant for the
nuclear safety of the power plant, shall be based on engineering judgement, for example using
fragility curves.

o BESEP_SEP_SDRM_010: The applicability of the standards selected for the design process shall
be justified.

3 Safety Analyses Performed

Various analyses have been performed in order to assess the protection of the reactor hall against extreme
snow including:
 structural strength analysis of the reactor hall steel superstructure, the traditional deterministic safety

analysis in the area of structural engineering (see Section 3.1);
 fragility analysis of the reactor hall to generate input to snow PSA for the Paks NPP, utilizing structural

strength as well as structural reliability analyses (see Section 3.2);
 snow PSA for the whole plant including PSA model development and risk quantification on the basis of

hazard as well as fragility analyses (see Section 3.2);
 analysis and evaluation of the snow removal strategy and corresponding EOPs as a human factors

engineering application (see Section 3.3);
 assessing the availability and adequacy of equipment, tools, and administrative arrangements and

controls for snow removal as part of the safety engineering process (partly described in Section 3.2 and
3.3, as well as in Section 4).

3.1 Deterministic Safety Analysis

A large scale structural re-analysis was performed in the early 2000 s to demonstrate that all the safety
related buildings of the Paks Nuclear Power Plant can fulfil their functions for 50 + 10 years, i.e. during their
extended lifetime. A further objective was to fill in some gaps in the structural analyses of the Russian
designed plant buildings. The structural re-analysis and assessment of the lifetime limit covered the main
building complex (reactor hall, turbine hall, longitudinal and electrical gallery) and 28 further structure
including 15 buildings, 9 bridge structures, 2 water intake facilities and 2 venting stacks.

An attempt was made to apply the Eurocode standard [2] system during the structural re-analysis of the
safety related buildings both for steel and for reinforced concrete structures. However, it was not found
feasible to rigorously follow all the requirements of this standard in the analysis. Consequently, if the capacity
of a structure could not be justified within the prescriptive Eurocode standard framework, then the Hungarian
national standard series 15000 [3] was applied. Furthermore, the analysis was done primarily on the basis of
the Eurocode; however, complementary analysis was done using some designated parts of the Hungarian
national standard. Based on a comparison of the different standards from theoretical point of view, it was
concluded that the fulfilment of the Eurocode requirements ensures a higher safety level for reinforced
concrete structures than the fulfilment of the prescriptions laid down in the Hungarian national standard.
However, for steel structures the use of the Hungarian national standard ensures a safety level that is in
agreement with the application of the Eurocode standard.

Various loads and load combinations were considered in the analysis. The main load types covered:
 self-weight of construction works and other permanent actions;
 imposed loads including the loads originated from mobile equipment, reloading of equipment, stored

material and plant personnel;
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 normal snow load (corresponding to 10-2 /y exceedance frequency, i.e. 1.1 kN/m2);
 extreme snow load (corresponding to 10-4 /y exceedance frequency, i.e. 1.5 kN/m2);
 normal wind load (corresponding to 10-2 /y exceedance frequency, i.e. 33 m/s);
 extreme wind load (corresponding to 10-4 /y exceedance frequency, i.e. 48.8 m/s).

According to the approach generally used in civil engineering, a structure is regarded as sufficiently
protected, if the vector sum of the impacting actions, modified with (multiplied by) the relevant partial (safety)
factors as well as with the combination (simultaneity) factors, is lower than the modified structure capacity
considering the relevant partial or safety factor. Otherwise, the building does not meet the applicable
requirements; hence strengthening the relevant structural element(s) is needed.

In the Eurocode based design of buildings, a sufficiently high level of reliability is ensured by the use of
partial factors. In this framework, it shall be justified that the design values of actions (loads) and the effects
thereof, the material properties and the geometrical data are in the established limit states in any of the
possible design situations. Limit states are defined as states of the structure beyond which the structure
cannot meet the relevant design criteria. Capacity requirements should be assessed on the basis of the
ultimate limit state, serviceability requirements on the basis of serviceability limit states. From nuclear safety
point of view, the ultimate limit state is applicable as this state is associated with collapse or with other similar
forms of structural failure, whilst the serviceability limit state corresponds to conditions beyond which
specified service requirements for a structure or structural member are no longer met.

Based on the Eurocode standard, the fundamental assumption in the limit state method is that all the actions
and structural resistances have a statistically interpreted distribution (density function), i.e. in a certain design
situation different frequency values are applicable to certain values. It shall be justified in the assessment
that the design value for the effect of actions does not exceed the design value of structural resistance
(capacity). This may be interpreted as the ratio of the design value of the actions and the design value of the
capacity. If this ratio is below 1, then the building meets the requirements, if it exceeds 1, then it does not.

The design value of a single action corresponds to the 5% quantile of the stress density function applicable
to the given action. The design value of the single action may be calculated by multiplying the representative
or mean value of the effect with the partial factor defined by Eurocode for the action is question. This factor is
1.35 for imposed actions and 1.5 for snow and wind. Thereby the density function of the single action can be
unequivocally determined on the basis of the representative value and the partial factor.

In structural strength analysis, the resistance against an effect group consisting of multiple single effects
should be assessed instead of considering separate single effects. For each critical load case, the design
values of the effects of actions shall be determined by combining the values of actions that are considered to
occur simultaneously. The design value of an action group corresponds to the 99% quantile of the stress
density function applicable to the given action group. In case of assessing action groups, one single action is
regarded as the leading variable action in each calculation, and all others as further or accidental actions.
The design value of the action group may be calculated by adding the design value of the leading variable
action to the sum of the modified design values of all further actions by the corresponding combination
(simultaneity) factors defined in the Eurocode standard. The combination factor equals 1 for self-weight, 0.5
for snow load, 0.6 for wind load, for other impacting factors it depends on the type of action. If the action
group includes an extreme action (e.g. extreme snow load corresponding to 10-4 /y annual frequency), then
only permanent actions should be considered in the action group other than the extreme action as the
leading variable action. Consequently, the density function of the action group can be unequivocally
determined on the basis of the representative values, partial factors and combination factors of the single
actions.

The design value for capacity corresponds to the 1‰ quantile of the resistance density function of a given
structural element. The design value for capacity equals the characteristic value divided by the partial factor
defined in the Eurocode standard. The partial factor is 1.5 for concrete, 1.15 for reinforcing steel and 1 for
steel used in steel structures. It should be determined for reinforced concrete structures whether the damage
of the concrete or the reinforcing steel is more probable for the given structure in response to the effect of
the action combination in question, and the characteristics as well as the partial factor of the more probable
element should be used in the calculations.

It can be concluded that if the protection can be justified by the application of the Eurocode standard, then a
high safety margin is already ensured through the partial factors as well as the simultaneity factors defined
by the Eurocode standard. However, the safety margin ensured by the safety factors of the standard cannot
be quantified and interpreted in a traceable manner. Further safety margin can be witnessed, if the ratio of
the design value of the actions and the design value of the capacity is lower than 1.
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From among the different safety related buildings, the steel superstructure of the reactor hall is in the focus
of the case study. The pre-stressed steel-concrete containment building of the plant that lies under the
reactor hall was outside the scope of this study as it is not affected by extreme snow load. For the reactor
hall steel superstructure, the preferred Eurocode standard could be applied as the only standard, there was
no need to incorporate any element of the Hungarian national standard. A detailed finite element structural
model was created to perform structural safety analyses in agreement with state-of-practise.

The results of the detailed structural re-analysis demonstrated that each structural element meets the
requirements of the Eurocode, except for two top chord members. The ratio of the design value of the
actions and the design value of the capacity is 1.070 and 1.096 for these members. The pre-dominant failure
mode is buckling. It was concluded that strengthening the two designated top chord members were needed
to ensure appropriate protection against the design basis loads. Subsequently, structural reinforcement was
designed in detail and plant modifications were implemented accordingly. As a result, it could be concluded
that the reactor hall steel superstructure can withstand the design basis load, and the safety margin beyond
the design basis load ensured by the Eurocode standard is applicable thereto.

3.2 Probabilistic Safety Analysis

Initially, probabilistic safety assessment of external events was concerned with the analysis of earthquakes
for the Paks Nuclear Power Plant in Hungary. Although other external events of natural origin had previously
been screened out from detailed plant PSA mostly on the basis of event frequencies, a review of recent
experience on extreme weather phenomena made during the periodic safety review of the plant led to the
initiation of PSA for external events other than earthquakes in 2009. The Hungarian nuclear safety
regulations prescribe that the design basis for loads from natural external hazards shall be set at 10-4 /y
hazard frequency. According to the regulations, the risk from natural external hazards beyond the design
basis shall be assessed at least in the range of 10-7÷10-4 /y hazard frequency. Therefore, probabilistic safety
assessment of external hazards has to be performed unless it can be shown that the design basis of the
plant ensures that the plant can withstand the loads induced by a hazard with 10-7 /y frequency.

In compliance with the abovementioned regulatory requirements, external events PSA for the Paks NPP has
been performed. Among others, the objectives of the assessment were to quantify, to the extent possible,
the level of risk induced by natural external hazards and to identify the main risk contributors. As to the
scope of the analysis, potential hazard induced accidents in full power as well as in low power and shutdown
states had to be dealt with. Concerning low power and shutdown states, the plant operational states of a
typical refuelling outage were looked at.

The selection and screening of external hazards concluded that, amongst other external hazards, extreme
snow needed to be subject to detailed analysis. The snow PSA for the Paks plant followed the commonly
known steps: probabilistic hazard assessment, analysis of plant response and fragility, PSA model
development, and risk quantification and interpretation of results.

3.2.1 Probabilistic Hazard Assessment

The objective of hazard assessment was to determine exceedance frequencies for different magnitudes of
the parameter which represents best the load induced by extreme snow. Hazard assessment was based on
the data on maximum thickness of snow [cm] collected by the Hungarian Meteorological Service at station
Paks during the past few decades. The main difficulty in determining the occurrence frequency of extreme
snow is the lack of observations for those events whose probability should be estimated, since data samples
from experience are available for short durations only. The results are subject to significant uncertainty,
whatever computational method is applied. In accordance with the international practice of climatological
applications, use was made of the extreme value theory to characterize and quantify the extreme snow
hazard. Hazard curves were established by fitting Gumbel distribution to the annual extreme values of the
most up to date site specific snow data. Hypothesis testing was conducted to justify that the Gumbel
distribution was an appropriate approximation of the hazard curves.

Extreme weather conditions were estimated at different confidence levels (5, 15, 30, 50, 70, 85 and 95%) for
1 to 10-7 /y frequency of exceedance. Figure 1 demonstrates the hazard curves for extreme snow. The
results of the analysis show – among others – the plant design basis value for the occurrence frequency of
10-4 /y at 50% confidence level (103 cm) and the lower limit of the safety assessment which has the
occurrence frequency of 10-7 /y (e.g. 168 cm at 50% confidence level). The hazard curves also characterize
the uncertainty limits of the Gumbel approximation, e.g. the expected thickness of snow for the occurrence
frequency of 10-5 /y is 103 cm at 5% confidence level, while it is 154 cm at 95% confidence level.
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Figure 1 Hazard Curves for Extreme Snow

3.2.2 Plant Response and Fragility Analysis

In the analysis of plant response to extreme snow, the snow-induced loads on safety related systems,
structures and components (SSCs) were characterized in such a form that was appropriate for use in
probabilistic safety assessment. The probability of loss of essential safety functions and spurious actuations
for different levels of snow load was described by means of fragility curves. The effects of snow loads on
structures and outdoor facilities were analysed in detail for the purposes of plant response analysis.

Initially, fragility curves for snow, as an outcome of the fragility analysis, were established by using a closed
mathematical expression for different confidence levels. Design data were reviewed, safety margins ensured
by the standards applied during structural design were assessed, and use was made of the recent large
scale structural re-analysis for the plant (see Section 3.1 for details) to determine snow fragilities.

In a follow-on analysis, an improved methodology was developed with the involvement of civil engineering
experts to refine fragility curves. The improved methodology was based on theory of structural reliability
analysis. In structural reliability analysis, it is assumed that there is a well-defined limit surface separating
intact and damage states. A given structure is considered as failed if its state is on the “damage side” of the
limit surface. The limit state function is expressed as the difference between the capacity of the structure and
the effect (load) of the relevant actions. The goal of structural reliability analysis is to assess the failure
probability of the given structure. Consequently, no partial factors are taken into account, as opposed to the
approach of the Eurocode standard (see Section 3.1), but all the different actions and all the factors playing
a role in the capacity of the given structure are characterised by random variables. The distribution type as
well as the relevant parameters should be determined for each such random variable. To establish a family
of fragility curves representing different confidence levels, the random variables corresponding to physical
randomness and epistemic uncertainties were separated. The failure probability was assessed making use
of the traditional methods of structural reliability analysis, e.g. the First Order Reliability Model (FORM), the
Second Order Reliability Model (SORM), Monte Carlo simulation, and crude Monte Carlo simulation.

The refined fragility curves were established in accordance with the following analysis steps:
1. Development of a higher level mechanical model for the critical structural elements (including the

relevant loads and factors playing a role in capacity)
2. Selection of parameters that determine fragility (random variables and extreme snow as the

conditional impact)
3. Selection of probability models for the random variables (based on measurements or relevant

literature)
4. Specification of the limit state functions considering the selected parameters
5. Assessment of damage probabilities corresponding to a certain snow load using structural reliability

analysis methods (the result is a point in the fragility curve)
6. Repetition of step 5 for each limit state function and snow load intensity
7. Assessment of results, i.e. fragility analysis for the whole system, parametric sensitivity analysis
8. Conclusions, proposal to upgrade the structural or probabilistic model or to make structural

modification
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Figure 2 shows the snow fragility curves for the reactor hall derived from the use of the improved analysis
method. It is pointed out that no specific distribution type (e.g. dual lognormal distribution) was (could be)
assigned to the fragility curves in this methodological framework, so the failure probability is determined at
numerous discrete points with the corresponding confidence intervals without fitting a specific distribution to
these discrete points.

Figure 2 Snow Fragility Curves for the Reactor Hall

The fragility curves of the reactor hall superstructure help develop a good understanding of the safety
margins beyond the design basis snow load by enabling a quantitative evaluation of the safety margin. This
margin can be defined as the conditional failure or more precisely the conditional success probability at the
design basis snow load level, or as the difference between the median capacity and the design basis snow
load. Moreover, it can be concluded on the basis of the fragility curves that there are practically no cliff-edge
effects as to the vulnerability of the reactor hall to beyond design basis snow loads, as there is no sudden
and large change in the failure probability along the whole snow load spectrum.

3.2.3 PSA Model Development

A PSA model has been developed for extreme snow, applying RiskSpectrum PSA for model construction
purposes. Use was made of the available full power and low power and shutdown PSA models for internal
events and seismic hazards to the greatest extent possible.

The initiating event of this PSA model is snow characterized by hazard curves (as described in Section
3.2.1). The loads from the snow initiating event might cause damage to safety related structures or outdoor
facilities identified during plant response analysis. The snow induced damage and failure forms were put into
fragility groups. All the structures and equipment that were found virtually identical from the point of view of
vulnerability to snow hazard were grouped together, assuming fully correlated failures of all the components
in a group, and a single set of fragility curves was assigned to each group. We determined nine fragility
groups for snow, one of which was the reactor hall. The snow induced transient initiating failures and
additional system, train or component level failures and degradations were identified by a thorough
examination of failure effects within each fragility group. During this examination, failures that could be
caused by the simultaneous occurrences of different group failures were also identified. Based on the
failures identified, a list of transient initiating failures that could potentially occur due to snow was
established. It was found that the plant responses to and the mitigation process for the identified single
transient initiating failures were virtually the same for random (internal) initiating events and for transients
induced by extreme snow. The scope of safety functions that should be fulfilled following the occurrence of
multiple transient initiating failures is assumed to be a union of the safety functions modelled for single
transient initiating failures, taking the snow induced failures of the mitigation systems into account.

A so-called generic event tree was built up for every plant operational state to delineate snow-induced core
damage sequences. This event tree models both single and multiple snow-induced transients together with
the associated consequences on plant and human responses. On one hand, each potential snow-induced
transient is represented by a single dedicated event tree header in the generic event tree. On the other hand
the last header in the tree combines all the core damage event sequences from all the single transient
initiating failures that may occur. A simple reading of the event tree is that the upper branches represent (as
usual) the success of the given event tree header (the associated transient initiating failure does not occur),
while the lower branches represent the failure of the given event tree header (occurrence of the given
transient initiating failure). By setting the appropriate boundary condition sets on each event sequence, the
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last header represents all the mitigation functions and systems for the transients modelled in the
corresponding event sequence.

A lot of failure modes considered in the PSA for internal events can be induced by extreme snow, too. As a
first modelling step, the failure modes that were found sensitive to the effects of snow were listed. Thus, a
failure mode included in this list can occur as a consequence of extreme snow or due to random, non-hazard
related effects. For these failure modes, the basic events of the PSA model for internal events were
transferred into an OR gate that defined the connection logic between the two types of failure causes (i.e.
snow and non-snow related ones).

Pre-initiator (type A) human actions considered in the PSA for internal events are included in the snow PSA
without any modification because these actions are independent of the nature of the initiator. Initiator (type
B) human actions that contribute to the development of a plant transient are generally not considered in the
external events PSA where the external hazard is the only (common cause) initiator. However, the
occurrence of snow-initiated plant transients can be prevented if snow is removed from some designated
plant areas in a timely manner. To model this effect, failure to remove snow from the roofs of some
technological buildings and other facilities in time was taken into account as a contributor to the development
of snow related transients (see Section 3.3 for details). Most post-initiator (type C) actions considered in the
PSA for internal events are identically included in the snow PSA. However, in the snow PSA no credit is
given to a type C action, if major structural or equipment failures incapacitate the personnel to successfully
interact either in the control room or by means of local actions.

During data assessment for PSA quantification, the hazard potential was characterised by a family of
continuous hazard curves (see Section 3.2.1), while snow-induced equipment and structural failures were
described by continuous fragility curves within the snow levels of interest (see Section 3.2.2). This approach
was preferred to defining discrete snow load ranges. The reliability data for random equipment failures were
taken from the PSA for internal events.

3.2.4 Risk Quantification and Interpretation of Risk Results

The dominant core damage minimal cutsets of failures induced by extreme snow were determined in the first
place by using the RiskSpectrum PSA software applied generally to model development and quantification in
the Paks PSA. Since RiskSpectrum PSA is not capable of performing the numerical approximation of the
convolution integral, following the generation of minimal cutsets, separate, stand-alone computer codes were
applied to determine cutset frequencies, calculate the overall core damage frequency, and perform
uncertainty and sensitivity analyses.

For risk characterisation, the point estimate of core damage frequency and the annual core damage
probability were determined for extreme snow in each plant operational state. By summing up the core
damage probabilities for the various plant operational states, the cumulative plant risk (annual core damage
probability) induced by extreme snow was calculated. Qualitative analysis was used to identify and explain
the minimal cutsets that were found dominant contributors to the cumulative plant risk. Importance, sensitivity
as well as uncertainty analysis was also performed.

Based on the results of risk quantification, the point estimate approximation of the annual core damage
probability attributable to extreme snow is 6.5 · 10-7. This figure includes the contributions of all the plant
operational states analysed. The results show that the risk from extreme snow is moderate in comparison to
the risk originated from other types of initiating events analysed in the PSA for the Paks plant. Moreover, it
can also be concluded that the risk due to snow is not significant in comparison to the quantitative safety
criteria, i.e. 10-4 /y for core damage frequency. The failure of the reactor hall induced by snow does not play
a significant role in the plant risk from snow, the risk contribution thereof is around 5% only. This finding, i.e.
the risk attributable to snow induced reactor hall failure is reasonably small in comparison to the quantitative
safety criteria, further supports the conclusion that there is sufficient safety margin beyond the design basis
snow load for the reactor hall and it provides quantitative arguments that there are practically no cliff-edges
as to the risk associated with the failure of the reactor hall due to extreme snow. The latter aspect may be
further demonstrated by depicting the conditional core damage probability in the function of snow load, and
reviewing whether there are any sharp rises in the function or not. The main contributors to core damage risk
from extreme snow were found to be:
 failure to remove snow from the roofs of safety related buildings;
 structural failure of the turbine building due to snow.
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3.3 Human Factors Engineering

The occurrence of snow-induced transients can be prevented, if snow is removed from some designated
plant areas, important to plant safety, in a timely manner. In order to understand to what extent this condition
can be fulfilled, a risk-informed review was made of the operating procedure that controls snow removal.
Also, an attempt was made to identify and evaluate the key influences on snow removal activities and on the
associated success rate so that proposals could be developed for ensuring more reliable snow removal.
Moreover, modelling of failure to remove snow from the roofs of safety related plant buildings and other
structures was seen essential for a realistic description of snow induced plant transients in the PSA for NPP
Paks.

The key analysis steps included:
 identification of the most important performance shaping factors relevant to the success of snow

removal;
 review of the snow removal strategy at the Paks NPP;
 evaluation of the plant procedure and associated arrangements in place for snow removal with

considerations to the influencing factors identified in the first step;
 quantification of failure to remove snow from the roofs based on an evaluation of the applicable plant

procedure and other relevant influences on performance.

3.3.1 Plant Procedure and Associated Arrangements in Place for Snow Removal in the Light of the Main
Performance Shaping Factors

There is a dedicated operating procedure in place at the plant to control, amongst others, snow removal
activities. The applicable procedure sections on extreme snowfall were in the focus of the review. The
procedure was studied in detail, and use was made of an expert panel to help the analysts better familiarize
with the snow removal strategy at Paks NPP. Representatives of the Auxiliary Systems Operations Section,
the Facility Support Section, the Civil Engineering Section and the Development and Analysis Section took
part in the expert panel. The most important performance shaping factors relevant to the success of snow
removal were identified and the snow removal strategy was reviewed based on findings of the expert panel
discussions, the contents and structure of the operating procedure reviewed and the experience of the PSA
analysts in human reliability assessment.

The following influencing factors were found most important to successful snow removal:
 environmental conditions induced by extreme snowfall, physical circumstances of task execution

o accessibility;
o persistent snowfall (possibly snowstorm) and performance aggravating effects due to accumulated

large amount of snowpack;
 support from procedures

o preparation for timely snow removal activities;
o starting the snow removal activities in time, criteria to begin work;
o selection and prioritization of buildings to be protected;
o means of snow removal from the roofs;
o permanent disposition of removed snow;
o training on contents and use of applicable procedures;

 organizational conditions, resources of staff and equipment
o organizational conditions;
o assurance of standby staff for snow removal – manpower and fitness for duty;
o equipment needs.

To summarize the analysis findings from this step, the characteristics of plant procedures and the associated
arrangements on snow removal activities was briefly discussed for each influencing factor identified. Also, an
evaluation of the current snow removal practices in the plant was made, and some possible safety
enhancement measures were outlined to improve performance conditions.

3.3.2 Quantification of Failure to Remove Snow from Roofs

The probability of failure to remove snow in due time was determined by considering the effects of the
performance shaping factors presented fully in Section 3.3.1 on human reliability. The assessment found that
quantification of all the factors one by one and assigning failure probabilities thereto was not feasible
because of the overly complex nature of such an exercise and due to the lack of a justifiable technical basis.
Moreover, difficulties arising from significant uncertainties in the quantification of each factor, and from lack
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of data (e.g. intensity and duration of snowfall) and an appropriate method for this purpose did not allow the
application of the abovementioned detailed approach. Consequently, a holistic approach was chosen for
quantification purposes rather than a fine decomposition of failure likelihood into low-level components. The
likelihood of failure was determined by assessing the cumulative effects of the different performance shaping
factors directly.

In the first step of the assessment, anchor point probability values relevant to the failure of timely snow
removal were assigned to certain snow thickness levels (every 0.5 m) within the snow thickness interval that
was most relevant to the analysis (between 0-2 m). In the next step, a snow thickness limit was set, above
which no credit was given to successful snow removal. For the sake of simplicity and ease of use, and due
its remarkable features (progressivity in the lower tail as well as flattening in the upper tail, as expressed by
the fact that the logarithm of the random variable in question, thickness of snow that is removed, follows
Gaussian normal distribution), lognormal distribution was arbitrarily chosen to describe snow removal failure
probability as a function of snow load (thickness). Figure 3 gives a graphical representation of the results
from expert judgment including discrete probability values as well as the fitted distribution thereon. The figure
may serve as a basis to quantify and evaluate the safety margins beyond the design basis snow load, and it
helps underpin that there is no potential of a cliff-edge effect due to beyond design basis snow load for the
reactor hall, in a similar manner as it is described for the reactor hall fragility curve (see Section 3.2.2 for
more details).

Figure 3 Mean Failure Probability Curve to Remove Snow in the Function of Snow Load Intensity

3.3.3 Proposals for Safety Enhancement

Based on the results of the assessment, the implementation of the following safety enhancement measures
was proposed to enable efficient and reliable snow removal from the reactor hall even in severe snow
conditions and ensure that the core damage risk due to extremes of snow load on the reactor hall is low:
 A detailed plan should be elaborated on the preparation for snow removal. The plan should be

incorporated into the relevant operating procedure.
 Elaboration of a detailed organizational plan is seen indispensable to properly describe the snow

removal process and list the sequence of required operations in a step by step manner. The high quality
snow load map that is included in the operating procedure can serve as a good basis to develop the
organizational plan. It is advisable to take the safety significance of buildings and outdoor structures into
account in the construction of the organizational plan. The results of the probabilistic safety assessment
and the fragilities of buildings should also be considered during ranking of buildings and roofs by safety
significance.

 Adequate training of the staff members to be involved in the use of the proposed organizational plan is
seen necessary. Training of additional plant staff that may get involved in snow removal is also crucial.

 The requirement for protecting water insulation of roofs in extreme snowfall is seen as an unduly
aggravating condition that needs to be relaxed. Alternatively, implementation of an appropriate technical
solution can be recommended that enables effective snow removal in harsh weather conditions without
endangering water insulation.

 The manpower of 4+4 persons to remove snow from roofs was found insufficient. An increase in the
number of persons to remove snow seems necessary at least by involving additional plant staff. It is of
high importance to incorporate training on the use of the organizational plan into the training program of
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all the plant staff involved in snow removal.
 The study suggests considering permanent installation of a snow blower that is capable of removing

snow over the parapet built alongside the roof of the main building. The lessons to be learned during the
elaboration of the organizational plan may necessitate stationing of additional snow removal equipment
on roofs or storage of such equipment in a nearby storage facility with appropriate arrangements for
their transportation to designated areas.

 It seems indispensable to ensure appropriate equipment and clothing for the staff involved in snow
removal. Accessibility of this apparatus should be maintained even in harsh snow conditions. After the
implementation of this measure, the arrangements for snow removal, the location, accessibility, and use
of associated equipment and clothing should be introduced into the training program.

4 Summary of the Safety Engineering Process

In Hungary the Nuclear Safety Codes [1] prescribe that, amongst other external hazards, extreme snow shall
be taken into consideration in the justification of the design and safety. Moreover, the risk from natural
external hazards beyond the design basis shall be assessed at least in the range of 10-7÷10-4 /y hazard
frequency. By considering the results of an upgraded hazard assessment for meteorological hazards it was
found in the latest Periodic Safety Review of the Paks NPP as well as in its lifetime extension project that the
safety of the NPP might be challenged for design basis loads and the safety margins beyond design basis
loads might not be sufficient. Consequently, it was required that appropriate defences should be ensured
against the effects of meteorological hazards through establishing and maintaining sufficient safety margins
by design for design basis loads and beyond and, also, to reassuringly exclude potential cliff-edge effects
due to such loads.

Structural strength analysis of the reactor hall was performed first to assess whether the reactor hall can
confidently withstand the design basis snow load or not. It was concluded that some plant modifications were
needed to ensure appropriate protection against the design basis loads. The proposed modifications
included strengthening some structural components. Subsequently, structural reinforcement was made in
accordance with the proposal.

After implementing the proposed plant modifications, fragility analysis was performed to enable a quantitative
assessment of safety margin by means of the plant PSA for extreme snow. The fragility analysis made use of
structural strength as well as structural reliability analyses. PSA was applied to justify the fulfilment of
probabilistic safety criteria and qualify the adequacy of protecting the reactor hall against snow loads at a
higher, facility level.

The occurrence of plant transients due to snow load can be prevented if snow is removed from some
designated plant areas, important to plant safety, in a timely manner. The operating procedure controlling
snow removal was subject to a risk-informed review that included the development of proposals for ensuring
reliable snow removal based on an evaluation of the underlying influences on performance and success rate.
This review supported the improvement of the snow removal strategy.

All the above mentioned analyses as well as the associated administrative and technical measures
substantiate the fulfilment of the corresponding BESEP requirement: Appropriate tools, functions and
procedures shall be designed to ensure the mitigation of the consequences of the initiating event occurred in
addition to or due to an external hazard.
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Energy Authority, Budapest, Hungary, 2021.
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B.3.2 Case 3: Analysis of Extreme Snow Risk

Part A – Summary
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Responsible Organization(s): UJV (with the help of CEZ)
Case Study Identifier: PVES_3
Date: 15.2.2022
Case Study Title: Probabilistic analysis of extreme snow cover risk
Relevant External Hazard(s):
Extreme snow cover
Plant SSC(s) Involved:
Buildings with safety important systems and components and the rooftops potentially sensitive to the big load
caused by extreme snow cover:
 emergency feedwater building
 diesel generator station
 fire brigade garage
 turbine hall
 reactor building
 some other structures.

Key Safety Requirement Topic(s):
 physical separation and structural integrity (DSA);
 redundancy and single failure criteria (DSA);
 justification of the engineering assumptions used in analysis (DSA);
 assessment of potential losses of safety functions (PSA);
 confidence provision for defence against the occurrence of cliff-edge effects (PSA);
 support for developing abnormal and emergency operating procedures and severe accident guidelines

(HFE);
 team working, effective communication and collaboration (HFE)
 safety design and requirement management for external hazards (SE).

Safety Analyses Involved and Support to Safety Engineering Process:
 analysis of vulnerability of fire brigade building against extreme meteorological phenomena (DSA);
 analyses supporting strengthening of NPP Dukovany structures against extreme external impacts

(reactor building, turbine building, central component cooling water stations 1 and 2) (DSA);
 specification of limiting vulnerability of safety important constructions against extreme snow cover

(DSA);
 analyses related to the modifications in plant design recommended on the base of European stress

tests (DSA, PSA)
 probabilistic safety assessment of NPP Dukovany – main report, released yearly.

Concise Description of Case Study:
Before the case study, external hazards were treated in a “deterministic way” in NPP Dukovany PSA, i.e.
 for the values of the hazard intensity below the design basis limit, it was supposed that probability of

construction failure is 0;
 for the values of the hazard intensity beyond the design basis limit, it was supposed that probability of

construction failure is 1.

For the extreme snow cover external hazard, this approach was completely replaced by probabilistic
approach in the study, i.e. convolution of hazard curves and fragility curves. Since the parameters of hazard
and fragility curves were typical by relatively high level of uncertainty (based on mix of generic and plant
specific information), the shapes of convolution curves were subject of relatively high uncertainty, as well.
For the purpose of the analysis, the convolution curves were discretized to eight intervals representing eight
scenarios of different snow cover height. The analysis covered snow levels above 120 mm. The risk potential
of lower snow cover levels was neglected.

Loss of off-site power was postulated for all values of extreme snow cover addressed in the analysis. Limited
potential for recovery of power supply by self-consumption means was expected for the extreme snow cover
below 200 mm and 24 hours interval of plant response was modelled. 72 hours of plant response was
modelled for more snow. Conservative correlations between loss of the objects of similar vulnerability were
expected (turbine hall and central cooling water station – 100% correlation). 100% correlation was
considered for the same objects belonging to different reactor units located at the site.

The results of the analysis showed relatively big risk contribution of the scenarios with hazard intensity below
the plant design basis value.

The HFE area was a bit suppressed in the analysis, which concentrated upon integration of the results of
DSA (hazard curves fragilities) and PSA (probabilistic modelling of plant response). Some specific human
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actions were modelled in this external hazard analysis, more of them were transferred from internal events
PSA. For those transferred, specific comparison of the conditions for human actions modelled in internal
events PSA and extreme snow PSA was made and simplified approach was used for quantification – either
the internal events PSA HEPs were retained, or, in case of complicated conditions for the human actions
under concern, a failure of the action was postulated with probability 1.

Since the previous analysis of the external hazard “extreme snow” was very conservative, it produced not
acceptable quantitative results. That fact made the resources released for this new study necessary for
further NPP operation.
Administrative and/or Technical Measures Implemented Based on Case Study Results:
Recommendations were made on the base of results of the analysis. Four examples follow:
 the rooftops of the most safety important plant buildings were strengthened to be more vulnerable

against extreme snow load (not on the base of PSA results, but following recommendations made in
post-Fukushima stress tests);

 new specific procedure (plant response to exceptional natural external events) was developed defining
plant staff activities in response to a forecast of possibly very (extremely) heavy snow;

 an approach to cleaning away the extreme snow cover was discussed by accident management and the
basic rules for that were specified;

 new analyses of vulnerability parameters were proposed to decrease level of conservativeness of
fragility curves used to evaluate the impact of extreme snow on plant constructions, a framework for the
process of new fragility analysis was developed and proposed.

Part B – Detailed Description
1. Introduction

In Czech Republic, the scope and structure of external hazards analysis is given be the Decree [1], which is
an integral part of State (atomic) Law, and, more in detail, in the Safety guide [2]. Although the global
warming seemingly impacted the climate in Czech Republic and there is clearly less snow in winter than
thirty years ago, it does not mean that extreme snow cover should be excluded from the safety analysis.
Although the average snow cover values have declined during last decades, the potential for occurrence of
extreme snow cover event seems to be at least that high as it has been before because of higher dynamics
of natural processes in the atmosphere. It was also found in past, in addition, that the rooftops vulnerability
could be questioned for some safety important structures at NPP Dukovany and the safety margin might not
be that high as expected. As a consequence, extreme snow cover has represented one of the most
important natural hazards in recent analyses, which is currently required to be analysed in deterministic way
and addressed in the Plant Safety Reports, as well as in the probabilistic safety assessment for both Czech
NPP sites.

2. Safety Requirements Addressed

There are many safety requirements identified in the BESEP Task 2.2, which have some connection to the
case study described here. The following ones were selected as the most relevant to the specific features of
extreme snow risk analysis carried out for NPP Dukovany. It means that these factors have been in some
way directly addressed in the case study.

Area: Physical separation and structural integrity (DSA):

BESEP_DSA_PSEP_001: Redundant safety systems that have a role in mitigating the effects of external
hazards shall be located so that these effects cannot hinder the performance of safety functions of all
redundant components simultaneously.

BESEP_DSA_PSEP_002: The systems, structures and components, including auxiliary or supporting
systems thereof shall be protected from the effects of external hazards as far as reasonably practicable.

Area: Functional separation to provide defence against failure propagation (DSA)

BESEP_DSA_FSEP_002: The safety divisions hosting redundant parts of safety systems shall be located in
different buildings or housed in dedicated compartments to separate them from the other safety divisions in
the same building in order to prevent faults from spreading from one redundant system part to another as a
result of external events.

Area: Diversity and common-cause failure criteria (DSA)

BESEP_DSA_DCCF_002: Diversity shall be applied within and between defence-in-depth levels so that a
common-cause failure of any individual component type shall not prevent managing the initiating event.
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Area: Redundancy and single failure criteria (DSA)

BESEP_DSA_RED_001: Systems performing a safety function designed against external hazards shall be
operable even if a single failure of systems, structures or system components of the safety function is
assumed.

Area: Justification of the engineering assumptions used in analysis (DSA)

BESEP_ DSA_JEA_001: The engineering assumptions applied in conducting the deterministic safety
analysis shall be appropriately justified.

Area: Risk-informed management and balance of nuclear power plant design (PSA)

BESEP_PSA_BAL_001: The PSA shall be applied in the NPP layout and systems design to assess the
probability of hazards and event sequences affecting the safety of the NPP.

BESEP_PSA_BAL_002: PSA shall be used to confirm that the risk related to a single external hazard does
not dominate the overall risk results.

Area: Initiating event frequency estimation (PSA)

BESEP_PSA_IEF_002: The site-specific analysis for external hazard is used in the estimation of initiating
event frequencies.

BESEP_PSA_IEF_003: The results from long-term monitoring of the NPP site and the surroundings shall be
taken into account in the initiating event frequency estimation for external hazards.

BESEP_PSA_IEF_004: For initiating event frequency estimation on rare external events having sparse or no
operational data, the basis for the engineering judgements shall be given.

Area: Assessment of potential losses of safety functions (PSA)

BESEP_PSA_ALSF_001: The potential losses of safety functions shall be evaluated based on the resilience
of the NPP against the hazards, taking into consideration current status of all systems, structures and
components relevant to nuclear safety.

Area: Uncertainty analysis of accident sequences and operating times (PSA)

BESEP_PSA_UNC_001: In the accident sequence analysis the performance of the NPP shall be realistically
modelled and the appropriateness of the operating times assumed in the probabilistic safety analyses shall
be demonstrated.

Area: Confidence provision for defence against the occurrence of cliff-edge effects (PSA)

BESEP_PSA_CEE_001: Probabilistic safety analyses shall be used to demonstrate that sufficient safety
margins are available to avoid cliff-edge effects

Area: Situation awareness and assessment (HFE)

BESEP_HFE_SAA_003: Relevant information related to the procedures and guides shall be presented for
the operators to assess the situation, to see the plant response to actions and to assess the progress of the
plant state.

Area: Guidance selection, decision making and intelligent use of guidance(HFE)

BESEP_HFE_GS_002: The procedures and guides shall be designed to support the human performance in
decision making.

BESEP_HFE_GS_003: The procedures and guides shall be designed taking into account the human
capabilities and limitations and the human reliability analyses.

Area: Team working, effective communication and collaboration (HFE)

BESEP_HFE_TW_002 Team working shall be enhanced through procedures, guides and tools.
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Area: Safety design and requirement management for external hazards (SE)

BESEP_SEP_SDRM _003: The design basis hazard factors shall be selected based on site-specific
analysis. They shall be specified based on the hazard curve, taking into account the screening criterion
applicable to the given hazard factor. The analysis shall be performed by deterministic methods, and based
on the state-of-the-art results of science and technology by probabilistic methods.

BESEP_SEP_SDRM _006: Realistic combinations of the individual events shall be considered during
initiating event frequency estimation, including external and internal events, and they shall be selected by
taking into account both engineering considerations and probabilistic analyses.

BESEP_SEP_SDRM _007: The decision whether a given hazard of low probability is relevant for the nuclear
safety of the power plant, shall be based on engineering judgement, for example using fragility curves.

BESEP_SEP_SDRM_008: The fulfilment of specified safety functions, the suitability of the planned
interventions of the NPP operator, the availability of selected other safety-relevant equipment shall be
analysed related to external hazards.

Area: Verification and validation (V&V) of design (SE)

BESEP_SEP_VV_003: The procedures and guidelines shall be systematically validated and verified.
Validation shall also address the role of human factors in the procedures and the correct signal generation
under the conditions of external hazards.

3. Safety Analyses Performed

Estimation of annual frequency of extreme snow cover

Plant specific data set covering year extremes of snow cover during last 50 years was used for estimation of
annual frequency. On the base of recommendations made in IAEA Specific Safety Guide No. SSG-18 [1],
Gumbel probability distribution was developed to fit with the data records collected at seven meteorological
stations around the plant site. The values of Gumbel distribution parameters were transferred from plant
PSR. The resulting values of annual frequencies for the selected values of snow cover (a height of
equivalent water column was used – see the first column of Table 1) are presented in the second column of
the table. The exact meaning of the numerical value presented in the second column “an estimate of annual
frequency of occurrence of meteorological conditions resulting in snow cover equal or more than the
equivalent water column height presented in the first column”.

Table 1: Annual frequency estimates for extreme snow cover in the NPP Dukovany site

Water Column fIU [1/y] Note

100.0 1.63 x 10-2 Neglected, screened out − small impact of
snow cover on the SSCs

120.0 5.56 x 10-3

130.0 3.24 x 10-3

140.0 1.89 x 10-3

150.0 1.10 x 10-3

170.0 3.74 x 10-4

200.0 7.38 x 10-5

230.0 1.46 x 10-5

270.0 1.68 x 10-6

364.5 1.02 x 10-8 Neglected, screened out – low annual
frequency

Definition of structures important as potential targets of damage by extreme snow cover

Selection of the structures for the later analysis was carried out on the base of information about the possible
effects of extreme snow cover on the rooftops of the buildings with safety important components inside. The
buildings addressed directly in the analysis are listed in the first column of Table 2. In the PSA
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documentation, all these structures are described in detail, including position of the safety important
components/ systems located inside them.

Table 2: Safety important objects addressed in extreme snow cover risk analysis

Structures (buildings) addressed in
extreme snow cover risk analysis

Safety important systems and
components located in the buildings

Fire brigade building Fire brigade members and equipment.

Component cooling water and fire water
building

Component cooling water pumps, service
water pumps, fire water pumps, central
cooling station control room.

Reactor building All primary circuit equipment, including
emergency core cooling.

Turbine building

Turbogenerators, main feedwater system,
auxiliary feedwater system, residual heat
removal system, condensate pumps,
secondary circuit electric power supply
busses.

Building “805” adjacent to reactor building
with some safety important components
inside

Electric power supply busses for primary
and secondary circuit, primary circuit I&C,
main control room.

Emergency feedwater building containing
divisions 1 and 2 of EFW

First and second division of emergency
feedwater, systems of demineralized water
0.4 MPa and 1 MPa.

(Another) emergency feedwater building
containing division 3 of EFW Third division of emergency feedwater.

Vulnerabilities of the structures potentially impacted with extreme snow cover

The vulnerabilities of the structures potentially impacted with extreme snow cover, based on deterministic
analysis are presented in Table3. In the second column of the table, the original postulated vulnerabilities in
kPa are presented, which are transformed to vulnerabilities against snow cover of equivalent height of water
column in the third column. The building with the third division of emergency feedwater inside is not
presented here, since the scenarios related to this building were screened out on the base of justification
presented in PSR.

Table 3: Vulnerabilities of rooftops of the structures with safety important systems

Object Vulnerability [kPa] Vulnerability transferred to water
column [mm]

Turbine hall 1.95 198.8

Component cooling 1.96 199.8

Reactor building 2.00 203.9

Emergency feedwater 2.13 217.1

Fire brigade 2.30 234.5

Diesel generator station 2.96 301.7

Evaluation of consequences of rooftop fall (due to extreme snow cover)

The consequences of rooftop fall were analyzed in detail in deterministic manner from the point of view of
impact on availability of the safety important components and systems. The systems and components
located in the buildings could not be impacted by the fall, could be impacted and lost with some probability or
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they could be impacted and lost with probability 1 (if they were hit).

Consequences of rooftop fall in case of fire brigade building

The rooftop fall can cause unavailability of the means used by fire brigade in response to the initiating event
since there is no protection of these means against rooftop fall. The fire brigade building rooftop fall does not
cause any initiating event (according to the common general definition of IE), but it may have significant
impact on plant response to other initiating events, which may be caused by extreme snow cover.

Consequences of rooftop fall of the central component cooling water station

A rooftop fall at component cooling water station can damage any component or system inside. The
technology inside the station is not protected against such damage. An exception is service water system,
where the pumps are placed into specific cells providing partial protection against the rooftop fall. In last
years, further modifications were carried out, which further strengthened the vulnerability of the components
of service water system. In addition, it is assumed that the rooftop fall cannot cause loss of all service water
divisions at the same time.

The conditional probability of loss of one service water division in case of a rooftop fall was estimated as 0.3
on the base of deterministic analysis, expert judgement and some assumptions. For such value, it was
necessary to include the correlations between the loss of one, two and three divisions of service water
system into the analysis. Two general scenarios were analyzed – loss of one to three service water divisions
by the fall of small/big debris from the rooftop. The following conditional probability values were considered
finally (altogether forming the value of 0,3 introduced above):

conditional probability of independent loss of one service water division: 0.175;
conditional probability of loss of two out of three service water divisions: 0.050;
conditional probability of loss of all three service water divisions: 0.025.

Consequences of rooftop fall of turbine building

The turbine building represents a large structure with many possible consequences of rooftop fall, because
there are many safety relevant components and systems located in the building. The unavailability of these
individual systems may not have critical risk consequences, but an integrated impact of rooftop fall may
cause multiple loss of components and systems.

The potential of equipment loss was considered as significantly impacted by concrete location of it regarding
elevation and status of the space between the component and the rooftop. Three “floors” were postulated
with significant differences among the impacts of the rooftop fall:

elevation +9.6 m with components and systems conservatively expected to be destroyed by rooftop fall,
either directly or by consequent internal hazard event (fire of turbine generator oil) − main feedwater
pumps, some feedwater and service water piping, some safety important 6 kV buses are located there;

elevation +0.0 m where the components and systems could be damaged by the rooftop fall and further
analysis was necessary to specify the degree of the damage (residual heat removal system located there
may be damaged, auxiliary feedwater system should not be damaged, plant walkdowns were organized
to estimate the effects);

elevation −5.5 m, where the equipment is supposed to be “hidden” and not to be damaged by the rooftop
fall (selected parts of service water system and component cooling water system).

A complete systematic analysis of consequences of rooftop fall regarding availability of components and
systems for plant cooldown was done. In general, the turbine building rooftop fall would have significant
consequences for operability of secondary circuit, but the most significant impact on nuclear safety was
found as related to availability of service water system. That was the reasons why this system was subject of
another step of more detailed availability analysis (including additional walkdowns), where also some other
factors were addressed:
 possible consequential damages by missiles, floods, etc. on the availability of service water system;
 possible damages caused by flooding due to loss of integrity of the service water system;
 loss of the service water system due to loss of electric supply and I&C;
 an impact of rooftop fall on the potential for human actions and recoveries related to service water

system availability;
 different consequences of rooftop fall in specific operational regimes.
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Consequences of rooftop fall for reactor building

A general assumption was made and justified that the reactor building rooftop fall may have direct impact on
the fuel in reactor core or spent fuel pool only in the operational regimes when the reactor/ spent fuel pool is
open. A new specific initiating event was introduced into the PSA model to cover such cases.

Consequences of rooftop fall for “building 805”

Two basic floors are located in this building. It is expected that the equipment on +14.7 m floor would be
destroyed by the rooftop fall, but the air condition systems are mostly located there, whose unavailability
does not have significant impact of the risk. Main control room and emergency control room are located on
the lower floor (+9.6 m), but the probability of rooftop fall through the upper floor into the lower floor was
evaluated as negligible.

Consequences of rooftop fall on emergency feedwater building

All components and systems located in this building may be lost after the rooftop fall – two divisions of
emergency feedwater and systems of demineralized water (0.4 MPa and 1 MPa). Since the emergency
feedwater piping would be used for possible fire water back-up (by human actions), fire water may not be
available to help with cooling in this scenario.

Consequences of rooftop fall for the fire brigade building

The impact of rooftop fall may be that all fire brigade actions made in frame of plant response to the extreme
snow hazard may not be available. This conclusion led to orient the first priority for snow removing to this
building (another reason was that the area covered by snow is not that large as in case of other buildings
analyzed so that the potential for successful timely removing of the snow is high).

Fragility analysis for the individual buildings

For each building with the consequences of rooftop fall described above, fragility analysis was made,
probabilities of rooftop fall were derived as a function of height of the snow cover, and the consequences of
rooftop fall regarding availability of components and systems were systematically specified. This was done
for eight initiating events representing discretized height of snow cover.

Loss of off-site power was expected to happen in parallel for all initiating events defined in this analysis.

Accident sequence analysis

This part of the analysis followed typical PSA framework, which is well-known from internal events analysis.
It will be described just in brief here.

Initiating event definition

In general, “snow IEs” can be described as “extreme snow cover causing that the vulnerability of rooftops of
safety important structures or other technology is exceeded”. This definition led to splitting the accident
scenarios into two main categories related to the scope and purpose of the analysis

1. addressing (indirect) reactor core or spent fuel pool damage due to loss of safety critical SSCs;
2. addressing (direct) fuel damage after a fall of rooftop ruins into the reactor or spent fuel pool opened.

Both these categories were then split into the individual initiating events representing the height intervals of
extreme snow cover. The categories related to lower height represent less damaged plant equipment, but
they have got higher annual frequencies, and vice versa.
For each IE represented by specific extreme snow cover interval, consequences regarding loss of safety
important equipment were defined, as well as safety functions possibly lost. The following safety functions
were found as endangered primarily:
 loss of reactor core heat removal;
 loss of spent fuel pool heat removal.

Other safety functions could be also endangered depending on the functionality of safety important systems
and appropriateness of human actions in response to the event.

Modelling of plant response to extreme snow cover

This part of the analysis continued in the following steps:
 development of event trees for all initiating events related to extreme snow cover for all plant operation
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regimes;
 specification of all success criteria needed, both for plant equipment and for human actions;
 finalization of event tree headings;
 completion of assumptions, the event tree logic is based on.

Some assumptions made for accident sequence analysis

Some (not a complete set) assumptions and conclusions based on deterministic analysis, which were made
for the purpose of probabilistic accident sequence analysis and commented more in detail in the PSA
documentation, follow below to show specific features of the analysis and the approach to the scope and
level of detail of the analysis:

1. The availability of the equipment not directly influenced by extreme snow cover can be restored up to
24 hours.

2. Loss of turbine hall and central cooling station due to extreme snow cover is completely dependent
(correlated).

3. Loss of other different structures due to extreme snow cover is generally supposed to be
independent.

4. Loss of the same structures belonging to different reactor units (or twins) is completely dependent.
5. Gumbel distribution can be properly used for specification of hazard curves by extrapolation of

available data.
6. The parameters of fragility curves used for the individual structures are conservative and the same

for all structures.
7. Loss of offsite power is expected for all modelled cases of extreme snow cover.
8. Power reduction to self-power consumption is possible at all four NPP units in case of extreme snow

cover (but would fail with some probability for the very high snow cover).
9. 24 hours of plant response needed for safe cooldown are modelled for the snow cover up to 200 mm

of equivalent water column. 72 hours are modelled for higher snow cover.
10. Limited potential for power supply recovery is expected during two hours after initiating event

occurrence for the snow cover up to 200 mm.
11. Risk contribution related to snow cover less than 120 mm is neglected.
12. The potential for failure of proper reaction to the forecast of extreme snow cover (with the aim to

adopt preventive measures) is modelled and quantified by probabilities. However, this potential is
conservatively not considered for the turbine hall rooftop (the reasons are explained in detail in PSA
documentation).

13. Risk scenarios related to loss of building with the third division of emergency feedwater located in
were neglected on the base of information about relatively very high vulnerability of this structure.

14. Main and emergency control room were expected available after the rooftop fall of the building 805.
15. At least one service water pump remains available after the central component cooling station

rooftop fall due to extreme snow cover (based also on the walkdown results).
16. Probability of non-isolable loss of coolant at all service water division after hitting the technological

condenser by the rooftop ruins is 0.5.
17. In case of non-isolable service water piping break (or failure of isolation), the service water pumps of

all impacted piping lines have to be switched off.
18. The spent fuel pool can be refilled by fire water as modelled in all related accident sequences.

Quantitative results and general conclusions from the analysis

In Table 4, the results of extreme snow risk analysis are compared with the results of analyses of other
external hazards (FDF = fuel damage frequency).

Table 4: Overall quantitative results of external hazards analysis in NPP Dukovany PSA

IU FDFext
[1/y]

% of total
FDFext

Aircraft crash 5.3E-08 0.4%

Abrasive storm 3.4E-08 0.2%

Extreme temperatures (high, low) 7.2E-07 4.9%

Extreme snow 3.81E-06 26%

Extreme wind 9.43E-06 64%
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Seismic events 5.5E-07 3.7%

Tornado 1.2E-07 0.8%

In total (FDFext) 1.47E-05 100%

Interpretation of results

The quantitative results show that extreme snow is the second most important risk contributor among the
external hazards, representing more than one fourth of the total external hazards risk for NPP Dukovany.
These conservative quantitative results represent plant status after a broad set of measures taken in
response to the results of stress tests carried out after Fukushima. A detailed set of up-dated results
reflecting plant status at the end of 2021 is presented in [1].

4. Summary of the Safety Engineering Process
In Czech Republic, the regulatory body guide [2] prescribes that, amongst other external hazards, extreme
snow cover should be taken into consideration in the external hazards PSA. It is important to prove that the
risk contribution related to extreme snow is sufficiently low or, if not, to adopt specific measures to decrease
the risk to acceptable level. Consequently, the extreme snow risk analysis is required by the criteria of the
area O7 (devoted to internal and external hazards) of periodic safety review methodology, which have been
recently applied in NPP Temelin PSR after 20 years of operation and will be applied in 2023 in frame of NPP
Dukovany PSR after 40 years of operation. The safety engineering process commented here concerns NPP
Dukovany, but the basic steps are similar also for NPP Temelin.

Before the post-Fukushima stress tests, extreme snow was even the most important risk contributor among
the external hazards in the NPP Dukovany PSA. The current FDF value reflects significant resources
consuming measures adopted on the base of stress test results and oriented many ways, with the main
focus put on increasing resistance to the pressure load caused by external hazards impact (the snow related
measures were similarly oriented as the measures against extreme wind). Other category of measures
adopted with positive impact on most of external hazards, including extreme snow cover, was related to
strengthening the principles of defence in depth, in general, i.e. providing redundant means for plant
response to extreme phenomena, separating the existing means by space and barriers and applying the
principles of diversification.

Yet another sphere of measures belongs to HFE area. These measures have been oriented to prevention,
mostly connected with human actions carried out when potential for extreme conditions are indicated by
forecast, and also to the specific actions of plant staff carried out locally immediately after possible initiating
event occurrence. This way, the extreme snow cover risk measured by FDF was decreased significantly.

Since the post Fukushima stress tests had got deterministic character, the role of PSA within the safety
engineering process was limited to evaluation of the impact of the measures taken and PSA was not
primarily used as an initiator of changes in plant design and operation. During the years after stress tests,
some changes were adopted and evaluated regarding risk impact by the PSA model again. Since the NPP
Dukovany PSA model is still based on some conservative assumptions, a set of suggestions regarding new
supporting deterministic analyses has been developed recently. These analyses are planned to be carried
out in 2022 with the aim to decrease the level of conservativeness and to make the probabilistic model of
extreme snow cover (and other external hazards) more precise, consequently making possible better
specification of the scenarios contributing to the risk the most and justification of the additional measures for
decreasing this risk by elimination of the main risk contributors.

Regarding human factor engineering, the focus of the analysis and the risk engineering process as a whole,
was oriented to the specific conditions of local actions carried out in response to heavy snow, starting with
preventive measures taken in case of weather forecast indicating extreme snow cover and broadly
addressing plant staff work in winter conditions. One example of such preventive measure is evacuation of
fire brigade from the building to keep the staff and mobile equipment operable as much as possible. From
point of view of control room crew, the working conditions were expected to remain the same as in case of
internal initiating events, because a significant damage of the control toom by extreme snow cover was not
expected. A specific feature of control room crew work, which is also typical for other external (and internal)
hazards is an increased focus on having the best means and conditions for communication with local plant
staff.
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B.4 Case Study Group EIIC – External Impact on Safety Classified I&C
Systems

B.4.1 Case 1: Loss of I&C due to High Ambient Temperature

Part A – Summary
Responsible Organization(s): Electricité de France
Case Study Identifier: EIIC_1
Date: 11.02.2022
Case Study Title: Loss of I&C due to high ambient temperature
Relevant External Hazard(s):
 Non-seismic natural hazards / extreme weather conditions

Plant SSC(s) Involved:
 I&C system cabinets & rooms
 Digital I&C devices
 Support systems (HVAC, power supplies)

Key Safety Requirement Topic(s):
DSA:
 Diversity and common-cause failure criteria;
 Independence and strength of the individual defence-in-depth levels;
 Justification of the engineering assumptions used in analysis;

PSA:
 Assessment of potential losses of safety functions;
 Confidence provision for defence against the occurrence of cliff-edge effects;

HFE:
 Situation awareness and assessment;
 Workload, stress and fatigue management;

SE:
 Safety design and requirement management for external hazards;
 Flow of information between safety analyses;
 Validated modelling and simulation analysis tools.

Safety Analyses Involved and Support to Safety Engineering Process:
 Claim-Argument-Evidence justification (DSA: Deterministic Safety Assessment)
 Advanced modelling and simulation (SEP: Safety Engineering Process)

CAE-justification approach: see HARMONICS
Short Description of Case Study:
Context: Identification of ways to improve the safety and robustness of I&C systems is continuously studied
and research for its licensing in different countries is needed if new plants are to be built abroad.

Instrumentation and control (I&C) play a key role in the behaviour of many plant systems and in human-plant
interactions. It is thus essential to ensure, as a design basis, that postulated extreme weather conditions
(e.g. due to high ambient temperature) do not cause I&C failures that could lead to an accident and prevent
the correct performance of required plant safety functions in the long-term.

Overall safety engineering process:
The case study is concerned with applying a claim-argument-evidence approach and advanced deterministic
and probabilistic modelling and simulation (encompassing process-level safety requirements, physical
behaviour, I&C functions and human actions, and also normal and failure conditions) to justify that the set of
design and operational measures taken ensure that the risk of unacceptable conditions induced by a credible
external event, through the I&C, remains acceptable.

Main lessons learned: The I&C designed for (new) nuclear power plants to build and operate should be
licensable in the different countries of interest, as is or with only limited changes to meet country-specific
requirements.
Administrative and/or Technical Measures Implemented Based on Case Study Results:
As the context described above is that of a continuous ongoing R&D improvement process, no measures
have yet been implemented.
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Part B – Detailed Description
1 Introduction

This case-study is a prospective case on the I&C system of a nuclear power plant, with the idea to
continuously improve the safety of nuclear power plants (WENRA RHWG A2.3, WENRA Safety Reference
Levels for Existing Reactors, WENRA Safety Reference Levels for Existing Reactors & ASN/IRSN Guide
N°22: Conception des réacteurs à eau sous pression [only in French]). It is not related to a specific plant or
power level (e.g. 900 MWe, 1300 MWe, etc.) of the EDF fleet. Nor is it related to a change in requirements or
assessment method.

Prospective means in this case that methodological improvements could be foreseen, although they are not
necessarily yet specified nor implemented at the time of writing. The focus is placed on proofs of concept
and not on a complete in-depth implementation with all the details, materials, etc. which is not possible in the
scope and time of BESEP.

Instead this case-study was initiated by work on early systems engineering combined with a view on a
preliminary I&C architecture in a R&D department of EDF. In such architecture, I&C systems are used in the
different levels of Defence in Depth, from normal operation to the incident and accident situations, according
to ASN/IRSN regulations and WENRA practices.

The external hazard of interest is high ambient temperatures that may cause the I&C system to malfunction if
the physical limits of operating the equipment are exceeded.

2 Safety Requirements Addressed

Case-study EIIC_1 is part of the SSC based case study group: EIIC–External Impact on Safety Classified
I&C Systems. The selected requirements for each discipline (DSA, PSA, HFE and SEP) are summarized in
the following paragraphs, remarking that, in this case-study group, DSA is indicated as the most central one.

The BESEP requirements in bold are those selected for this case-study.

DSA: Diversity and common-cause failure criteria

BESEP id BESEP requirement text

BESEP_DSA_DCCF_001 Common-cause failures shall only have minor impacts on NPP safety.

BESEP_DSA_DCCF_002 Diversity shall be applied within and between defence-in-depth
levels so that a common-cause failure of any individual
component type shall not prevent managing the initiating event.

PSA: Initiating event frequency estimation

BESEP id BESEP requirement text

BESEP_PSA_IEF_001 The occurrence frequency of initiating events shall be estimated,
including those caused by external hazards.

BESEP_PSA_IEF_002 The site-specific analysis for external hazard shall be used in the
estimation of initiating event frequencies.

BESEP_PSA_IEF_003 The results from long-term monitoring of the NPP site and the
surroundings shall be taken into account in the initiating event
frequency estimation for external hazards.

BESEP_PSA_IEF_004 For initiating event frequency estimation on rare external events having
sparse or no operational data, the basis for the engineering
judgements shall be given.
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HFE: Applicable HSI (Human System Interface

BESEP id BESEP requirement text

BESEP_HFE_HSI_001 The HSI shall be adapted to human capabilities and limitations
and it shall prevent the risk of incorrect action as much as
possible.

BESEP_HFE_HSI_002 When alarms are used to notify operators of abnormal conditions the
HSI shall present information that is relevant and clear and HSI shall
prioritize the alarms based on their significance for the radiation safety.

BESEP_HFE_HSI_003 The number of different interfaces shall be as low as possible and
reasonable.

BESEP_HFE_HSI_004 The user interface interaction and management shall be as fluent as
possible to reduce workload.

SEP: Validated modelling and simulation analysis tools

BESEP id BESEP requirement text

BESEP_SEP_MST_001 There shall be a description available of the used model to enable the
validation of the model correctness in relation to the plant modelled.

BESEP_SEP_MST_002 The results gained with modelling and simulation analysis tools
shall be collected to enable comparison to previous and
following results gained with comparable models and tools.

BESEP_SEP_MST_003 The results gained with a physical model or computer code shall be
compared to separate effects tests, tests carried out on entire
systems, to disturbances occurred at NPPs or to results gained with
other validated models.

3 Safety Analyses Performed

The method that is mentioned specifically in the short description of the case-study is the justification method
based on Claims, Arguments and Evidences (CAE) (see Harmonics (Ref [3]) project).

This method aims at organising and structuring a justification framework that a system complies adequately
to (regulatory) requirements and standards. It deals both with quantitative aspects and subjective (typically
expert judgements) / qualitative aspects.

The Harmonics method is based on three basic nodes:
 A claim is, in our case, an assertion to justify with respect to a BESEP safety requirement. It is typically

a statement about a property of a system or some subsystems. A claim supporting an argument is
called a sub-claim. A claim that is asserted as true without justification is traced as an assumption,
unless it enters the justification process when reconsidered as a design choice or can be considered as
practically eliminated.

 An argument provides explicit links between the claim and the various pieces of evidence (Note: The
links are not necessarily tree-like structured, and a sub-claim or a piece of evidence may contribute to
more than one claim.)

 Evidence is composed of the objective facts used as the basis for the justification of the claim. Sources
of evidence may include the design, the development process, prior field experience, operation
experience, testing (including statistical testing), and simulation results or models from formal analysis.

Four optional argument nodes can be used:
 Concretisation is giving a more precise definition or interpretation of the claim.
 Substitution, when a claim is transformed into a claim about an equivalent object. For example, a test

specimen will be claimed to have the same properties as production specimens, provided some clearly
defined equivalence.

 Decomposition is about partitioning some aspects of the claim, provided that one can justify that
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together, the elements decomposition imply the initial claim.
 Calculation provides a quantitative argument when the value of one property of a system can be

calculated from the values of other specific properties, possibly of other objects (e.g. subsystems).

3.1 Deterministic Safety Analysis

BESEP_DSA_DCCF_002: Diversity shall be applied within and between defence-in-depth levels so
that a common-cause failure of any individual component type shall not prevent managing the
initiating event.

The application of the Single Failure Criterion is used in the DiD approach. A single failure has a high impact
if it represents a common cause failure impacting several levels.

A method to prevent common cause failures is to diversify the I&C. Each level of DiD can be implemented by
a decoupled independent I&C system, with stringent constraints put on those I&C systems according to the
importance for safety classes of the functions they implement (safety related parts dealing with accidents
prevention and mitigation).
The verification of an I&C architecture with a dedicated system corresponding to each (as far as practicable
independent) DiD level is used to be robust towards the risk of common cause failure.

The Claim, Argument, Evidence (CAE) method is intended to be applied to the I&C architecture for the
verification of its robustness towards DiD. For each level, diversity of I&C modules can be assessed in that
purpose.

To claim that the BESEP requirement BESEP_DSA_DCCF_002 is fulfilled, a non-exhaustive list of
arguments is stated. Arguments to support the compliance with the fulfilment of the BESEP requirement are
that: the temperature of the I&C components stays within the thermal limits for good functioning; the
components are of good quality such that the single failure criterion is fulfilled and there is no impact on the
accident progression.
The design limits are based on a maximum temperature during a short period (peak temperature for several
hours) and a second case of a maximum temperature for a long-term period of several days.

Evidence for these arguments is foreseen to be provided in the following ways.

Quality of the components
The quality of manufacturing needs to meet the requirements on thermal resistance based on standardized
and validated norms and verifications.

Temperature within the limits
Deterministic calculations, with validated codes or simulation tools, of the air and component temperature
support the analysis that the thermal limits of the material are not exceeded. For these calculations, simple
lump parameter models or CFD models can be used for the air temperature throughout the room and
cabinets, depending on the level of detail needed. Temperatures of the components can be calculated
individually.
In addition or for validation, a test facility with calibrated sensors and their given uncertainty can consolidate
the numerical findings.
Margins with respect to the maximum room and components limits can be calculated by using the results of
the above mentioned elements.

For prevention of malfunctioning, the thermal dissipation should be kept low.
In order to keep the temperature of the components within the announced boundaries there is limit on the
power consumption of the modules. Their effective thermal dissipation in real equivalent situations is to be
verified.

For prevention of malfunctioning, cooling of the modules need to be sufficient.
The need for cooling by (active) ventilation or another method can be calculated. Depending on the level of
DiD and availability of power (SBO) the cooling may be passive, and the thermal inertia is to be calculated in
order to dispose of sufficient grace time.
Margins with respect to the announced manufacturers’ limitations are calculated.

Different technology for components
Diversity in technology should be verified with the accent of possible common elements, including support
systems (like power supply).
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Different location
A verification of the plant layout can ensure that the I&C cabinets are located in different rooms or sections of
the power plant and hence can have different temperature.

Verification of a diversified system to control the reactivity and fuel temperature in case a control rod is
blocked in a high position due to a malfunctioning caused by a too high ambient temperature of the I&C
system.

3.2 Probabilistic Safety Analysis

BESEP_PSA_IEF_003: The results from long-term monitoring of the NPP site and the surroundings
shall be taken into account in the initiating event frequency estimation for external hazards.

Temperature data are measured in various locations and can be available for different time ranges for
specific sites. To evaluate sufficiently extremes temperatures for reference hazards by the most commonly
used approach, which is statistical extrapolation, a very wide range of observation data is needed, and rarely
available. A way to overcome this difficulty is to conduct a statistical extrapolation up to a return period
deemed legitimate in respect to the available data range, and then to apply a fixed increase, whether by an
addition or by a multiplying factor. The increasing factor should be supported by all information and
justifications available. From these data, the short term and long-term temperature hypothesis needed for the
deterministic analysis are determined.

Data from similar sites, notably those in the same climate category (continental, costal, tempered) can be
taken into account to identify trends, or to compare with the local data. It can be particularly useful to identify
specific site conditions (although this is not often the case for the air temperature variable). This can be used
for a fleet of standardised NPPs, that use the same technology, in order to have a common analysis,
provided that the more conservative reference of the region is kept in fine. That reference can still be
adjusted for a specific site if needed.

Data from climatic projections that can be selected in a larger region of interest encompassing other
countries might be used in the analysis, in order to estimate the long-term evolution of heat waves.

The evolution of temperature heat waves (their frequency and amplitude) is to be studied to evaluate if new
safety margins are to be set. Numerical simulations corresponding to different physical hypothesis and
uncertainties are foreseen. Climate change effects shall be taken into account for air temperature. This step
usually uses data from climate projections (for examples resulting from the IPCC works)

3.3 Human Factors Engineering

BESEP_HFE_HSI_001: The HSI shall be adapted to human capabilities and limitations and it shall
prevent the risk of incorrect action as much as possible.

Extreme high ambient outside temperatures can create a high thermal environment in the Main Control
Room, especially in combination with a failing HVAC system. This can have a negative impact on operators
(workload, cognitive and physical performance, …) and can also have a negative impact on the usability of
I&C equipment.

Parts of claim BESEP_HFE_HSI_001 can be validated with arguments including the verification of
performance shaping factors and the thermal limits of the environment.
The temperature of the control room needs to stay within limits to avoid degraded human performance. To
ensure the duration of a workable environment, thermal modelling and simulations determine the:
- Cooling or HVAC system
- Thermal inertia of the MCR
- Mobile cooling needs (e.g. ice, ventilators) in case of a long-term SBO
- Use of low thermal power equipment

In some beyond design situations, an external hazard like extreme high temperatures can affect the
performance of the operators. Human performance shall be verified by models or experiments in similar
conditions.
The impact on the evolution of important reactor parameters to misses caused by for example a slippery
button due to transpiration, can be simulated by means of a (full scope or specific accident) simulator.
Procedures with postulated human misses can be simulated by simulator. Certain performance shaping
factors can also be supported by outcomes of these automated (high ambient temperature) procedure
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applications on the simulator, like the number of actions to perform in parallel which gives an indication on
the workload. From a more general point of view, seven principles and methods to prevent human error are
mentioned by IAEA (No. NR-T-2.12), this provides some material to evaluate if the design enhances safety
but doesn’t give hard margins.

It should be verified that, even in extreme temperature in control room, the HSI still enable the crews to
monitor the important parameters during the event in question (at least reactivity control, cooling of the
reactor/fuel and the confinement of radioactive material) e.g. ecological interfaces. Moreover, since the
stress may be important in these extreme situations, the level of harmonization of the HSI should be
measured over the different levels of DiD in order to verify that operators are familiar with the buttons,
displays, etc. (and their feedback) even with functionally diversified systems.

If the temperature in the control room becomes too high, the time to relocate from the MCR to a back-up
control panel, can be determined or simulated by 3D plans of the plant and compared with experiments in a
similar environment. The thermal environment can also be simulated for the backup control panel room.

4 Summary of the Safety Engineering Process

BESEP_SEP_MST_002: The results gained with modelling and simulation analysis tools shall be
collected to enable comparison to previous and following results gained with comparable models
and tools.

This case-study is based on numerical simulations by validated (CFD) codes, norms, experimental
validation, full scale or accident simulators and stochastic analyses in order to support that no overheating of
I&C components important to safety due to high ambient temperatures, occurs and deals with the situation in
case a failure occurs by an as far as practicable independent I&C architecture.

The deterministic simulation models as well as the layout of the plant connect the HFE process and vice
versa, the outcomes from the HFE process can be integrated in the design when considered favourable. The
duration and amplitude of short and long-term heat waves is determined from the PSA side of the study but
connected to the deterministic safety analysis and HFE parts of the analysis.

The level of information exchange between the three individual safety engineering disciplines should be
determined by the aid of System Engineering and means as the Harmonics method may be compared
favourably with results provided by previous existing methods of each individual discipline.

References
[1] WENRA RHWG A2.3, WENRA Safety Reference Levels for Existing Reactors, WENRA Safety

Reference Levels for Existing Reactors

[2] ASN/IRSN Guide N°22: Conception des réacteurs à eau sous pression [in French]

[3] HARMONICS, A Safety Justification Framework, Euratom FP7, Deliverable (D-N°: 2.2), 10/06/14

B.4.2 Case 2: Loss of On-Site Power Supply and Control due to Lightning

Part A – Summary
Responsible Organization(s): VTT
Case Study Identifier: EIIC_3
Date: 06.05.2022
Case Study Title: Loss of on-site power supply and control due to lightning
Relevant External Hazard(s):
 Lightning / High wind

Plant SSC(s) Involved:
 Safety classified I&C systems
 Safety classified power supply systems
 Emergency diesel generators

Key Safety Requirement Topic(s):
 Diversity and common-cause failure criteria (DSA)
 Initiating event frequency estimation (PSA)
 Applicable HSI (Human System Interface) (HFE)
 Validated modelling and simulation analysis tools (SEP)
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Safety Analyses Involved and Support to Safety Engineering Process:
 Data analysis for initiating event frequency (DSA/PRA)
 Voltage level analysis ( (DSA)
 Relay configuration and reliability analyses (DSA/PRA)
 HSI analyses (HFE)

Concise Description of Case Study:
Lightning with high wind induces a loss of off-site power and voltage peaks to the on-site power supply
systems. Digital instrumentation and control (I&C) systems supervising the on-site electric systems creates a
spurious trip of diesel breakers causing a loss of power in redundant safety divisions. Accident management
is dependent on the diversity of redundant safety systems and operators’ responses.

Operation of electric systems (on-site and off-site grids) in abnormal situation need to be analysed for
example using simulation tools. The simulation tools help to study interactions between separate electric
grids and between electric grids and process systems and to analyse their possible impacts to plant safety.
Based on the analysed impacts, a comprehensive protection strategy against power transients with sufficient
protective measures should be designed. Formal models can be used to support the design. The protective
strategy should ensure the correct functioning of safety systems in all power transient situations.

To avoid failures, and in particular common cause failures, of redundant safety divisions, high reliability is
required for the devices providing the protection measures. System reliability is an outcome of two factors:
system’s design characteristics and system’s operational environment, i.e. possible inputs for the system.
For digital systems functioning in different operational environments, it can be difficult to obtain high reliability
estimates. To create high reliability estimates, including insight on the possibility of common cause failures,
extensive use of expert judgements is needed in the reliability assessment.

The impacts of possible failure combinations and common cause failures can be assessed using the results
of PSA. The PSA model also includes the most relevant operator actions involved with the accident scenario.
Human actions are not limited only on the operator actions of the accident situation, but all human resources
should have their well-defined roles in preparation and avoidance for accident situations. The I&C systems
are maintained and configured regularly in the life-time of plant. Therefore, high quality safety engineering
and configuration management is necessary to keep the plant and plant information models up to date
throughout the plant’s lifetime.

NOTE: As VTT is not a licence holder of an operating plant, this case is fictious and the analysis and the
numerical values do not correspond to any single existing case and are mainly mentioned for exemplary
reasons.
Administrative and/or Technical Measures Implemented Based on Case Study Results:
 Updates to simulation models and protection strategy against power transients
 Diversification and configuration principles of digital I&C systems
 Guidelines on maintenance and configuration management of electric and I&C systems

Part B – Detailed Description
1 Introduction

A nuclear power plant (NPP) contains many different electrical systems. The systems participate to two
primary functions. The main function is to generate electrical power and transmit it from the generator
towards the national electrical grid. The secondary is to provide power to various other NPP systems,
required for the operation of the plant. These include, for example, various pumps. All instrumentation and
control (I&C) systems, automation systems, and many actuators are also powered by the electrical systems.
Importantly, almost all safety related systems also rely on electrical power for operation. As electrical
systems serve important purposes and form the backbone of the whole plant, their reliability is considered to
be important for the safety of the plant. Issues in electrical systems can potentially affect the entire plant
through common cause failures, as many redundant parts are ultimately supplied from the same electrical
source. (Hänninen et al, 2020)

Lightning is an important meteorological process that has vital possible effects on power systems. When a
transmission tower is subjected to a lightning stroke, all the equipment in the power system is jeopardized by
the induced over-voltages. When a lightning strikes to a power system, the equipment of the system is
exposed to transient over-voltages induced by the lightning. These transient over-voltages generate traveling
waves having large voltage magnitudes. If the protection is not sufficient enough, the magnitude of the
induced over-voltages may exceed the basic insulation level (BIL) of the equipment. According to Finnish
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Guide YVL B.7, extreme convective weather (including lighting) shall be considered to determine the design
basis for an NPP. Lightning induced overvoltage impacts several equipment at the same time, and at least
theoretically, it can be a triggering event of a common cause failure. The overvoltage protection is typically
rated for 200 kA lightning strikes, which is considered to be the maximum expected lightning current.
However, theoretically and also in practice it is possible that this maximum current is exceeded. In practice
higher currents than 200 kA have been measured in Finland. According to the Finnish measurement data
between 2002-2014, there were 126 strokes > 200 kA and the maximum current was 337 kA. It may be
useful to examine the probability of higher lightning currents and the impact they may have to the NPP
electrical and automation systems, either due to direct lighting strikes to the power system phase, or via
ground potential rise (GPR). (Gürbüz, 2018)

Power transformers are often subjected to lightning strokes. Direct stroke to the phase conductor of the
connected line and back flashover resulting from the lightning stroke to the transmission tower or shield wire
injects wave current with high amplitude to the phase conductors and eventually through the transformer.
Risks that lightning can pose to NPP include loss of offsite power, grid disturbances, fire and disturbances or
damaging of instruments and automation possibly leading to reactor trip. Protective measures need to be
analyzed to mitigate the transferred overvoltage at the far end and ensure the overvoltage is within the BIL of
the connected equipment. Low voltage protection for overvoltage is usually done with power electronic surge
arresters. Circuit is either opened or short circuited to protect load from overvoltage. A loss of offsite power
occurs when any transmission line connecting the NPP to the power system is disconnected by circuit
breakers. If every transmission line connecting the plant to the power system is disconnected, a total loss of
offsite power (LOOP) occurs. NPPs are required to have on-site backup power sources, such as emergency
diesel generators (EDG), to provide sufficient power to safely shut down the plant in the event of a LOOP. It
is usual that LOOP event results in a reactor trip followed by EDG start.

This case will study a situation, where a strong lightning strikes to the switchyard at 400 kV transmission line
connected to the NPP. This causes an overvoltage surge to be transmitted through the transformers to on-
site grid. If the surge arresters between off-site and on-site grids cannot contain the voltage surge, the circuit
breakers of the overvoltage protection system protect the important components in the lower voltage levels
(namely the generator, main pump motors). When these circuit breakers trip, they isolate the overvoltage
surge to off-site power system, (or 15.75 kV busbar), resulting in a LOOP. Generally, in the case of LOOP,
the electrical power is expected to be provided on-site, either by the plant generator or, in case of
unsuccessful transfer to house load operation, by EDG. If also the on-site power is lost, then a station
blackout event (SBO) is experienced.

From the safety point of view, two automatic safety systems are considered. First is the overvoltage
protection operating between 15.75 kV and 6 kV busbars, which decides whether to trip the circuit breakers
(thus isolating the main pumps from voltage surges from the higher voltage levels). Second is the automatic
EDG reconnection, which makes sure that the running EDGs are not connected to the safety busbar, unless
the bar is disconnected from faults and all loads. In a DEC situation there could be a fault in the automatic
overvoltage protection systems, which could, for example, in LOOP situation, cause the EDG not to be able
to connect power back to safety bus. In such situation the NPP is facing an SBO, and the accident
management is dependent on the operators’ response.

Figure 1 shows a simplified example model of the electric grid model of the imaginary NPP used in the case.
Note, that the figure shows two redundant sides of the system. This case mainly focuses on one redundancy
only.
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Figure 1. NPP electric grid model

Imaginary accident description for the case could be the following:
Before the lightning strike (normal operation):
 The offsite power system, which consists of the 400 kV power grid, switchyard, and the equipment that

connects them to the nuclear plant distribution busses is powering the equipment of the plant, including
the main pumps and the safety busses.

 Circuit breakers are closed, except the ones connecting the EDGs to the safety busses.
After the lightning strike:
 There is a direct lightning strike somewhere in the switchyard and the 400 kV side of the power

transmission line.
 Design basis exceeding large overvoltage transient is transmitted towards the plant’s 400 kV bus, surge

arrestors and other operation and safety system components at lower voltages.
 Some of the propagating overvoltage can be mitigated by the surge arrestors.
 Remaining overvoltage is transmitted through the unit transformer to 15.75 kV bus.
 Some of the overvoltage is transmitted through the auxiliary transformer to 6 kV bus.
 Overvoltage protection operating between 15.75 kV bus and 6 kV bus detects the overvoltage spike and

sets a trip to circuit breakers to isolate the lower buses.
 This causes the main pumps to lose both off-site and on-site power and stop operating.
 Safety I&C detects that the main pumps have stopped and sets the EDG in to operation.
 Before EDG can safety start reconnection system needs to check that there is no fault or loads in the

safety bus.
 There is some spurious fault in the detection system and EDG is not allowed to automatically connect.
 Plant now faces an SBO and operator actions are needed to connect the EDG.

2 Safety Requirements Addressed

The fulfilment and the allocation of the following safety requirements topics related to DSA, PSA, HFE and
SEP need to be addressed in the case study.

 DSA: Diversity and common-cause failure criteria
o BESEP_DSA_DCCF_001: Common-cause failures shall only have minor impacts on NPP safety.
o BESEP_DSA_DCCF_002: Diversity shall be applied within and between defence-in-depth levels so

that a common-cause failure of any individual component type shall not prevent managing the
initiating event.

 PSA: Initiating event frequency estimation
o BESEP_PSA_EIF_001: The occurrence frequency of initiating events shall be estimated, including

those caused by external hazards.
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o BESEP_PSA_EIF_002: The site-specific analysis for external hazard is used in the estimation of
initiating event frequencies.

o BESEP_PSA_EIF_003: The results from long-term monitoring of the NPP site and the surroundings
shall be taken into account in the initiating event frequency estimation for external hazards.

o BESEP_PSA_EIF_004: For initiating event frequency estimation on rare external events having
sparse or no operational data, the basis for the engineering judgements shall be given.

 HFE: Applicable HSI (Human System Interface)
o BESEP_HFE_HSI_001: The HSI shall be adapted to human capabilities and limitations and it shall

prevent the risk of incorrect action as much as possible.
o BESEP_HFE_HSI_002: When alarms are used to notify operators of abnormal conditions the HSI

shall present information that is relevant and clear and HSI shall prioritize the alarms based on their
significance for the radiation safety.

o BESEP_HFE_HSI_003: The number of different interfaces shall be as low as possible and
reasonable.

o BESEP_HFE_HSI_004: The user interface interaction and management shall be as fluent as
possible to reduce workload.

 SEP: Validated modelling and simulation analysis tools
o BESEP_SEP_MST_001: There shall be a description available of the used model to enable the

validation of the model correctness in relation to the plant modelled.
o BESEP_SEP_MST_002: The results gained with modelling and simulation analysis tools shall be

collected to enable comparison to previous and following results gained with comparable models and
tools.

o BESEP_SEP_MST_003: The results gained with a physical model or computer code shall be
compared to separate effects tests, tests carried out on entire systems, to disturbances occurred at
NPPs or to results gained with other validated models.

3 Safety Analyses Performed

Various analyses have been performed, including:
 Data analysis for initiating event frequency (lightning) (DSA/PRA) covering initiating event related

requirements (BESEP_PSA_EIF).
 Voltage level analysis for the overvoltage (surge arrestors / on-site electrical system) (DSA) covering

modelling and simulation related requirements (BESEP_SEP_MST).
 Overvoltage protection and automatic reconnection relay configuration analysis covering common

cause failure (CCF) related requirements (BESEP_DSA_DCCF).
 Reliability analyses of protection relays (DSA/PRA) covering common cause failure (CCF) related

requirements (BESEP_DSA_DCCF).
 HSI analyses for conducting the operator actions (HFE) covering HSI related requirements

(BESEP_HFE_HSI).

3.1 Deterministic Safety Analysis

3.1.1 Data analysis of lightning strike frequency (PSA/DSA):

Analysis of Nordic/Finnish measurement data of lighting strike frequency has been utilized to estimate the
site specific frequency of the initiating events. According to the Finnish measurement data between
2002-2014, there were 126 strokes > 200 kA and the maximum current was 337 kA. It has been estimated
that the strike frequency to the plant buildings is 0.03…0.14 /a based on the 30 kA strike. About 92% of the
lightning strikes exceed 10 kA and roughly 1% exceeds 150 kA. Ventilation stack and reactor building shield
other buildings partially from lightning strikes of over 10 kA. Shielding is better against high current lightning
strikes, and the strikes of over 30 kA hit almost exclusively to ventilation stack and roofs that are on the
edges of building complex. The fraction of over 30 kA lightning strikes is about 50% of all lightning strikes
based on the licensee’s studies. The source of the data has been SAFIR2018 (The Finnish Research
Programme on Nuclear Power Plant Safety 2015 – 2018) project EXWE and its corresponding deliverables.

Figure 2 and Figure 3 show results from the data analysis concerning the initiating event frequency
estimation and the peak current estimates based on lightning location data. CAPE = convective available
potential energy. The lightning location data used in this study are based on the Nordic Lightning Information
System (NORDLIS), covering the Nordic and Baltic countries. The detection efficiency and median location
accuracy regarding cloud-to-ground lightning flashes (i.e. the system performance) are estimated to be
above 90% and less than 1 km, respectively, within the study area used.
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Figure 2. Mean summertime CAPE and flash density

Figure 3. Lightning extreme peak currents

Using known flashes to trees as the ground truth, the mean accuracy of the NORDLIS lightning detection
network (Figure 4) was about 600 m in Finland in 2007–2008. Other networks around the same time period
have reported accuracies that tend to be somewhat better, but the small numbers of flashes and
methodological issues mean that it is difficult to compare the results directly. Since the NORDLIS network is
being constantly renewed, we can confidently state that the network's quality is on par with other lightning
location networks around the globe.
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Figure 4. NORDLIS sensors locations in 2008 (Mäkelä et al 2016)

3.1.2 Voltage-level analyses (on-site electrical system / surge arrestors) (DSA):

The effect of the lightning caused overvoltage coming from the off-site electrical network to the on-site
electrical networks of the plant was modelled and simulated using a method developed at VTT called
Co-Simulation (SAFIR2022 project COSI). In a co-simulation the plant’s electrical components in general are
modelled in Simulink and most of the pump sets are co-simulated with Apros. Simulation results for
frequency, active power, generator, different voltage levels at different components of the plant are
presented for the simulation scenario. The results evaluate the impacts of overvoltage scenarios on nuclear
power plant operations, with specific focus on the effects of faults on the overall voltage levels and active
power output. Figure 5 shows an example of a NPP simulation model and the results for a particular fault
location. (Keski-Koukkari et al., 2021).

Figure 5. COSI Simulation model and results (Keski-Koukkari et al., 2021)

Also, different combination of protective surge arrestors (arrestors either at 400 kV, 400 kV + 15.75 kV or
400 kV + 15.75 kV + 6 kV) were analysed using a simulation software (EMTP-ATPDraw) to study their
capabilities to mitigate the transferred overvoltage at the far end and ensure the overvoltage is within the
basic insulation level (BIL) of the connected equipment. The voltage rises at the secondary of each
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connected transformer at different voltage levels in a house load network of a power generation plant were
analyzed. Figure 6 and Figure 7 show example results from the analysis. (Subedi & Lehtonen 2019).

Figure 6. Voltage at the 15.75 kV side of the transformer for the case of 26.6 kA lightning with 400 kV surge
arrestor (Subedi & Lehtonen 2019)

Figure 7. Summary of voltage peak for all cases (Subedi & Lehtonen 2019)

3.2 Probabilistic Safety Analysis

3.2.1 Reliability estimation of protection relays

In the case study, the example results on a reliability estimation of computer-based protection relay are
applied (Helminen & Pulkkinen, 2003). The reliability estimation methodology of the example is based on
Bayesian modelling and in particular to its technical solution called Bayesian networks. Bayesian networks
enable the implementation of qualitative and quantitative information flexibly together as well as updating the
estimation while new information is obtained.

Two primary evidence sources are used in the reliability estimation. The first source of evidence is the expert
judgements from the relay developers. The second source is the operational experience of the relay. In the
assessment, the relay development process is reviewed by the experts and based on their judgements a
prior failure rate distribution for the relay’s protection functions is created. For the construction of the prior
failure rate distribution a specific expert judgement process is applied. A summary of the expert judgement
process is shown in Figure 8 and described below.

In the first two steps of the expert judgement process the different phases of the software development
process are discussed. Based on the previous experience and the conclusions of the interviews the experts
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give score values and weights for the different software development phases. In the diagram presented in
Figure 8 five software development phases have been considered. The score values and weights are
numerical values between zero and ten reflecting the expert’s opinion on how well the production team
managed in the execution of a phase and how big of importance did a certain phase have to the total
reliability of the system. In the training session the numerical scale used in the assessment and the meaning
of different score values are discussed from the system reliability point of view, and this way each expert is
able to build an interpretation of his own about the meaning of the score values. In the third step the values
given in the previous two steps are united to a total score value using an additive value function.

In addition to the score values and weights, the experts are asked to give failure rate distributions for two or
three different score values in step four. The system failure rate distributions should represent expert’s
opinion of score values as well as possible, since the distributions are used to calibrate the scale of score
values. After the calibration it is possible to extrapolate a failure rate distribution for other score values in the
scale. The conversion from the total score value to corresponding failure rate distribution is carried out in
step five. In the final sixth step of the expert judgement process the reliability estimates or failure rate
distributions of all experts are combined together to form the prior failure rate distribution for the relay’s
protection functions.

After the creation of prior estimate, the failure rate distribution is updated to a posterior estimate using the
relay’s reliability data. In the example, the data is the estimated operational years and number of software
faults reported for the system. In the reliability estimation model the conditional distribution of the number of
software faults of the protection functions given the failure rate and the number of operating years is
considered Poisson distributed as follows:

𝑓(𝑥|𝜆, 𝑇)~𝑃𝑜𝑖𝑠𝑠𝑜𝑛(𝜆𝑇),

where
 𝑥 is the number of software faults,
 𝜆 the failure rate and
 𝑇 the estimated operating years of the system in the first year of operation.
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Figure 8. Diagram presenting the six steps of the expert judgement process to estimate the prior failure
probability of software

The prior and posterior failure rate estimates for an example protection relay are shown in Figure 4 for two
different failure modes. The graphs present the 2.5-50-97.5 percentiles of failure rate distributions.
(Helminen, 2007).
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Figure 9. Prior and posterior estimates of two failure modes

3.2.2 System configuration and reliability

The protection relays (for the overvoltage circuit breaker logic) can be implemented in different
configurations depending on the fail-safe or availability requirements of the system. If the fail-safe aspect is
emphasised, the system configuration can be, for example, 1 out of 2 logic (1oo2), with similar or diverse
relays. On the other hand, if availability aspect is emphasised, the system configuration can be created with
2 out of 3 logic (2oo3), or even 2 out of 2 logic (2oo2). The selected configuration will impact the system
reliability.

For the overvoltage protection function of case study, the fail-safe aspect is emphasised. The protection
function is created with two diverse protection relays using 1oo2 logic for the opening of the circuit breakers
connecting to the safety bus. Based on the reliability estimation of computer-based protection relay
presented above the software failure rate is estimated conservatively ~1E-3/a for both relays. The hardware
failure rate is estimated to be twenty-five times their software failure rate, i.e. ~2,5E-2/a. The common-cause
failure frequency for the two diverse relays is estimated to be 1% of software failure rate (~1E-5/a). The
failure rate of the system configuration is ~8E-4/a.

3.2.3 Frequency estimates for the loss of on-site power in one or two redundancy

Based on the average lightning strike of 30 kA, the strike frequency to any building at NPP site has been
evaluated to be 0,03…0,14/a. Ventilation stack and reactor building shield other buildings partially from
lightning strikes of over 10 kA. Shielding is better against high current lightning strikes, and the strikes of
over 30 kA hit almost exclusively to ventilation stack and roofs that are on the edges of building complex.
The fraction of over 30 kA lightning strikes is about 50% of all lightning strikes based on studies.

In the case study, the strike frequency to the switchyard at 400kV transmission line connected to the NPP is
based on the conclusions of above data analysis. The strike frequency is conservatively set to 0,2/a. The
probability of lightning arrester evasion is assumed to be 0.5 for different current lightning strikes. The
probability of losing both redundancies is assumed to be 10% of one redundancy loss. The common cause
failure of protection relays of both redundancies is assumed to be include in the 10% estimate. The failure
probability for the automatic reconnection of EDG is estimated to be somewhere between 5-10%. No manual
reconnection possibility is credited for the initiating event frequency estimate. Initiating event frequency for
the loss of one redundancy due to lightning strike on the switchyard and no automatic protection and
reconnection is 6.1·10−6/a, and for loss of both redundancies similarly 6.1·10−7/a. After the automatic
protection and reconnection, there is a possibility to perform the reconnection operations manually. The
manual operations and their failure probabilities have not been considered in the assessment.

3.3 Human Factors Engineering

Loss of electricity is a challenging event from the control room operators’ point of view. On one hand,
operating procedures are required to be able to respond adequately to loss of electrical power, but on the
other hand, events sometimes evolve such a rapid pace that nearly immediate response is required, and
there is thus no time to bring procedures into use.
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In the loss of on-site power supply and control case study, after detecting the alarm signal the SBO
procedure is deployed, and the control room crew calls in the safety engineer. Next, the operators start and
connect the emergency diesel generator output to the safety bar by opening the main and intervening circuit
breaker and the generator breaker on the safety-critical touch screen located in the main control room. After
that, if needed, they call in additional specialists.

In this case study, the most critical user interface is the EDG touch display consisting of about 20 display
pages. Critical displays for loss of on-site power supply and control due to lightning are the following: alarm
display, trip display, fault display, ready-for-starting display and main display (Figure below). The trip display
presents the conditions leading to diesel generator trip, and the fault display presents the conditions leading
to diesel generator fault. The ready-for-starting display presents the diesel generator status (ready for
starting, not ready for starting or running) and the conditions leading to that status. The main display is a
general display that includes the information needed for operating the emergency diesel system if everything
goes as expected. The focus of the display is on the diesel generator itself, and controls and measurements
related to the generator are presented. Two examples, the main display and trip display, developed by Laitio
(2013) are shown below.

Figure 11. Main display of EDG display system (Laitio, 2013)
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Figure 12. Ready-for-starting display of EDG display system (Laitio, 2013)

There are some key requirements that will be needed in order to support optimally accident management.
For example, indication that the diesel generator is running should be made easy, and indication for if the
diesel generator is ready for starting or not should be the first thing for the operator to see and clearly visible.
The situation where the diesel generator is already running should be clearly indicated in the ready-for-
starting display.

We present an application of Systems Usability Case (SUC) as an overall human factors engineering
approach in the analysis of operator simulation results from this particular case. SUC enables a requirement-
based human factors evaluation of complex technical systems. The SUC is based on the Safety Case
approach and on the Systems Usability construct. One of the main aims of establishing a Safety Case is to
bring to the front the arguments and evidence for safety in such a way that the reasoning supports the work
of a regulator or licensing organization. In the end, the SUC enables evaluating the Systems Usability of a
system and making a reasonable solid argument about the acceptance of the system for use. The question
is how the conclusions are reached through a reasoning process, in which the arguments are made about
the evidence to approve or reject the claim concerning the quality of the system.

In the SUC approach, requirements are used systematically as a reference in the assessment of
acceptability of the new CR and HSI systems. The systemic understanding of usability and the notion of
systems usability provides one source of reference within which more general theoretically derived SU
requirements are formed, whereas the project-specific requirements within a particular design project at
hand provides another reference for the validation of the system. Thus, the evaluated system becomes
considered from two complementary perspectives: what is known about the HF and ergonomics in general
and what the practical demands and aims of the design project inwardly are. In practice, the SUC consists of
two main parts, that is, the goal structure and the claim structure parts. The goal structure is developed
before the validation test and the claim structure afterwards to organize the results of the validation to derive
an assessment.
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Figure 13. System Usability Case

For example, in this pilot case, we can derive the following three project-specific requirements:
 PS-RQ1: Indicating that the diesel generator is running should be made easy.
 PS-RQ2: Indication for if the diesel generator is ready for starting or not should be the first thing for the

operator to see and clearly visible.
 PS-RQ3: The situation where the diesel generator is already running (n > 320 rpm) should be clearly

indicated in the ready-for-starting display.

The fulfilment of these requirements can be evaluated in a loss of on-site power supply and control simulator
run in a full-scope plant simulator. Quantitative acceptance criteria for these three requirements are difficult
to set, but this limitation can be avoided by a triangulation approach in which multiple qualitative methods
and data sources are used to provide cumulative evidence of the acceptability of the requirements.

If the results of the simulator run indicate that the operator had some problems to observe that the diesel
generator is ready for starting or that the diesel generator is already running, and he/she got frustrated and
stressed by not noticing these facts, some changes are required to the design of the critical displays. For
example, an indicator that the diesel generator is running should be added to the ready for starting frame of
the main display, and this frame should be placed where it is easily detectable (i.e. upper left corner of the
main display). The situation where the diesel generator is already running could be made easily observable
by adding a relevant option to the ready for starting display.

The design of the EDG displays can be considered validated, when all the Human Engineering
Discrepancies (i.e. design deficiencies) have been settled, and by implication all the project-specific
requirements have been fulfilled.
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4 Summary of the Safety Engineering Process

The relevant safety engineering activities depicted in Figure 14 summarize the steps described in the
previous sections of this report. On the left hand side, the accident scenario is shown through the safety
design of the plant, starting from the lightning strike hitting the switchyard and moving through the protective
measurement of the plant (surge arrestors, overvoltage protection, EDG automatic reconnection, and
manual operator actions). In the middle the different analyses are mapped to the scenario, as are the
different BESEP requirements related to this case study. This mapping tries to tie in the core focus of
BESEP - the plant design – safety analysis – safety requirements triplet. On the right hand side, the PSA
part is further explained.

Figure 14. Safety engineering activities
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APPENDIX C: SELF-EVALUATION SHEETS

C.1 Case Study Group STIN – Structural Integrity

C.1.1 Case 1: Collapse of Venting Stack Due to High Wind

Self-Evaluation of Fulfilling Baseline Requirements
Responsible Organization(s): RELKO spol. s r.o.
Case Study Identifier: STIN_1
Date: 29.03.2022
Case Study Title: Collapse of Venting Stack Due to High Wind
Fulfilment of Safety Requirements

Scope of the Requirements Verified

The verification of the following requirements are included in the case study regarding the evaluation of plant
vulnerabilities to high wind:
 BESEP_DSA_FSEP_003: The systems of different safety classes shall be functionally separated so

that failure of a system or component of a lower safety class does not affect a function of a higher safety
class.

 BESEP_PSA_BAL_002: PSA shall be used to confirm that the risk related to a single external hazard
does not dominate the overall risk results.

 BESEP_HFE_GS_002: The procedures and guides shall be designed to support the human
performance in decision making.

 BESEP_SEP_VV_004: In the case of external hazards the NPP shall be safely shut down and kept in a
subcritical state, the residual heat removal shall be ensured and the leakages of radioactive substances
shall be kept below the specified limits.

Evaluation of the Different Requirements

Requirement No.1 – BESEP_DSA_FSEP_003: The systems of different safety classes shall be functionally
separated so that failure of a system or component of a lower safety class does not affect a function of a
higher safety class.

Summary of the Verification Process

The spatial interactions that can potentially affect the performance of the SSC during the occurrence of high
wind could render this structure inoperable. These interactions include falling which could result in the
physical impact of the item in question. The identification and assessment of potential interactions require
good judgement during a plant walkdown. Only those conditions which truly represent a serious interaction
hazard are identified or require modification.

Falling is the structural integrity failure of a non-safety related item that can impact with and damage a safety
related item. In order for the interaction to be a threat to an SSC, the impact must release considerable
energy and the target must be vulnerable. This is the case given collapse of the venting stack due to high
wind. The deterministic safety analyses have shown that the structures of the plant will resist to wind-induced
forces safely and that the design basis high gust wind speed and 10 minutes high wind speed will not
endanger the safety functions. However, major vulnerabilities have been identified for non-safety structures
due to their potential for collapsing on safety related structures. An example is the venting stack. Collapse of
the venting stack in case of behind design bases wind speed may damage the safety-related buildings
(reactor building, longitudinal and transversal building, DG station and auxiliary building; safety related
systems and components are located in these building, the exception is the last building where radioactive
waste is stored). Therefore, safety measures are implemented to improve safety of the plant. The steel ropes
installed on the venting stack can prevent falling of the stack on the safety related structures.
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For high wind, the exceedance of the plant-level capacity will result in damage to components required for
the performance of the fundamental safety functions (control of reactivity, removal of heat from the reactor
and from the fuel store, confinement of radioactive material, as well as limitation of accidental radioactive
releases). The proposed safety measures prevent occurrence of plant damage with core damage and
radioactive release.

Adequacy of Verification

Safety measures are implemented to maintain integrity of the safety related buildings. The steel ropes
installed on the venting stack can prevent falling of the stack on the safety related structures. Although
complete loss of all AC power from off-site sources is considered during high wind, however, alternate AC
power supplies from the emergency DGs sources are available. DC power supplies and uninterruptible AC
power supplies are also available. In addition, also mobile DGs are available. Hence, the fundamental safety
functions can be performed because failure of a lower safety class structure does not affect a function of a
higher safety class.

Proposal for Improvement

No other improvement is required given implementation of the proposed safety measures.

Requirement No.2 – BESEP_PSA_BAL_002: PSA shall be used to confirm that the risk related to a single
external hazard does not dominate the overall risk results.

Summary of the Verification Process

High wind PSA is developed for the plant to estimate its contribution to core and fuel damage frequency and
the frequency of large early radioactivity releases. It includes also consideration of the uncertainty and
randomness of the high wind hazard, uncertainty and randomness of component failure rates conditional
upon wind speed.

The high wind hazard analysis is performed using the hazard curves. Note, that the wind acting upon the
plant buildings is not the free field wind any more. Interference effects, such as sheltering by other buildings
or Venturi effects in passages between buildings may have a strong influence in the dynamic pressures.
Special emphasis was put on these issues in case of venting stack.

Expressing the wind capacity of a SSC is its wind fragility. Wind fragility is defined as the conditional
probability of failure of an SSC. A conservative value of capacity is calculated as the HCLPF capacity taking
into account the results of FEM analysis. The wind capacity calculations is performed by direct computation
of the HCLPF capacity following the philosophy of the CDFM (Conservative Deterministic Failure Margin)
method. Full family of fragility curves are prepared from the HCLPF value by estimating the median capacity
Vm and the logarithmic standard deviations βR and βU, respectively.

The key results are the dominant accident sequences initiated by high wind, from which the most likely
scenarios are derived (scenarios regarding the fall of the venting stack). Implementation of the safety
measures for stack resistance decreases the core damage frequency significantly. It was also shown that the
risk related to high wind does not dominate the overall risk results of the plant.

Adequacy of Verification

The plant structures have excellent wind resistance. Major vulnerabilities have been identified only where
non-safety-related structures had a potential for collapsing on safety-related structures or equipment. These
items include venting stack. However, safety measures are proposed to reduce this impact.

Proposals for Improvement

No other improvement is required given implementation of the proposed safety measures.

Requirement No.3 – BESEP_HFE_GS_002: The procedures and guides shall be designed to support the
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human performance in decision making.

Summary of the Verification Process

It is supposed that a trained operator, following plant procedures, is able to maintain the fundamental safety
functions in case of the initial conditions given by high wind. A review of plant operation procedures
corresponding to the initial plant conditions of high wind was performed. In particular SB-EOPs (Symptom
Based Emergency Operating Procedures) are used to maintain the fundamental safety functions. The
frontline systems and the required support systems, corresponding to the given initial conditions, have been
included in the analyses. Reactor trip and recovery of primary to secondary side heat removal are needed.
Given no recovery of primary to secondary side heat removal, primary feed and bleed is initiated. The
analysis has confirmed that the existing procedures and guides of the plant fully support the suppression of
any initiating event or combination of initiating events after impact of high wind.

Adequacy of Verification

Manual valves are not included as separate items, but considered as part of the pipe in which they are
mounted. The same applies to valves or dampers equipped with an actuator at the location place but do not
need to be actuated for accomplishing the fundamental safety functions. So, the operator actions during high
wind are performed only from the main control room or emergency control room of the plant. It was also
found that the time sequence of events is consistent with plant procedures, available resources and technical
specifications. This guarantees that the interactions are performed also under the conditions of high wind.
Until the high wind speed of 50 m/s the human error probability is low (the same as in internal event PSA).
Between the wind speeds of 50 m/s and 100 m/s the human error probability is significantly increased.
Human interaction is not guaranteed for the wind speed behind 100 m/s. The human error probability is
equals one.

Proposal for Improvement

The procedures and guides are designed to support the human performance in decision making. No
proposal for improvement is needed given implementation of the proposed safety measures.

Requirement No.4 –BESEP_SEP_VV_004: In the case of external hazards the NPP shall be safely shut
down and kept in a subcritical state, the residual heat removal shall be ensured and the leakages of
radioactive substances shall be kept below the specified limits.

Summary of the Verification Process

The information used for analysis of high wind is up to date. The plant design bases is consistent with the
updated information about high wind, nevertheless, it was established a long period of time ago, based on
the information and the state of practice at that time.

In performing the assessment, the updated data shows that the design bases are consistent with recently
observed events. The maximum recorded gust wind speeds are not closed to the design values in several
years during the last decade, whereas the design gust wind speed is supposed to have a return period of
100 years. However, this kind of inconsistencies will not affect the vulnerability assessment, since the
assessment is intended to find the weak links in the as-is condition of the plant. A lower design basis will
result in a lower plant-level capacity against a particular hazard, if the design against other hazards does not
provide additional margin.

The detailed capacity calculations have been performed according to good practice. Detailed calculations
produced HCLPF capacity values for use in the following phase of the vulnerability assessment. The
calculations correspond to the all failure modes identified after the capacity walkdown. The philosophy of the
CDFM method normally applied to compute the HCLPF capacity for mechanical and structural failure modes.
The accuracy of the results has been checked and they are consistent with previous experience.

The potential ‘cliff-edge’ effect is removed. Collapse of venting stack was a weak link that corresponds to a
generalized failure mode, affecting many SSCs at the same time. However, this weak link is eliminated by
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the proposed safety measures.

The capacity assessment against high wind has been performed for the as-built and as-maintained
configuration of the plant. This refers not only to the physical, geometrical configuration, but also to the
properties of the materials used for capacity calculations. In addition, good maintenance practices allowed
less conservative assumptions to use for assessing capacities. The updated documentation has been used
for the capacity assessment and, the correspondence of the documentation with the actual plant condition is
checked during the plant walkdown and reported in the walkdown documents.

In addition, some degradation (e.g. corrosion, concrete cracking, etc.) found during the walkdown has been
recorded and taken into account in the capacity calculations. So, the capacity assessment has updated
documents corresponding with actual plant condition. It has been checked repeatedly during the plant
walkdowns.

Adequacy of verification

The assessment has taken into consideration the site conditions after high wind. The assessment of
performance of the fundamental safety functions considers the foreseen site and near-region conditions
caused by high wind. This includes potential site devastation, difficulties for access to some plant areas,
potential loss of emergency lightening, stress of operators, lack of personnel, etc.

The time progression of events is determined bearing in mind that the conditions are far from normal
operation conditions. The plant walkdown identified what the expected conditions would look like. Before
starting this part of the vulnerability assessment, the expected site and near-regional conditions were
identified and taken as input data for this last part of the assessment. Taking into consideration all these
impacts it can be concluded that the plant can be safely shut down and kept in a subcritical state, the
residual heat removal shall be ensured and the leakages of radioactive substances shall be kept below the
specified limits.

Proposals for Improvement

The project was developed under a management system complying with an international quality standard. It
includes requirements for documentation control. Documentation control is provided by a list of project
documents in which each document is identified, with title, internal code, date, author, reviewer and current
status. An important aspect, which facilitates the review, is the availability of the references cited in the
project documents. The management system requirements regarding documentation are met. Internal
review was also included. The possible improvement is to have performed an external review.
Assessment of Safety Margins

Safety margins are calculated using deterministic analyses, probabilistic analyses and human factors
engineering. These analyses are described below for the case study.

Deterministic Safety Margins

Definition

HCLPF capacity is the high wind level at which there is a high confidence of a low probability of failure and it
is extremely unlikely that loss of shutdown capability or core damage will occur. HCLPF capacity is a
measure of safety margin. The safety margin is the difference between the HCLPF accepted by the
regulatory authority and the actual value of HCLPF of the plant. From a mathematical perspective it may be
defined as the high wind speed value for which there is a 5% probability of failure at 95% confidence.

Assessment

The objective is to assess the capability of selected building structures to withstand the high wind load,
combined with other applicable loads (coming from heavy equipment and components based on the plant
specific arrangement), remaining functional and within material properties limits. Finite element mathematical
models are used to represent building structures under investigation. These FEMs are carefully developed
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taking into account the complexity of the considered items, in order to represent with a sufficient level of
detail their behaviour. The models are arranged in such a way to be able to represent with sufficient
approximation the stiffness as well as the mass distribution of the real structure.

Nearly all structures exhibit at least some ductility, i.e. the ability to strain beyond the elastic limit, before
failure. Taking into account the oscillatory nature of high wind, this energy absorption is beneficial in
increasing the seismic margin against failure of structures. Ignoring this effect would usually lead to
unrealistically low estimations of the high wind safety margins.

So, the Finite Element Method (FEM) is used to examine the stability of the safety related structures in case
of high wind. This numerical method was developed to analyze the deformation, stress, and strain of a
continuum body. The FEM analysis process is described below:

Step 1: The structure is divided into finite number of elements. For two-dimensional analysis, triangle and
square elements are used. For the three-dimensional analysis, triangular pyramid elements and cube
elements are used.

Step 2: The relationship between the external forces acting at nodal points of the elements and the
displacements of the nodal points is obtained based on the elastic theory. Because the stress and strain are
assumed to be uniform inside the elements in most cases, division into small elements at the points of stress
concentration is required.

Step 3: Equilibrium equations are obtained at the nodal point by considering the external force and inertia
forces. The number of equilibrium equations is the product of the degree of freedom at the nodal points
(displacements in x, y, and z directions, as well as rotation of the nodal points) with the number of the nodal
points.

Step 4: Boundary conditions (for example, fixed boundary and forced displacements at the nodal points) are
taken into consideration when developing the total vibration equation. The total equilibrium equation of the
whole structure is developed.

Step 5: The equilibrium equation and vibration equation are solved.

Step 6: Displacements at nodal points, the stress and strain of elements are obtained.

Step 7: The reaction forces are obtained at the boundaries.

Determining HCLPF capacities is performed using deterministic evaluation methods similar to following
design code procedures (e.g. the conservative deterministic failure margin method − CDFM) in lieu of explicit
propagation of uncertainties in the high wind capacity evaluation. The inputs into the CDFM calculations are
outputs from FEM calculations.

The following hypotheses are satisfied:

𝐻𝑖𝑔ℎ 𝑤𝑖𝑛𝑑 𝑑𝑒𝑚𝑎𝑛𝑑
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦

≤ 𝐹𝜇     𝐹𝜇 − 𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

The result is a high confidence of low probability of failure:

𝐻𝐶𝐿𝑃𝐹 = 𝐶𝐷𝐹𝑀 =
𝐶𝐶𝐷𝐹𝑀 − 𝐷𝑁𝑆

𝐷𝐶𝐷𝐹𝑀 + ΔC𝐶𝐷𝐹𝑀
𝐹𝑢 ∙ 𝐻𝑊

where:
 CCDFM deterministic high wind capacity, computed by FEM;
 DCDFM deterministic elastic high wind demand computed by FEM at design basis high wind level;
 DNS non-high wind demand for all non-high wind loads in the load combination;
 ΔCCDFM reduction in the capacity due to concurrent high wind loads;
 Fu deterministic inelastic energy absorption factor, or ductility factor;
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 HW design basis high wind level.

For a complex building structure, the HCLPF is assumed as the lowest HCLPF computed for the single
structural members belonging to the structure.

Evaluation

Taking into account the outcomes of the HCLPF calculations, those structures that exhibit an HCLPF lower
than the design basis high wind (HW) are subjected to corrective measures in order to ensure that
everywhere HCLPF ≥ HW. The calculation results have shown us that the HCLPF are high enough.
However, collapse of the venting stack in case of behind design bases wind speed may damage the
safety-related buildings. Therefore, corrective measures were determined to remove this weak point. After
implementation of the corrective measures the mutual interaction of safety related buildings and the venting
stack is not possible.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

The structural integrity of the safety related buildings is not affected by high wind. So, the most important
safety margins relate to physical barriers against release of radioactive material, such as fuel matrix and
cladding, RCS boundary and containment, are without any change. The safety margin interpretation is in
coincidence with the chapter 4 of Deliverable 2.3.

Proposals for Improvement

The safety margin has been determined by conservative evaluation model calculations. Improvement is
possible after replacing these conservative calculations by best estimate calculations supplemented by
uncertainty analysis of the code results. Safety margin can be increased by improving analytical methods.
Once this increased margin is identified, some of the increase can be used to improve plant performance.
In case of best estimate calculation it is necessary to determine the uncertainty band when determining the
safety margin.

Probabilistic Safety Margins

Definitions

The probabilistic safety margins are defined as the difference between the established probabilistic safety
targets acceptable to the regulatory body and the calculated value of the risk parameters taking into account
uncertainties in failure data, modelling of common cause failures, human actions, etc. and other uncertainties
in knowledge. The risk parameters considered for evaluations of probabilistic safety margins include risk
importance measures of components, unavailability of safety systems, core damage frequency (CDF),
change in CDF, LERF (change in LERF), individual risk of fatality and probability of societal loss considering
all the three levels of PSAs.

In this case study the safety margins are calculated using CDF for full power operation of the plant.

Assessment

Accident initiating events (from the initiating event list of internal events PSA) induced by high wind are the
following for the full power operation of the plant:
 Loss of essential service water (paths 1, 2, 3) induced by damage of turbine hall, essential cooling

towers, central pumping station or longitudinal building. Piping and tanks of essential service water
system are damaged (the tanks of essential service water system are located in the longitudinal
building) after collapse of the outside walls and windows.

 Opening of all steam dump stations to the atmosphere or SG safety valves due to damage of
longitudinal building (mechanical damage of steam lines with steam breaks after failure of outside
walls).

 Closing of all quick closing valves on the steam lines after failure of outside walls of longitudinal building
(mechanical damage of steam lines with interlocking of main steam flow).

 Loss of offsite power due to damage of turbine hall, mechanical damage of plant transformers, self



[945138] BESEP – Benchmark Exercise on Safety Engineering Practices Page 153/268

consumption transformers and auxiliary transformer.
 Loss of circulating cooling water for damage of central pumping station (building outside walls and

windows).
 Loss of feedwater supply due to damage of turbine hall (outside walls and windows).

Generic event tree is constructed for the plant to model simultaneous occurrence of initiating events during
an external event. The initiating events are involved in the heading of the generic event tree.

Simultaneous occurrence of initiating events is possible in any combination. The generic event tree was not
developed by a mechanistic approach. If the generic event tree would have been built up mechanistically
then the number of the event sequences would be 2N, where N is the number of potential initiating events
(6 in our case). This would have resulted in 64 accident sequences. However, it is possible to reduce the
number of accident sequences in the generic event tree to the acceptable level by leaving out unnecessary
or meaningless combinations of initiating events.

Dominant type of damage is collapse of outside walls by high wind and mutual interactions of the structures.
The analyses suppose: 1) collapse of building outside wall structures, 2) potential failure of steel covering, 3)
failure of outstanding panels from the walls which are weak points of the buildings in the way of high wind
and 4) failure of safety systems and equipment leading to the occurrence of initiating events in the buildings
with large openings and windows. Dominant mutual interaction is collapse of the venting stack in case of
behind design bases wind speed with damage of the safety-related buildings (reactor building, longitudinal
and transversal building, DG station and auxiliary building).

In case of behind design basis high winds collapse and falling of the venting stack is possible with
conditional probability of 0.111 on transversal building and DG station; with conditional probability of 0.125
on longitudinal building and with conditional probability of 0.181 of auxiliary building. Damage of transversal
and longitudinal building leads to damage of reactor building. Implementation of safety measures (steel
ropes installed on the venting stack) prevents falling of the stack on the safety related structures. The
conditional probability of mutual interaction is reduced to zero by safety measures.

The high wind PSA model quantified the CDF and LERF. The safety margins are calculated using CDF.

Evaluation

The mean value of high wind induced CDF is 1.74E-7/y after increasing the venting stack resistance by
implementation of safety measures. Uncertainty analyses were also performed. The 95% confidence level is
1.16E-6/y. The requirement of the regulatory authority for CDF is CDF < 1.0E-4/y for plants in operation and
CDF < 1.0E-5/y for new plants. These values are the total cumulative values from the individual contributions
of all internal and external events. In case of mean value the high wind contribution to the regulatory target is
0.17% for plant in operation and 1.7% for the new plant. Taking into consideration the uncertainties on 95%
level, the high wind contribution to the regulatory target is 1.16% for the plant in operation and 11.6% for the
new plants. The conclusion is that the plant safety margins for the high wind are significant in case of plant in
operation and also for new plants. High wind is the dominant contributor to the risk from non-seismic external
events.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

The interpretation of probabilistic safety margins is in coincidence with the approach described in chapter 4
of deliverable 2.3.

Proposals for Improvement

Calculated safety margins can be improved also by screening out extra conservatism in the fragility analyses
of SSCs. It may happen that using the latest state of the art codes improves the margins. The same applies
also for input parameters. New knowledge may be available about a key input parameter, which allows to
use a more realistic but still conservative value for the parameter.
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Safety Margins for Human Actions

Definition

Recovery of primary to secondary side heat removal is needed after loss of offsite power due to high wind.
Primary feed and bleed is initiated given no recovery of primary to secondary side heat removal. Low
probability of human error is the attribute of safety margin.

Assessment

Cause-based Decision Tree Method (CBDTM) is selected as the method to calculate probability of diagnostic
error. The technique for human error rate prediction (THERP) is used for calculation of human error
probability at manual part of interaction.

At least 3 h are available for recovery of primary to secondary side heat removal and 1h for primary feed and
bleed.

Up to wind speed of 50 m/s the human error probabilities (HEP) are taken over without modification from the
PSA model for internal events (transients and LOCAs). In the case of wind speed from 50 m/s to 100 m/s, a
linear interpolation between these values is adopted. From 100 m/s, all human actions shall be considered
as guaranteed failed. High winds cause considerable damage to the safety important and unimportant
structures, systems and components. External event also leads to the irreversible process of degradation of
buildings and safety systems including critical instrumentation.

Evaluation

The safety margin attribute (HEP) is low enough until the high wind speed of 50 m/s. Then, the HEPs are
increasing due to increased stress level of operators. Above the wind speed of 100 m/s the human actions
are considered to be failed because the safety important SSCs are considered to be damaged. However, the
contribution to the risk is not dominant because the frequency of occurrence of high wind with such speed is
very low.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

The CBDTM and THERP methodologies involve all issues with impact on HEP described in Deliverable 2.3.
Interactions between DSA, PSA and HFE

High wind probabilistic safety assessment (PSA) was performed for the plant. The high wind PSA process is
divided into hazard analysis, fragility analysis of structures and accident sequence analysis. The hazard
curves were constructed using extreme value theory. Then, the fragility analyses of structures were
performed and HCLPF values calculated using CDFM method (DSA). The fragility analysis gives the failure
probability of structures as a function of the high wind speed level. Furthermore, in high wind PSA, the core
damage frequency is estimated on the basis of hazard analysis, fragility analysis of structures (DSA), and
accident sequence analysis (PSA, HFE).

The main steps of the high wind PSA are the following:

1. Collection and analysis of site and plant specific information, and field surveys
To start with, the information required for high wind PSA is collected and compiled. Field surveys
(site and plant walkdown surveys) are performed as required. Through field surveys, the type of
information is obtained which cannot be acquired sufficiently from documents alone. They include
the information whether components and piping systems have been installed exactly as designed,
the presence of any structures that may affect another structures, and factors that may complicate
post-high wind recovery actions.

2. Identification of accident scenarios
According to the plant specific information and field survey results obtained in step 1, possible
scenarios of an accident, leading to core damage, are identified.

3. High wind hazard analysis
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Based on information on the high wind speeds, occurrence frequencies of high wind that may affect
the plant is calculated and hazard curves are constructed using extreme value theory. Exceeding of
certain levels of high wind speed is also estimated.

4. Structure fragility analysis
On the basis of information on the dynamic response analysis and strength of structures, failure
probabilities are estimated as a function of the high wind speed. The failures are assessed based on
conservative design assumptions. HCLPF are calculated using CDFM method (DSA).

5. Accident sequence analysis
The accident sequences leading to core damage are analyzed on the basis of the high wind hazard
curves, the fragility curves (DSA), information about random failures of safety functions, human
errors, etc. in the form of event trees and fault trees. The conditional probability and occurrence
frequency of core damage are calculated. This leads to the identification of structures, human errors
and components that are likely to serve as a cause of core damage (PSA, HFI).

Evaluation of Adequacy

The risk assessment approach is adequate. The PSA model was adequately supported by DSA and HFE.
Increasing of stack resistance using steel ropes decreases the core damage frequency significantly and the
mutual interaction of structures during high wind is definitely removed.
Characterization of the Overall Safety Engineering Process

The strengths of the safety engineering process is adequate implementation of safety requirements using
DSA, PSA and HFE. The safety engineering process confirmed that in case of high wind the plant shall be
safely shut down and kept in a subcritical state, the residual heat removal shall be ensured and the leakages
of radioactive substances shall be kept below the specified limits.

However, the HCLPF values are conservative. It seems to be the weakness of this process. The task for the
future is to remove the conservatism from this values and calculate more realistic safety margin.
Further Lessons Learned

The finite element methods (FEMs) are employed to provide the necessary computational framework for
analyzing complex structures. The combination of these advanced computational tools with the theory of
statistics and structural reliability would provide a more rational way for the safety assessment and
uncertainty characterization of complex structures. In the future, attention will be focused on the
development of the probabilistic finite element method (PFEM), which combines the finite element method
with statistics and reliability methods, and its application to linear and nonlinear structural mechanics
problems and fracture mechanics problems.

It was also recognized that PSA is not always the most cost-effective means to assess plant safety.
Therefore, deterministic safety margin assessment was established on the basis of deterministic
methodology and conservative lower bound value of HCLPF is calculated without uncertainties on the plant
level to show that the plant is safe enough. The PSA uses HCLPF also from the deterministic analyses.
However, the advantage of PSAs is providing full scope uncertainty analyses on the basis of plant specific
values.

C.1.2 Case 2: Probabilistic Analysis of Aircraft Crash Risk

Self-Evaluation of Fulfilling Baseline Requirements
Responsible Organization(s): UJV
Case Study Identifier: STIN 2
Date: 18.05.2022
Case Study Title: Probabilistic analysis of aircraft crash risk for NPP Dukovany
Fulfilment of Safety Requirements

Scope of the Requirements verified

The verification of the following requirements is included in the case study of the analysis of aircraft crash
risk:
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Redundancy and single failure criteria (DSA)
 BESEP_DSA_RED_001: Systems performing a safety function designed against external hazards shall

be operable even if a single failure of systems, structures or system components of the safety function
is assumed.

Initiating event frequency estimation (PSA)
 BESEP_PSA_IEF_002: The site-specific analysis for external hazard is used in the estimation of

initiating event frequencies.

Assessment of potential losses of safety functions (PSA)
 BESEP_PSA_ALSF_001: The potential losses of safety functions shall be evaluated based on the

resilience of the NPP against the hazards, taking into consideration current status of all systems,
structures and components relevant to nuclear safety.

Situation awareness and assessment (HFE)
 BESEP_HFE_SAA_003: Relevant information related to the procedures and guides shall be presented

for the operators to assess the situation, to see the plant response to actions and to assess the
progress of the plant state.

Safety design and requirement management for external hazards (SE)
 BESEP_SEP_SDRM_006: Realistic combinations of the individual events shall be considered during

initiating event frequency estimation, including external and internal events, and they shall be selected
by taking into account both engineering considerations and probabilistic analyses.

Evaluation of the Requirements

Requirement No. 1. – BESEP_DSA_RED_001: Systems performing a safety function designed against
external hazards shall be operable even if a single failure of systems, structures or system components of
the safety function is assumed.

Summary of the Verification Process

There are no specific active systems at the plant performing a safety function against aircraft crash
(containment could be considered as passive system having this purpose, but there is no containment at
NPP Dukovany).

The event “plant hit by aircraft crash” may have a broad spectrum of consequences represented by various
configurations of lost equipment. Safety systems necessary for transfer of the plant into the safe shutdown
status with some equipment lost can play the role of “systems performing a safety function designed against
the external hazard aircraft crash”.

To verify that the systems performing a safety function against external hazard in the sense defined above, a
systematic DSA was performed for all basic safety functions. This analysis broadly used the results of similar
analysis carried out for the internal events scenarios represented by specific configurations of lost equipment
(due to internal initiating events).

Adequacy of Verification

The systematic verification of fulfilment of this requirement used broad scope of information from internal
events safety analysis. The adequacy of the approach used within the internal events was verified by several
reviews.

Proposals for Improvement

No direct improvement related to this requirement was proposed as much as it was related to the external
hazard “aircraft crash”. It can be considered that sufficient improvement potential was demonstrated when
the similar topic was solved in the internal events safety analysis – either made for plant safety report or as a
support of PSA.

Requirement No. 2. – BESEP_PSA_IEF_002: The site-specific analysis for external hazard is used in the
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estimation of initiating event frequencies.

Summary of the Verification Process

A very detailed analysis of all aircraft routes with the potential to “touch” the plant in case of aircraft fall was
performed, both in plant safety report and in the PSA project. Training flights organized at the military airport
Namest located in the plant vicinity were considered the most important subject of this analysis. In summary,
estimation of frequency of this external hazard was purely plant specific.

Adequacy of Verification

The systematic verification of fulfilment of this requirement using wide scope of information about the flight
routes over Czech Republic and plane accidents from several decades is seen as adequate.

Proposals for Improvement

No direct proposal for improvement related to this requirement was made. It was emphasized, however, that
a systematic collection and analysis of data about flights and accidents have to continue. Such analysis is
currently performed on a regular basis for plant safety report, which is updated each year.

Requirement No. 3. – BESEP_PSA_ALSF_001: The potential losses of safety functions shall be evaluated
based on the resilience of the NPP against the hazards, taking into consideration current status of all
systems, structures and components relevant to nuclear safety.

Summary of the Verification Process

To verify that the potential losses of safety functions were evaluated based on the resilience of the NPP
against the aircraft crash, taking into consideration current status of all systems, structures and components
relevant to nuclear safety (systems performing a safety function in particular), a systematic DSA was
performed for all basic safety functions. This analysis broadly used results of similar analysis carried out for
the internal events scenarios.

To analyse the consequences of aircraft craft, the aircraft considered was divided into several categories.
The requirement was fulfilled for most categories of aircraft, i.e. those categories of “smaller” aircraft, where
the consequences of aircraft fall are limited (not catastrophic). The requirement may not be fulfilled for the
categories of largest aircraft, but the safety/risk impact of fall of this aircraft is small due to small frequency
big aircraft flight over plant and even much smaller frequency of plant to be hit by such aircraft.

Adequacy of Verification

The systematic verification of fulfilment of this requirement used broad scope of information from internal
events analysis. The following plant structures were selected as the most important from the safety point of
view.

Structures addressed in aircraft risk analysis
Reactor building
Specific buildings with electric equipment next to reactor building
Turbine hall
Diesel generator station
The building of component cooling water and fire water pumps
Emergency feedwater building
Ventilation stack
Cooling towers
Structures of ultimate heat sink equipment
Specific side building at turbine hall

A systematic conservative analysis was performed of the potential to loss such configuration of components
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and/or systems inside one or several of these structures by the aircraft hit, which would lead to loss of some
safety function.

Proposals for Improvement

There was no direct proposal for improvement related to this requirement. A possible modification could be
relocation of some SSCs to avoid equipment damage leading to unfulfillment of the requirement by the same
hit of the crash (spatial separation). Such measure, however, would be very costly and would represent
overestimation of the overall aircraft crash risk for this plant location.

Requirement No. 4. BESEP_HFE_SAA_003: Relevant information related to the procedures and guides
shall be presented for the operators to assess the situation, to see the plant response to actions and to
assess the progress of the plant state.

Summary of the Verification Process

The procedures and related guides used by the plant operators in the scenarios when some safety important
plant equipment has been lost due to external hazard impact were systematically investigated. An integrated
process of procedures development, verification, training, and application exists at the plant.

Adequacy of Verification

The verification can be seen adequate due to systematic approach used for selection of procedures and
guides used for verification.

Proposals for Improvement

Since the aircraft crash belongs to the external hazards with multiunit effects, it is proposed to review
systematically whether these aspects are included in the respective procedures. In particular, it should be
verified whether the available human and equipment resources are available for these scenarios and
whether there is sufficient guidance how to organize plant response to aircraft crash not just for the individual
units, but for the whole site. This point is motivated by the fact that aircraft crash belongs to the external
hazards, which, with high probability, would hit more than one plant unit.

Requirement No. 5. – BESEP_SEP_SDRM_006: Realistic combinations of the individual events shall be
considered during initiating event frequency estimation, including external and internal events, and they shall
be selected by taking into account both engineering considerations and probabilistic analyses.

Summary of the Verification Process

To verify that the systems performing a safety function are available in case of aircraft crash even if a single
failure of systems, structures or system components happens, a systematic DSA was performed for all basic
safety functions. This analysis broadly used the results of similar analysis carried out for the internal events
scenarios.

Adequacy of Verification

The systematic verification of fulfilment of this requirement using broad scope of information from internal
events analysis is seen as adequate.

Proposals for Improvement

There was no direct proposal for improvement related to this requirement.
Assessment of Safety Margins

In accordance with the outputs of BESEP, the Deliverable 2.3 in particular, the assessment of safety margin
should be, in general, characterized for three basic categories of safety analyses:
 deterministic analysis
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 probabilistic analysis
 analysis related to human factor engineering.

Deterministic safety margin

BESEP deliverable D2.3 interprets deterministic safety margins as physical phenomena and plant
parameters, which is in line with the safety margins of the current case.

The subject of the case study described here is the analysis of accident scenarios connected with aircraft
crash causing serious damages of safety important plant SSCs. To characterize the deterministic safety
margin, the estimated frequencies of aircraft crash and hit of safety important SSCs can be compared with
general safety criteria used for operation of this type of “older” NPPs. Provided that the limiting
recommended annual CDF frequency is 10-4, the aircraft crash annual frequencies of order of magnitude of
10-7 show up sufficient safety margin (even in case that the safety systems responding to the initiating event
are completely damaged and CDF = IE frequency, the CDF value is several magnitudes below the safety
criteria).

In the case study described here, the value of aircraft crash and plant hit frequency of 10-7 is valid for the
turbine hall, which represents the far largest structure at the NPP. For another safety important structure,
reactor building, the corresponding annual frequencies of plant hit by the aircraft crashed are given in the
following table as an example.

Modified aircraft fall and hit annual frequencies for reactor building, addressing the local limitations regarding
flights in the plant area

Object Aircraft category F[1/y] C fIE[1/y]

Reactor
building

Military 1.4 x 10-7 0.26 3.7 x 10-8

Commercial 4.9 x 10-9 1.00 4.9 x 10-9

Small 9.4 x 10-8 0.43 4.1 x 10-8

Very small 1.6 x 10-7 0.43 6.9 x 10-9

Probabilistic safety margin

BESEP deliverable D2.3 defines the probabilistic safety margin as the difference between the established
probabilistic safety targets acceptable to the regulatory body and the calculated value of the risk parameter
considering uncertainties addressed in detail in a specific area of PSA scope called uncertainty analysis.
This agrees with the safety margins of this case.

Probabilistic safety margin is traditionally connected with the requirements regarding risk metrics
characterizing risk contribution of the given phenomena (external hazard). For the plant under concern (as a
representative of older PWR design – WWER 4x440 built in 1985), CDF values below 10-4 are acceptable
limit. In the study discussed here, the following CDF values are presented for the external hazards, including
aircraft crash:

The quantitative results of external events risk analysis with the focus on aircraft crash risk

IU FDFext

[1/y]
% of total

FDFext

LERFext

[1/y]
% of total
LERFext

Aircraft crash 5.3E-08 0.4% 1.0E-08 0.3%
Abrasive storm 3.4E-08 0.2% < 1E-09 < 0.1%

Extreme temperatures (high, low) 7.2E-07 4.9% 3.3E-07 11%
Extreme precipitation 3.81E-06 26% 4.8E-07 16%

Extreme wind 9.43E-06 64% 1.67E-06 57%
Seismic events 5.5E-07 3.7% 4.2E-07 14%

Tornado 1.2E-07 0.8% 1.7E-08 0.6%
In total (FDFext) 1.47E-05 100% 2.93E-06 100%
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It can be seen from the table above that the probabilistic safety margin of all considered external hazards is
approximately an order of magnitude comparing to the safety target of CDF below 10-4, and the probabilistic
safety margin related to the aircraft crash risk is even several orders of magnitude. It is obvious that aircraft
crash belongs to the very small risk contributors from the category of external hazards. It should be also
pointed out that the whole aircraft crash risk analysis was done systematically on conservative side so that
the real safety margin could be likely even bigger.

Safety margins for human actions

First of all, it should be mentioned that there is no explicitly defined formal safety margin for human actions
addressed in risk analysis in the Czech Republic, represented by some quantitative limits. In general, HFE
safety margins are not really defined, but HRA may be applied to safety margins. Human error qualitative
analysis methods, such as SHERPA and HAZOP, can be used in error identification, categorization and
analysis.

Since the human factor analysis and the results reached have often got a relatively subjective character
(in comparison with evaluation of equipment role for plant safety), possible investigation of human related
safety margin should be better based on some way of quantitative analysis, not just on subjective qualitative
“expert judgment”. Such approach could prevent bringing additional uncertainty into the plant safety concept.

There are two main categories of quantitative variables appearing in risk analysis in connection with human
actions. The first one is probability of failure/success of a concrete human (control room crew, plant staff)
action. The second category is represented by importance measures of human actions, human action
groups and overall human contribution to plant risk.

It seems that the values of human failure probabilities do not belong to good candidates for evaluation of
safety margin. The plant crew actions are carried out under very different conditions and circumstances, and
they have very different impact on the overall value of plant operation risk so that a relatively high probability
of failure does not automatically mean that some safety margin is endangered, and vice versa – small
human failure probability may still represent a serious problem.

The values of importance measures of human actions are much better indicators of possible points of
decreasing of safety margin. Two out of three most frequently used importance measures, i.e. fractional
contribution and risk increase factor can be used for the safety margin related discussions and analyses. In
an optimum case, the importance measures of human failures are somewhat balanced. As soon as some
human actions with relatively very high value of fractional contribution exist, safety margin can be attacked
the more, the lower the estimated failure probability is. Similarly, if the risk increase factor of some human
action (plant CDF in case of some sure human failure divided by the baseline plant CDF) is very high, safety
margin is possibly challenged.

The analysis of the impact of human factor on the safety margin can be started with looking at the values of
human actions related importance measures in the PSA study. The actions with high importance measures
are possible candidates for reaching plant safety margin in case of human failure. If the risk engineering
tools (PSA) point at such actions, the conditions such actions are performed under should be reviewed
carefully.

Since importance analysis is an integral part of each important risk analysis activity in the Czech Republic,
the approach described above has been taking place in many recent risk analysis activities, including
analyses of risk of external events. In general, all modelled, and subsequently analysed human actions can
be divided into two basic categories in the external events scenarios:
 human actions performed by operators in the main control room in the process of plant cooldown and

transfer to stable safe status;
 human actions performed locally, mostly with the aim to prevent occurrence of the scenarios requiring

actions from control room.

It seems that sufficient balance of error impact potential was reached for the actions performed from control
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room during years of development of PSA studies of internal events and external hazards and addressing
their results in the risk engineering processes so that these actions are not carried out under the specific
conditions threatening safety margin. This statement is valid also for the external hazard “aircraft crash”.
As soon as the working conditions of control room crew are not impacted by the aircraft hit directly (if they
are, there is no discussion about human factor related safety margin connected with control room operators
at all), the operators perform the actions leading to safe cooldown prescribed in the symptom based
procedures, which are determined by the available equipment configuration, and the approach used for plant
response is similar to the internal events scenarios).

In the external hazard scenarios, generally, the local plant crew actions to be possibly studied regarding
human factors related safety margin, can be divided into preventive actions, and the actions carried out in
response to the phenomena generated by the external hazard. For the aircraft crash scenarios, however, the
potential for determination of human factor related safety margin is very limited for such actions. First, the
external events from this category are so much sudden and unexpected that there can be hardly any
prevention considered. Secondly, it is very difficult (and unpractical) to try to describe the human factor
related safety margin for the catastrophic scenarios after aircraft crash and plant hit (it would be probably
better to consider the overall aircraft crash related safety margin directly).

Altogether, probabilistic risk analysis provides useful relevant means how to identify, address and solve
possible problems with safety margin related to human actions, because there is no suitable means, how to
connect (quantified) plant safety margin with human actions in the deterministic analysis. However, for the
local plant crew actions after the aircraft crash, in particular, the potential to determine human factor related
safety margin is very limited.
Interactions between DSA, PSA and HFE

Similarly to the risk analysis of other external hazards, the analysis carried out in the aircraft crash case
study, although having many probabilistic features, represents a combination of DSA, PSA and HFE
analysis. It seems, in general, that the HFE part of the analysis is somewhat limited in comparison with the
risk analysis related to the accident scenarios generated by natural hazards – the reason is the suddenness
of the hazards impact, where some preventive (human) actions can be hardly part of the accident scenario
modelled in PSA.

The analysis started with Step 1: collection and analysis of the information about the aircraft traffic in plant
vicinity. This analysis is considered deterministic in general, although the methods of probabilistic and
mathematical statistical analysis are used here. On the base of this information, several (four) categories of
aircraft were defined in Step 1a to represent various possible impacts of aircraft fall on plant SSCs. The next
Step 2 – determination of structures important as potential targets of damage by crashed aircraft was purely
deterministic and there was no direct connection of it with Step 1. In Step 3, annual frequencies of the
events “aircraft from category X hits plant structure Y” were determined for all aircraft categories defined in
Step 1a and all plant structures listed in Step 2. Step 3, similarly to the Step 1, is considered as deterministic
although it includes many features of probabilistic and mathematical statistics work.

The next steps were already oriented to the more detailed analysis of accident scenarios generated by
aircraft crash. Although the main aim of these steps is to provide inputs for probabilistic modelling in PSA,
the general character of them is still deterministic. In Step 4, possible initiating events generated by aircraft
fall and hit were investigated, defined, screened and grouped, taking into consideration the possibility of
generation of more than one missile (commercial aircraft usually possess more than one engine), possibility
of explosion of military arsenal located at the military aircraft, possibility of damage of neighbour objects (big
span of aircraft wings, high kinetic energy generated by the fall, big volume of fuel in the tanks) and
possibility of direct damage of reactor core or spent fuel pool (in the case of aircraft fall on reactor building).
A more detailed purely deterministic analysis of aircraft fall consequences was done in Step 5, making
possible to specify available configurations of plant SSCs modelled in PSA event trees.

Step 6 opens the probabilistic part of analysis oriented to development and application of PSA model. This
step: Modelling of plant response to the specific variant of aircraft scenario covers all selected combinations
of aircraft categories specified in Step 1a and hit locations represented by safety important structures
selected in Step 2. The rest of the analysis represents typical final steps of PSA scope: Step 7:
Quantification of PSA model and Step 8: Final (quantitative) analysis and interpretation of results. The very
last part of the analysis is typically not purely probabilistic, but the interpretation of results and generation of
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recommendations regarding plant safety on the base of PSA returns back to deterministically oriented views
and conclusions. It should be pointed out, however, that a typical (probabilistic) analysis of aircraft crash risk,
as performed worldwide, does not generate many recommendations and measures related to plant design
and operation, rather it postulates the level of aircraft crash risk as low, or suggest changes related not to
plant itself, but the way air traffic should be organized around the plant by the subjects involved (airports,
zone defined around the plant to protect it from random hit, training rules and operational conditions on the
aircraft at the plant vicinity etc.)

As it was already mentioned in this self-evaluation, the meaning and scope of HFE part of the analysis is
usually a bit suppressed in comparison with other external hazards analysis (there is another very important
part of HFE effort related, which takes place on the air traffic side – training of pilots including simulators,
development of procedures and MMI, communication with air traffic controller etc., but these elements are
typically considered as internal features of the traffic and not addressed in PSA for nuclear power plants in
detail (the question is whether more effort should not be initiated from this point of view). The following
connections between HFE area and the steps of deterministic and probabilistic analysis defined above could
be mentioned for the case study described here:
 Step 1: collection and analysis of the information about the aircraft traffic in plant vicinity and

Step 1a: – definition of aircraft categories with potentially different consequences of plant SSCs hit –
clearly out of the scope of HFE methods applied at NPP;

 Step 2: determination of structures important as potential targets of damage by aircraft hit – there was
also no direct connection with HFE since the determination of safety important structures focussed on
plant design from the point of view, which safety important systems are located inside which structure;

 Step 3: derivation of annual frequencies of the events “aircraft from category X hits plant structure Y” –
no direct connection with HFE methods;

 Step 4 and Step 5: “initiating events definition” and “detailed evaluation of consequences of aircraft fall”
were other steps of deterministic analysis with no significant connection to HFE, some limited human
factors related aspects were considered in the analysis of consequences;

 Step 6: modelling of plant response to the individual variants of aircraft crash – there was strong
connection with HFE in the area of control room crew actions, where the developed accident sequences
were, to a significant extent, based on the plant internal events PSA model, the actions transferred from
that model into the aircraft crash hazard analysis were systematically reviewed from point of view of
applicability and possible differences in the operational conditions;

 Step 7: quantification of PSA model – similarly to quantification approaches usually used for any PSA
model, the scope, style and details of quantification can be adjusted to bring answers to the specific
HFE related questions so that this step may use inputs from the HFE related parts of the case study;

 Step 8: analysis and interpretation of results of risk analysis – a significant part of the results is usually
expected to be relevant for HFE and to produce useful conclusions for the process of increasing of plant
safety.

It can be postulated, altogether, that there is relatively low connection of the HFE area with deterministic and
probabilistic part of the analysis in this case study, which is typically limited to the analysis of control room
crew actions in response to aircraft crash with the aim to cooldown the plant safely, where many methodical
points and data are transferred from the internal events PSA.
Characterization of the Overall Safety Engineering Process

The safety engineering process applied in the study under concern consisted of the Steps 1-8 described and
discussed in previous part of the self-evaluation. The general framework for this case study was specified by
the practice adopted in the long term of NPP Dukovany Living PSA project, which had been running since
1998, and by the practice recommended for PSA part of the large new project of cooperation of CEZ
company operating NPPs in Czech Republic and UJV company having the role of TSO. An important
motivation for opening this project was the need to fulfil the requirements of the Czech regulatory body
(SUJB) Decree 216/2017 “About the requirements on safety evaluation in accordance with Atomic Law”. It is
a long-term project, with general specification of subjects of work five years ahead and detailed planning of
activities on a yearly basis. The project was divided into seven parts:

i. periodic safety review;
ii. safety analyses in support of design basis;
iii. safety analyses in support of DEC-A (design extension conditions);
iv. safety analyses in support of DEC-B;
v. safety analyses of consequences of radiological accidents;
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vi. evaluation and standardization of software used for safety evaluation;
vii. probabilistic safety assessment.

Besides part (vi), the topics related to external hazards/events have been investigated and solved in all main
parts of the project. PSA part of the project is divided into seven sub-parts with many connections to the
external hazards area:

 Part 1: Living PSA study for NPP Dukovany (the case study described in this self-evaluation belongs
there);

 Part 2: PSA model for NPP Temelin up-date and application (a case study with the same topic was
done for NPP Temelin in past and is planned to be reviewed and possibly updated within the broad
project mentioned above);

 Part 3: (instantaneous) risk monitoring for NPP Dukovany and NPP Temelin (each PSA update is
transferred into the risk monitor the same year it is carried out and a significant part of natural external
hazards have been already included there, but aircraft crash has not been covered yet and it is not
planned to be done so – the reason are methodological problems and also the relatively low level of risk
connected with this hazard);

 Part 4: PSA applications – focussing, for example, on regular precursor analysis where operational
history of both NPPs operated in Czech Rep. is searched through each year, events with potential
safety impact identified, several rounds of screening run and several finally selected events analysed in
detail by means of the PSA model, including what-if analysis; another example of PSA application is
evaluation of each plant design and operation change with possible risk consequences;

 Part 5: Cooperation of PSA and DSA: some needs regarding supporting analyses were summarized in
the aircraft crash case study to replace the assumptions made in past by the better verifiable and
justified information, the analyses will be planned for next years of the project mentioned above;

 Part 6: Dissemination – this task is oriented, first of all, to the presentation of PSA topics to the students
and junior specialists, specific lectures and presentations are planned to be done at five universities and
colleges in Czech Rep. In 2022, the general goal of this part of the project is to find new young people
with interest in PSA; external hazards (including aircraft crash) traditionally belong to the attractive
themes;

 Part 7: Further development of PSA methodology: three activities related to this topic are running in
2022 (together with some other topics irrelevant for aircraft crash):

o further development and adaptation of advanced methods of HRA for PSA of internal and external
hazards, including Level-2 PSA scenarios – the results of this effort should cover also some local
human actions possibly included into the aircraft crash case study;

o special aspects of risk monitoring related to (partially) predictable natural external events (how to
address weather forecast in (on-line) risk monitor by dynamically increasing/ decreasing numerical
values of frequencies of external events?) – this topic is very interesting, but is not related to the
external hazard “aircraft crash”, which is completely unpredictable;

o development of methodology and consolidation of means and tools for Level-3 PSA – this topic is
fully relevant also for the external hazard “aircraft crash”, although the values of PSA-1 and PSA-2
risk metrics are low for this external hazard.

Evaluation of strengths and weaknesses

Strengths:
The main strength of the overall safety engineering process adopted is creation of an integrated project,
where all participating subjects (both PSA and DSA, but also HFE related – regular simulator data collection
is part of the project, for example) work together in a very close cooperation and the individual safety related
activities support each other in mutual interconnection – periodic safety review + PSA/DSA, for example).

Weaknesses:
An example of current feature, which can be considered weakness, is not fully consistent approach to PSA
and hazard analysis applied for NPP Temelin on one side and NPP Dukovany on the other hand (the NPPs
are of similar design, operated by the same company and the utilities are responsible for safe operation to
the same regulatory body).

Proposals for Improvement

The inconsistences between PSAs, and, more general, safety analyses developed for different plants are
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being identified and solved with the goal to develop unified approach adaptable for both NPPs. The area of
external hazards represents significant part of this effort. At the same time, external hazards analysis is the
segment in PSA at both Czech NPPs, where the methodology and application potential is subject of the most
intensive development right now.
Further Lessons Learned

In this case study, it was confirmed that the quality of interconnection of PSA with the activities related to
DSA is of key importance for the elements of risk engineering, even of higher importance than in case of
internal events risk analysis. The reason is that wider spectrum of supporting analyses is usually needed to
support the plant PSA model with adequate information making it not to be mostly (only) based on the
assumptions. Whereas TH analyses form the main pack of supporting activities for internal events PSA,
vulnerability, fragility and other analyses form important area of support in evaluation of external events
scenarios. In the concrete case of cooperation of UJV as TSO and CEZ as utility owner, UJV has got
potential to cover the necessary TH analyses completely within the large programme mentioned above,
whereas the cooperation on vulnerability and fragility analysis has to be outsourced in some cases. The
lesson learned is that the supporting analyses needed for case studies related to the external events may
need even earlier and more careful planning than those made for internal events risk analysis.

A specific lesson learned in past and confirmed a number of times during natural external events analysis
was that the process of estimation of frequency of safety important (initiating) events (usually of order of 10-3

and lower) on the base of plant/site specific data covering dozens of years of operation represents a really
big challenge. Still, reasonable looking values of frequencies can be derived by taking a bit “magic”
approaches (Gumbel distribution) recommended by IAEA, for example. It was found out in this case, that
variability of the derived frequencies can be kept in within reasonable limits provided that the distribution
choice is made among several most recommended “reasonable” distributions. This conclusion, however, is
not valid for man caused external hazards as aircraft crash, where the available statistics covering a very
broad areas of human activities (thousands of flights each day, week or month) usually allows to produce
better justifiable estimations of annual frequencies of external events so that the special low-informative
probabilistic distributions suggested for modelling the phenomena with very low (or no at all) available
information (Gumbel, three parameter lognormal, Weibull) do not need to be used.

A bigger volume of available information for estimation of external events frequency, on the other hand,
brings a requirement for regular up date of the frequency value. If the annual frequency of occurrence of
external hazard of very high intensity is based on some wide extrapolation by means of low-informative
distribution and no extreme external event with parameters even somewhat close to the postulated one
happened ever, the derived value of annual frequency will be solid for some time period. If, on the other
hand, the estimation is based on real events and the data set is up-dated each year (within the processes
running at plant or externally), a regular update of IE frequency is a natural requirement.

An interesting point, which is fully relevant here, in the area of highly improbable occurrence of external
hazards, is a development of strategy and process of analytical reaction to an occurrence of external hazard,
considered almost impossible before. This was a case of F4 tornado, which hit the area just 80 kilometres
southwest from NPP Dukovany in June 2021. All derived annual frequencies of F3 or F4 tornadoes (the plant
should withstand the consequences of lower categories tornadoes) reflected the premise that such F3/F4
tornadoes never happened in the broad vicinity of the plant (there was a number of F1/F2 tornadoes
documented and there were few F3/F4, but documented in the way, which does not follow current
requirements regarding correct and justifiable information about the event). In summary, there was “close to
zero” statistics of really well documented F3/F4 tornadoes before the event (leading to very low value of
annual frequency for this tornado category) and there was one new extreme event, fully documented and
clearly following the definition just after the tornado hit. The question may be how to address such events in
PSA to avoid too big instability of risk estimated (the frequency of the event may go up many times the same
way as the CDF metrics value). Fortunately, a very low frequency of external hazard typically provides room
for simplified conservative analysis of plant response still leading to reasonably low estimation of the risk.
The first step in the response to sudden occurrence of real event may be then to leave the conservativism
and to develop more realistic model of the plant response, with conditional probability of unsuccessful
response to the event lower. Although this point is made regarding external hazard event, which was not a
subject of the case study described here (aircraft crash), the conclusions made here are fully valid for the
case of sudden occurrence of such event at the plant.
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Another point identified during self-evaluation was that whereas the HRA for control room crew actions within
this case study does not form any challenge and standard methods can be used, the area of local human
actions is of much bigger importance than in case of internal events. The need to develop some specific,
more detailed HRA method for local human actions (not just for aircraft crash scenarios, but, in fact, for all
local actions of plant staff) is urgent to address HRA for external events scenarios adequately. Anyway,
similar need exists for the local human actions in connection with using the diverse and mobile means in the
problematic accident scenarios (often of multiunit character). (Long distance) communication (with control
room) quality is another critical factor for quantification of failure probability of local plant crew local action
and there are other factors to be addressed, which differ pretty much between control room actions and the
activities performed in external location at plant site (no symptom based procedures are developed for local
actions) under the specific conditions of hazard impact. In the case of aircraft crash, it is highly probable that
local actions will form significant part of plant response to the event, but it can be very difficult to specify and
describe them exactly due to high possible variability of consequences of plant hit.

For this aircraft crash risk case study, it can be concluded that the allocated resources were worth the
purpose. The case study results showed relatively very low level of risk connected with the event and
sufficient safety margin connected with it. These conclusions made shifting of the priorities of the process of
increasing plant safety to other topics possible. Still, the specific part of the study dedicated to elaboration of
long-term statistics of all flights in plant vicinity for various categories of aircraft represents useful output of
analytical work, which is usable in some other areas related to plant safety, as well. The case study used the
currently available state-of-the-art and a broad dataset and produced more realistic and less conservative
risk values, which still belong to risk contributors of low importance. An update of the study may be
recommended only in the case that some indications that the structure of aircraft traffic in plant vicinity is
going to change emerge.

C.1.3 Case 3: Loss of Heat Removal of Spent Fuel Pool due to External
Impact

Self-Evaluation of Fulfilling Baseline Requirements
Responsible Organization(s): VTT
Case Study Identifier: STIN_3
Date: 06.05.2022
Case Study Title: Loss of heat removal of spent fuel pool due to external impact
Fulfilment of Safety Requirements

Scope of the Requirements

Physical separation and structural integrity (DSA)
 BESEP_DSA_PSEP_001: Redundant safety systems that have a role in mitigating the effects of

external hazards shall be located so that these effects cannot hinder the performance of safety
functions of all redundant components simultaneously.

 BESEP_DSA_PSEP_002: The systems, structures and components, including auxiliary or supporting
systems thereof shall be protected from the effects of external hazards as far as reasonably practicable.

Confidence provision for defence against the occurrence of cliff-edge effects (PSA)
 BESEP_PSA_CEE_001: Probabilistic safety analyses shall be used to demonstrate that sufficient

safety margins are available to avoid cliff-edge effects.
 BESEP_PSA_CEE_002: Probabilistic safety analyses shall be used to identify potential areas of

improvement in the design to ensure the avoidance of the cliff edge effects.

Workload, stress and fatigue management (HFE)
 BESEP_HFE_SM_001: To reduce the stress simulator-based training of stressful events shall be

arranged.
 BESEP_HFE_SM_002: Training that improves control room personnel communications skills shall be

applied to reduce the likelihood that communications will fail under stress.
 BESEP_HFE_SM_003: The procedures designed for abnormal and emergency conditions, power plant

outages and start-up activities and SAMGs shall support operator work by reducing memory load and
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need for complex decision making.

Flow of information between safety analyses (SEP)
 BESEP_SEP_FISA_001: When several different types of safety analyses are used to provide evidence,

the information flow between safety analyses shall be defined.
 BESEP_SEP_FISA_002: The flow of information shall support reaching the comprehensive

understanding on the issue analysed.

Evaluation of the Requirement Topics

Physical separation and structural integrity

Summary of the verification process

Fulfilment of requirement BESEP_DSA_PSEP_001 is verified by assessing the impact design load in
different locations of the NPP and analysing the effects of induced vibrations on the structural integrity and
component fragility. The main aspect influencing the fulfilment of the requirement is the layout design,
ensuring that impact event cannot affect the operation of all the redundant safety systems simultaneously.
Impact analysis, structural integrity analysis of the fuel pool and capacity check of the residual heat removal
(RHR) system components have been performed to verify the fulfilment of the requirement.

Another aspect in the verification is the diversification of redundant components. Components of different
types have different qualifications, which indicates that there are sufficient fragility margins. There are also
some differences when it comes to assessment of different external impacts. In question of a seismic event,
two identical components in different locations do not enforce redundancy, as vibrations originating from the
ground affect the whole plant. However, impacts such as missiles are localised, in which case the vibrations
originate from one point of the plant layout.

Fulfilment of requirement BESEP_DSA_PSEP_002 is verified by performing structural integrity and
component fragility analyses of the RHR system. The effects of external hazards on the SSCs are hindered
with structural integrity design and attachment of components to the structures. Isolation and dampers
increase the resistance of the components against vibrations induced by the impact.

Analysis of the fuel pool coolant losses in case of loss of residual heat removal gives the available time
windows for successful operator actions. Key figures of merit of the analysis provide timescales for cliff-edge
phenomena, such as loss of radiation shielding by overlying pool water, or start of fuel damage and airborne
radioactivity release. In addition, hydrogen release may cause additional flammability/explosion concerns.
Severe accident management procedures have been defined and trained. The containment building is
equipped with hydrogen management system including passive autocatalytic recombiners.

Adequacy of the verification

Impact and seismic analyses are based on similar techniques, despite the differences of the phenomena. It
is argued that seismic component fragility analysis can also be used when the external hazard is an impact,
for example an airplane crash. Although seismic load frequencies are of continuous nature, and impact
analysis is performed for a single deterministically defined design load value, the seismic component fragility
curves can also be applied in case of impact, as they are usually defined for a very wide frequency range.

MELCOR code has been verified and validated for severe accident phenomena. Recently, the code has
been exercised to simulate the Fukushima NPP accidents of all three plant units in the OECD/NEA projects
BSAF and ARC-F. Additionally, the code has been validated against various experiments investigating
various severe accident phenomena. The adequacy of verification related to the air-cooling of the fuel or
hydrogen generation in air would require more detailed studies.

Proposals for improvement

The current analysis is limited to the analysis of the pool integrity and its cooling. External hazards like
impact and seismic events may also cause objects to fall into the pool, risk of which could be added to the
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assessment. The assessment could also be improved by analysing in more detail the availability of additional
water reserves and approachability of RHR system also in accident situations. This requires tolerable
radiation levels and monitoring systems for habitable conditions. Additional improvement to decrease the
effects of external impacts, and to manage the accident situation, would be availability of protective
equipment for the personnel, if the fuel pool needs to be approached, ensuring availability of spare parts of
the RHR system for maintenance, and ensuring the time windows are long enough to perform repairs.

Confidence provision for defence against the occurrence of cliff-edge effects

Summary of the verification process

The sufficient safety margins to avoid cliff-edge effects can be demonstrated with probabilistic safety
analysis by varying the input PGA value of the seismic PSA and evaluating the fuel damage frequency.
In this case, only the structural integrity of the RHR system is modelled in PSA, the structural integrity of the
fuel pool is left out.

To identify improvement areas in the design to avoid cliff edge effects, the Seismic Equipment List (SEL) is
included in the model, when evaluating the deviations of the fuel damage frequency with different ground
accelerations. SEL is generated from the PSA model information.

Adequacy of the verification

Cliff-edge effect is studied, but only partially, as the PSA model excludes the structural integrity of the spent
fuel pool.

SEL and the seismic component groups provide strong evidence on the avoidance of cliff-edge effects. They
both give information on the components important in the accident management of external impacts. If most
of the components in a minimum cut set also belong to the same seismic component group, there is higher
risk of cliff-edge effect. On the other hand, if the components are evenly distributed between different
component groups the risk of cliff-edge effect is mitigated.

Proposals for improvement

Inclusion of the structural integrity of the pool to the evaluation would result in a more comprehensive model.
Demonstrating the safety margin against cliff-edge effects would then require deterministic modelling to
support PSA. The analysis of potential mitigating measures would expand the usability of model. For spent
fuel pool cooling such mitigating measures could be, for example, model for additional water spraying
possibility atop the spent fuel pool for reduction of airborne radioactivity.

The PSA model could also be used in operator training to avoid cliff-edge effects. Another application of PSA
model could be in evaluation of efficiency between different potential mitigation measure options/ potential
plant modification options.

Workload, stress and fatigue management

Summary of the verification process

Regular refresher training including selected transients and accidents that are stressful and cognitively
demanding – and including, if possible, a scenario resembling loss of heat removal of spent fuel pool – is
conducted. Regular refresher training including collaboration within the shift team and between the control
room operators and field workers is also conducted. The predefined training program is accepted by the
safety authority.

The long-term refresher training program consists of important accidents/incidents with calculated event
frequency probabilities. Transients are categorized into six repetition classes according to their estimated
frequency, criticality, number of required operations and degree of difficulty.

Training evaluation is conducted 1) by assessing the contents of the training program and 2) by evaluation of
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professional skills of operators and operator trainees in a training simulator. The evaluation of the content of
training is based on the systematic approach of training. In order to evaluate operators’ readiness to work in
normal conditions and anticipated incidents and accidents simulator runs are conducted in a training
simulator. Simulator trainers evaluate the candidate’s performance according to the following criteria:
process monitoring, communication, diagnosing, procedure usage, short-term and long-term operations,
monitoring consequences of operations, leadership and teamwork on a five-point scale. Stress management
is not listed as a separate evaluation topic, but it has impacts on operator performance.

Procedure design is based on an analytical and rigorous method (including task and error analysis). Formal
procedure approval process includes verification and validation testing. Validation of new or revised
procedures is based on the Systems Usability Case approach described in Case Study EIIC 3 VTT Lightning
event. From the perspective of procedure evaluation, it is important to have an estimation of the complexity
of ‘building blocks’ of a procedure, i.e. tasks related to each procedure step. By combining knowledge of
human psychological processes and knowledge of the complexity of procedures at the level of procedure
steps, it is possible to estimate the correlation between task load and complexity. Task complexity of the
procedures that are used in the pilot case will be measured by applying the existing task complexity
measures (for a review, see Liu & Li, 2014).

Both classroom and simulator training is provided to operators to adequately use the procedures in their
work.

Adequacy of the verification

Regarding training program development and evaluation administrative actions are to a large extent
assumed to be sufficient. The long-term training program accepted by the safety authority consists of
anticipated design-based accidents that are well trained, and typically, there is only one fault in a scenario.
Therefore, it is questionable whether the scenarios function as a stress test for operator crews. At present,
workload, stress and fatigue are not evaluated in simulator training and in official demonstration of operator
skills.

Procedure design is based on analytical and rigorous method, and verification and validation of procedures
is based on a systematic and holistic case-based methodology (i.e. SUC).

Proposals for improvement

Operator stress, workload and fatigue should be measured both by subjective and objective measures.
Online evaluation of stress by measurement of stress-related biosignals is especially valuable.

The development of the training program should better take into account scientific research on human
performance in demanding operating conditions. It can be questioned whether simulated accidents included
in current refresher training provides enough feedback to operator trainees on their ability to manage high
level of stress in possible real-life accidents (e.g. loss of heat removal of spent fuel pool). For example,
stress inoculation training helping people to manage stress before they experience it and protect them from
anxiety and fear when exposed to triggers is one possible technique for the management of stress.

A more detailed measurement and analysis of communication is important in order to increase the quality of
communication in high-stakes situations. (e.g. in loss of heat removal of spent fuel pool accident).

Advanced more detailed methods for the analysis of operating procedures are required. For example, from
the perspective of procedure evaluation, it is important to have an estimation of the complexity of ‘building
blocks’ of a procedure as described above. Also, human error analysis methods such as SHERPA and
HAZOP can be used in the evaluation of procedures in terms of how they reduce memory load and need for
complex decision making.

Flow of information between safety analyses

Summary of the verification process
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The flow of information between safety analyses is straight-forward in this case, as the chain of events from
the impact to pool cooling management is linear. Each analysis provides information to the other analyses.
By defining the safety engineering process for the case study, the linkages between the performed analyses
can be identified and the flow of information is ensured.

The flow of information between central topics in the accident scenario has been roughly specified in the
safety engineering process (SEP). Information flow for the topics important for risk analysis has been
explicitly specified in the seismic PSA process. Information flow between different safety analyses has been
only specified where applicable.

Adequacy of the verification

Defining the safety engineering process revealed that the case study analysis is not necessarily
comprehensive in means of analysis areas, however the existing analyses are quite clearly linked and there
is flow of information between the safety analyses. The specific inputs and output of central topics in the
accident scenario have not been fully specified between safety analyses.

Proposals for improvement

The detailed specification of the safety engineering process could be performed as the first step of the
analysis to ensure that every safety analysis needed for the comprehensive understanding of the issue is
performed. It would also be beneficial to keep a database of the input and output information of the analyses.

The different information flow models should be integrated more closely.

Accommodating the pool leakage to the case study would make the interaction of the analyses more
complicated and increase the value of the flow of information management.
Assessment of Safety Margins

DSA safety margins

Definition

The main DSA safety margins are structural strength values and seismic capacities of components with a
certain peak ground acceleration (PGA) value. Also, the time windows evaluated in the MELCOR analysis
can be seen as safety margins. There should be enough time to reach safe state from controlled state, e.g.
perform repairs for the RHR system components.

Assessment

Impact and vibrations analyses are used to assess the structural strength of the fuel pool structure, and to
produce comparable seismic fragility curves to assess the state of the RHR system equipment. The obtained
values are compared with the available design values or regulatory limits. MELCOR analyses produces time
windows for the pool coolant heating and boil-off. The time windows are compared with the operator actions.

Evaluation

In this case, the fuel pool withstands the impact, so the safety margin for the used PGA value is sufficient.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

D2.3 interprets deterministic safety margins as physical phenomena and plant parameters, which is in line
with the safety margins of the current case.

Proposals for Improvement

The safety margin could be improved by protecting structures and lay-out design of safety systems, which
prevents external impacts to influence more than one redundancy at the time. The possibilities of spraying



[945138] BESEP – Benchmark Exercise on Safety Engineering Practices Page 170/268

the containment atmosphere could be investigated for reduction of airborne activity in case of fuel damage in
the spent fuel pools.

PSA safety margins

Definition

PSA safety margins in this case are difference between the calculated fuel damage frequency (FDF) and the
regulatory target, and the fragility estimates and margins of SEL components.

Assessment

The FDF values and potential cliff-edge effect evaluations are compared to the regulatory safety targets and
the existence of sufficient margin is verified. Sufficiency of the fragility estimates of SEL components is
checked against the design.

Evaluation

FDF acceptance criteria values are not presented in the case study. Sensitivity analysis on the different
factors contributing to the FDF values and possible cliff-edge effects has not been carried out in the case
study. The over-simplified PSA model applied in the case study is probably insufficient for the evaluation of
potential cliff-edge effects.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

D2.3 defines the probabilistic safety margin as the difference between the established probabilistic safety
targets acceptable to the regulatory body and the calculated value of the risk parameter taking into account
uncertainties addressed in detail in a specific area of PSA scope called uncertainty analysis. This agrees
with the safety margins of this case.

Proposals for Improvement

A more comprehensive PSA model could be created, allowing e.g. the assessment of cliff-edge effects. HFE
results should be utilized more in HRA to identify and better ingrate the different features of human actions.
This would help, for example, to generate more accurate estimates for the performance shaping factors
improving the estimates on the FDF.

HFE safety margins

Definition

Stress, workload and fatigue affect operator performance according to Yerkes-Dodson law (see figure
below). Human performance is optimal, when stress (i.e. heart rate) is at the medium level, and performance
deteriorates as the level of stress decreases or increases. In the loss of heat removal of spent fuel pool
accident, the level of stress in mainly at the medium level, but at the beginning of the incident “Condition
Grey” is occasionally reached.
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Subjective (e.g. expert rating, NASA-TLX) and objective (heart rate variability, electro-dermal activity)
measures of workload and stress are used in simulated accidents and incidents. Self-reported stress,
workload and fatigue is measured with NASA Task Load Index (NASA-TLX; effort, frustration, temporal,
mental and physical demands), as well as with a stress timeline representing stress during different phases
of the simulator run.

Regarding crew communication and collaboration in demanding operating conditions, both quantity and
quality of communications matters. Also, timing of speech acts has to be taken into account. In general,
talkativeness is preferable, but speech acts must be factual and correctly timed. However, exact quantitative
criteria are difficult to determine.

Subjective (expert and operator ratings) and objective (number and quality of speech acts) measures of
communication and collaboration are used in simulated accidents and incidents. Team performance (incl.
communication) is measured with Team Workload Assessment Scale.

By combining knowledge of human psychological processes and knowledge of the complexity of procedure
for the loss of heat removal of spent fuel pool accident at the level of procedure steps, it is possible to
estimate the correlation between task load and complexity. Task complexity of this procedure is measured by
applying the existing task complexity measures.

Assessment

Values of stress and crew communication during the simulated loss of heat removal of spent fuel pool
accident have to be compared to baseline levels. Baseline levels for stress and crew communication are
collected in runs simulating normal full-power operation.

Evaluation

Increased knowledge of the effect of stress, workload and fatigue on operator performance enables the
development of more demanding stress tests for operator performance evaluation.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

In general, HFE safety margins are not really defined, but HRA may be applied to safety margins. Human
error analysis methods, such as SHERPA and Human error HAZOP, can be used in error identification,
categorization and analysis.

Proposals for Improvement

A more holistic approach is needed to better integrate stress, workload, fatigue and other factors that



[945138] BESEP – Benchmark Exercise on Safety Engineering Practices Page 172/268

contribute to operators’ cognitive readiness into HFE analyses. Procedure development should be based on
systematic task analysis and task complexity analysis.
Interactions between DSA, PSA and HFE

Description

There are multiple connections between the performed safety analyses. From the deterministic analyses,
impact loads or the corresponding peak ground acceleration are used in the component fragility analysis,
which is further used in seismic PSA. Seismic PSA is used to update the seismic equipment lists. The time
windows for the boil-off of pool coolant obtained from the MELCOR analysis are used as PSA success
criteria for accident management. The time windows are also used in HFE analysis. HFE analyses provide
performance shaping factors to HRA, which are then used in the PSA model. PSA modelling also utilizes the
component fragility analyses, pool water inventory analyses and accident management, e.g. the operator
actions.

Adequacy

There is a relatively clear connection between the analyses, as is described in section 4 of the detailed case
study description. As stated previously in the verification of the requirement topic Flow of information
between safety analyses, the use of safety analyses is not necessarily comprehensive, and should
preferably be defined more thoroughly in the beginning of the assessment according to needs and
resources.

Proposals for Improvement

One interaction that has been omitted in the analysis, would be maintenance errors, e.g. valves left in wrong
positions. The consequences would affect HFE, PSA and DSA analyses.

Characterization of the Overall Safety Engineering Process

Description

The applied safety engineering process is described in Figure 1. Figure 2 attempts to demonstrate how the
safety engineering activities of this case study are connected to the overall safety engineering process, such
as the V-model in deliverable 2.3.
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Figure 1: Applied safety engineering process
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Figure 2: Case study focus of the overall safety engineering process

Evaluation of strengths and weaknesses

Strengths:
 Safety analyses focus on the essential part of plant design and important safety system relevant to the

accident scenario. The potential different initiating events have been identified and the different accident
sequences have been specified.

 Safety analyses and their outcomes are identified in the safety engineering process, this helps to
produce the needed evidence for the requirement verification.

 The technical disciplines relevant for the case study can be identified from the overall safety engineering
process presented in the V-model.

Weaknesses:
 As the case stays only at functional and architecture level, the further elaboration of requirements down

to system and component specific level has not been made.
 Interactions and interfaces to other, possibly dependent, plant systems have not been properly

considered.
 Comprehensive PSA model was not available for the case study, but created specifically for the case.
 As the requirements had not been specified while conducting the safety analyses, the formal verification

of requirements could only be performed after the analyses have been made. There was no possibility
to do detailed analyses on areas of specific interest.
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Proposals for Improvement

 If there was a comprehensive PSA model, it would be possible to study in more detail, why the residual
heat removal system is lost. Versatile failure combinations could be recognised.

 Detailed system and component level analyses would improve the assessment and make it more
accurate.

Further Lessons Learned
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C.2 Case Study Group LUHS – Loss of Ultimate Heat Sink

C.2.1 Case 1: Loss of Ultimate Heat Sink (Frazil Ice or Oil Spill)

Self-Evaluation of Fulfilling Baseline Requirements
Responsible Organization(s): Fortum
Case Study Identifier: LUHS_1
Date: 5.5.2022
Case Study Title: Loss of Ultimate Heat Sink
Fulfilment of Safety Requirements

Scope of the requirements verified

The verification of the following requirements are included in the case study in relation to the loss of ultimate
heat sink:
 Independence and strength of the individual defence-in-depth levels (DSA):

BESEP_DSA_DID_001: The defence-in-depth levels shall be functionally separated so that a failure on
one level shall not prevent the implementation of necessary functions at other levels of defence.
BESEP_DSA_DID_002: Independence between the defence-in-depth levels shall be based on the
adequate application of functional isolation, the diversity principle and physical separation.
BESEP_DSA_DID_003: The individual levels of defence-in-depth shall be capable for fulfilling their
tasks without safety functions of the other levels.

 Assessment of potential losses of safety functions (PSA)
BESEP_PSA_ALSF_001: The potential losses of safety functions shall be evaluated based on the
resistance of NPP against the hazards, taking into consideration real status of all systems, structures
and components relevant to nuclear safety.
BESEP_PSA_ALSF_002: Complex failure combinations of systems, structures and components
initiated by external hazards shall be identified and their significance to nuclear safety shall be
evaluated.
BESEP_PSA_ALSF_003: The important functional dependencies on physical location and from
operation, maintenance and the effects of human activities shall be considered in assessing the
potential losses of safety functions.

 Initiating event frequency estimation (PSA)
BESEP_PSA_IEF_001: The occurrence frequency of initiating events shall be estimated, including
those caused by external hazards.
BESEP_PSA_IEF_002: The site-specific analysis for external hazard shall be used in the estimation of
initiating event frequencies.
BESEP_PSA_IEF_003: The results from long-term monitoring of the NPP site and the surroundings
shall be taken into account in the initiating event frequency estimation for external hazards.
BESEP_PSA_IEF_004: For initiating event frequency estimation on rare external events having sparse
or no operational data, the basis for the engineering judgements shall be given.

 Support for developing abnormal and emergency operating procedures and severe accident guidelines
(PSA)
BESEP_PSA_EOP_001: PSA shall be used to support the development of abnormal and, emergency
operating procedures and severe accident guidelines considering aspects that may influence the
activities and performance of operating personnel.
BESEP_PSA_EOP_002: PSA shall be used in determining the initiating events for which abnormal and
emergency operating procedures and severe accident guidelines are developed.

 Situation awareness and assessment (HFE)
BESEP_HFE_SAA_001: The design of user interfaces in NPP shall support the operators in assessing
any normal and abnormal situation so that they can perceive the situation, comprehend it and finally
anticipate the future status of the event.
BESEP_HFE_SAA_002: The visual monitors or operating panels shall provide the operators a holistic
view on the plant state and feedback from the course of event and effects from activations and passive
or automatic functions.
BESEP_HFE_SAA_003: Relevant information related to the procedures and guides shall be presented
for the operators to assess the situation, to see the plant response to actions and to assess the
progress of the plant state.

 Verification and validation (V&V) of design (SEP)
BESEP_SEP_VV_001: V&V shall demonstrate that the included areas, spaces, systems, structures and
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components, manual tasks and organizational conditions are working together as designed and meet
the safety requirements set to them.
BESEP_SEP_VV_002: It shall be possible to trace the decisions made based on the results of V&V to
safety design and safety requirements.
BESEP_SEP_VV_003: The procedures and guidelines shall be systematically validated and verified.
Validation shall also address the role of human factors in the procedures and the correct signal
generation under the conditions of external hazards.
BESEP_SEP_VV_004: In the case of external hazards the NPP shall be safely shut down and kept in a
subcritical state, the residual heat removal shall be ensured and the leakages of radioactive substances
shall be kept below the specified limits.
BESEP_SEP_VV_005: The operability of systems, structures and components shall be demonstrated in
their design basis external environmental conditions.

Evaluation of the Different Requirements

BESEP_DSA_DID_001: The defence-in-depth levels shall be functionally separated so that a failure on one
level shall not prevent the implementation of necessary functions at other levels of defence.

Summary of the Verification Process
Special functions have been implemented to ensure efficient accident mitigation in events leading to loss of
ultimate heat sink. There are on the first level the normal sea water systems. In case of blockage (frazil ice,
oil spill, algae) there exists the option to take cooling water from the outlet side. Also, internal cooling
between the plant units is available. These means ensure the residual heat removal only for a limited time.
The sea water system is common for all these means. For a longer time period residual heat can be
removed to the atmosphere via the steam generators using feedwater, emergency feedwater or auxiliary
emergency feedwater system to keep the secondary circuit mass balance. When the primacy circuit has
been cooled down to the temperature at which there appears no evaporation in the steam generators,
residual heat is normally removed via steam generators to the sea using residual heat removal system or
auxiliary residual heat removal system. The diverse system are the cooling towers. They have been
commissioned to implement diversity and ensure long term residual heat removal that is not dependent on
the availability of the sea water. They can be used to remove residual heat from the primary circuit via steam
generators and from the fuel pools via intermediate cooling circuit.

Adequacy of Verification

The different safety functions designed for the events loss of ultimate heat sink ensure that a failure in one
system on a defence-in-depth level does not endanger the other safety functions.
The requirement is fulfilled.

Proposals for Improvement

No improvement proposals.

BESEP_DSA_DID_002: Independence between the defence-in-depth levels shall be based on the adequate
application of functional isolation, the diversity principle and physical separation.

Summary of the Verification Process

Special functions have been implemented to ensure efficient accident mitigation in events leading to loss of
ultimate heat sink. There are on the first level the normal sea water systems. In case of blockage (frazil ice,
oil spill, algae) there exists the option to take cooling water from the outlet side. Also, internal cooling
between the plant units is available. These means ensure the residual heat removal only for a limited time.
The sea water system is common for all these means. For a longer time period residual heat can be
removed to the atmosphere via the steam generators using feedwater, emergency feedwater or auxiliary
emergency feedwater system to keep the secondary circuit mass balance. When the primacy circuit has
been cooled down to the temperature at which there appears no evaporation in the steam generators,
residual heat is normally removed via steam generators to the sea using residual heat removal system or
auxiliary residual heat removal system. The diverse system are the cooling towers. They have been
commissioned to implement diversity and ensure long term residual heat removal that is not dependent on
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the availability of the sea water. They can be used to remove residual heat from the primary circuit via steam
generators and from the fuel pools via intermediate cooling circuit.

Adequacy of Verification

The different safety functions designed for the events loss of ultimate heat sink ensure that a there exists
sufficient application of
 functional isolation (a failure in the sea water system used as primary means does not prevent the

steam generators or cooling towers to conduct the residual heat to the atmosphere),
 diversity (the primary means to cope with loss of ultimate heat sink are diverse of each other, but they

utilize the sea water system. Diverse functions utilize air as ultimate heat sink via steam generators or
cooling towers), and

 physical separation (cooling towers are located physically separated from the steam generators and
also from sea water pumping plant).

The requirement is fulfilled.

Proposals for Improvement

No improvement proposals.

BESEP_DSA_DID_003: The individual levels of defence-in-depth shall be capable for fulfilling their tasks
without safety functions of the other levels.

Summary of the Verification Process

Special functions have been implemented to ensure efficient accident mitigation in events leading to loss of
ultimate heat sink. There are on the first level the normal sea water systems. In case of blockage (frazil ice,
oil spill, algae) there exists the option to take cooling water from the outlet side. Also, internal cooling
between the plant units is available. These means ensure the residual heat removal only for a limited time.
The sea water system is common for all these means. For a longer time period residual heat can be
removed to the atmosphere via the steam generators using feedwater, emergency feedwater or auxiliary
emergency feedwater system to keep the secondary circuit mass balance. When the primacy circuit has
been cooled down to the temperature at which there appears no evaporation in the steam generators,
residual heat is normally removed via steam generators to the sea using residual heat removal system or
auxiliary residual heat removal system. The diverse system are the cooling towers. They have been
commissioned to implement diversity and ensure long term residual heat removal that is not dependent on
the availability of the sea water. They can be used to remove residual heat from the primary circuit via steam
generators and from the fuel pools via intermediate cooling circuit.

For the power supply there are several means. In case the connection to the power grid has been lost there
are emergency diesel generators available. One of these can be substituted with a connection from the
hydro power plant nearby. Also, there exists one additional diesel generator and the severe accident diesel
generators. The auxiliary emergency feedwater pumps have their own diesel engines. The cooling towers
can be powered with a mobile diesel motor.

Adequacy of Verification

The different safety functions can operate without support of safety functions of the other level.
The requirement is fulfilled.

Proposals for Improvement

No improvement proposals.

BESEP_PSA_ALSF_001: The potential losses of safety functions shall be evaluated based on the
resistance of NPP against the hazards, taking into consideration real status of all systems, structures and
components relevant to nuclear safety.
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Summary of the Verification Process

The severe weather risk assessment began with an identification of potentially risky weather-related
phenomena including hydrological, oceanographic, meteorological and biological phenomena as well as
man-made phenomena (e.g. oil spill accidents). Detailed analysis was carried out for phenomena and
combinations that passed certain screening criteria. The main principles in the screening analysis were:

1. The phenomenon must have strength exceeding the design basis at 50% confidence with a
frequency larger than 10-8 per year.

2. The phenomenon that exceeds the design basis must lead to detectable consequences at the plant,
site or power grid, so that a reactor trip is actuated or the plant is run into a safer operating state.

3. The effect of the event is analysed 24 hours or to a stabilized state.
4. If the identified phenomenon can be foreseen 12 h beforehand no power operation risk is

considered. A potential shutdown risk has to be studied if the cold state is not safe due to this
phenomenon.

The screening phase produced relevant thresholds for each phenomenon, exceeding of which causes an
initiating event and weakening some relevant safety function. It was taken into account that the thresholds
can be smaller or lower with certain phenomena together with additional failures, like e.g. with high or low
temperature and HVAC failures, with excess sea vegetation and strainer failures or with high sea water level
and erroneous installation of the bulkhead gates during shutdown. Ultimately many weather-related
phenomena and their combinations were analysed in detail, such as sea level, extreme water and air
temperatures, wind taking into account tornadoes and downbursts, rain, snow, lightning, sea vegetation,
fouling and transportations in the vicinity.

The most important phenomena were selected for a more detailed analysis. The intensity-frequency
distribution was analysed until the minimum frequency 10−8/a. Then the effects of the phenomena to the
normal plant operation and the national grid neighbouring the NPP were analysed and the potential resulting
losses of safety functions were analysed. Based on these the core failure damage for weather phenomena
was calculated.

Adequacy of Verification

The potential losses of safety functions have been adequately evaluated.
The requirement is fulfilled

Proposals for Improvement

No improvement proposals.

BESEP_PSA_ALSF_002: Complex failure combinations of systems, structures and components initiated by
external hazards shall be identified and their significance to nuclear safety shall be evaluated.

Summary of the Verification Process

The identification of complex failure combinations of SSC initiated by loss of ultimate heat sink is done during
the PSA level 1 work.

The analysis of the failure dependencies contains designed dependencies (initiator dependencies, system
dependencies and interactions) and statistical dependencies (dependent/repeated human errors, plant-
specific hardware dependencies and residual parametric common cause failures).

The designed dependencies are taken into account in the normal process of logical modelling of the plant.
This includes identification of specific initiating events that degrade one or more safety functions,
development of event or fault trees that account for mutual dependencies of safety systems, and linking fault
trees for systems that depend on each other or common components.

Statistical dependencies are not necessarily recognized or quantitatively accounted for in the design stage.
Yet they can significantly increase the probability of multiple failures, which is the main motive for
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dependency analysis.

The human reliability assessment includes special consideration of factors affecting the likelihood of
repeated errors in maintenance activities.

The analysis of plant-specific hardware dependencies covers mainly dependencies caused by physical
phenomena, like risen temperature, humidity, vibration, etc. that increase failure probability in other systems
or components. Cascade and propagating failures are also covered as well as such human errors that are
not covered by a systematic study of scheduled periodic tests or maintenance measures. Cascade failures
occur when one equipment failure causes changes in operating conditions, environments or requirements to
cause another item or items of equipment to fail or to increase the failure probability, and then might fail a
third item and so on.

Residual parametric common cause failures are dependent simultaneous multiple failures that have not been
specifically identified and quantified as vulnerabilities through plant-specific walk downs in a normal fault tree
modelling process. Their causes are typically a priori unforeseen events, conditions or phenomena. They
affect normally identical redundant components within each system. All possible failure multiplicities of these
common cause failures are modelled explicitly in the fault trees.

Adequacy of Verification

The complex failure combinations related to the loss of ultimate heat sink have been adequately identified.
The requirement is fulfilled.

Proposals for Improvement

No improvement proposals.

BESEP_PSA_ALSF_003: The important functional dependencies on physical location and from operation,
maintenance and the effects of human activities shall be considered in assessing the potential losses of
safety functions.

Summary of the Verification Process

The functional dependencies also in the case of loss of ultimate heat sink are analysed during the PSA level
1 work.

The analysis of the failure dependencies contains designed dependencies (initiator dependencies, system
dependencies and interactions) and statistical dependencies (dependent/repeated human errors, plant-
specific hardware dependencies and residual parametric common cause failures).

The designed dependencies are taken into account in the normal process of logical modelling of the plant.
This includes identification of specific initiating events that degrade one or more safety functions,
development of event or fault trees that account for mutual dependencies of safety systems, and linking fault
trees for systems that depend on each other or common components.

Statistical dependencies are not necessarily recognized or quantitatively accounted for in the design stage.
Yet they can significantly increase the probability of multiple failures, which is the main motive for
dependency analysis.

The human reliability assessment includes special consideration of factors affecting the likelihood of
repeated errors in maintenance activities.

The analysis of plant-specific hardware dependencies covers mainly dependencies caused by physical
phenomena, like risen temperature, humidity, vibration, etc. that increase failure probability in other systems
or components. Cascade and propagating failures are also covered as well as such human errors that are
not covered by a systematic study of scheduled periodic tests or maintenance measures. Cascade failures
occur when one equipment failure causes changes in operating conditions, environments or requirements to
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cause another item or items of equipment to fail or to increase the failure probability, and then might fail a
third item and so on.

Residual parametric common cause failures are dependent simultaneous multiple failures that have not been
specifically identified and quantified as vulnerabilities through plant-specific walk downs in a normal fault tree
modelling process. Their causes are typically a priori unforeseen events, conditions or phenomena. They
affect normally identical redundant components within each system. All possible failure multiplicities of these
common cause failures are modelled explicitly in the fault trees.

Adequacy of Verification

The important functional dependencies related to the loss of ultimate heat sink have been adequately
considered in assessing the potential losses of safety functions.
The requirement is fulfilled.

Proposals for Improvement

No improvement proposals.

BESEP_PSA_IEF_001: The occurrence frequency of initiating events shall be estimated, including those
caused by external hazards.

Summary of the Verification Process

The occurrence frequency of phenomena leading to the loss of ultimate heat sink have been estimated. The
process began with an identification of potentially risky weather-related phenomena including hydrological,
oceanographic, meteorological and biological phenomena as well as man-made phenomena (e.g. oil spill
accidents). Detailed analysis was carried out for phenomena and combinations that passed the screening
criteria.

1. The phenomenon must have strength exceeding the design basis at 50% confidence with a
frequency larger than 10-8 per year.

2. The phenomenon that exceeds the design basis must lead to detectable consequences at the plant,
site or power grid, so that a reactor trip is actuated or the plant is run into a safer operating state.

3. The effect of the event is analysed 24 hours or to a stabilized state.
4. If the identified phenomenon can be foreseen 12 h beforehand no power operation risk is

considered. A potential shutdown risk has to be studied if the cold state is not safe due to this
phenomenon.

The screening phase produced relevant thresholds for each phenomenon, exceeding of which causes an
initiating event and weakening some relevant safety function. It was taken into account that the thresholds
can be smaller or lower with certain phenomena together with additional failures, like e.g. with excess sea
vegetation and strainer failures. Ultimately many weather-related phenomena and their combinations were
analysed in detail, such as sea level, extreme water temperatures, sea vegetation, fouling and
transportations in the vicinity.

Adequacy of Verification

The occurrence frequency of phenomena leading to the loss of ultimate heat sink have been estimated.
The requirement is fulfilled.

Proposals for Improvement

No improvement proposals.

BESEP_PSA_IEF_002: The site-specific analysis for external hazard shall be used in the estimation of
initiating event frequencies.



[945138] BESEP – Benchmark Exercise on Safety Engineering Practices Page 182/268

Summary of the Verification Process

The distributions of the maximum annual wind speed, sea level, rain/snow events and temperatures have
been determined based on local or regional meteorological data collected by Loviisa NPP, Finnish
Meteorological Institute and Finnish Institute of Marine Research. The frequency and amount of sea-
vegetation has been based on site experience (”precursor” events). The basic exceeding frequency of a
phenomenon has been multiplied by a relevant fraction (e.g. wind direction sector, or the fraction of a year
for certain conditions, or relative target area for cyclones) to obtain the initiator frequency.

The calendar times of shutdown states vary from year to year and this has a notable effect on the
frequencies of some phenomena / initiating event.

Adequacy of Verification

The site-specific analysis for the loss of ultimate heat sink has been used in the estimation of initiating event
frequency.
The requirement is fulfilled.

Proposals for Improvement

No improvement proposals.

BESEP_PSA_IEF_003: The results from long-term monitoring of the NPP site and the surroundings shall be
taken into account in the initiating event frequency estimation for external hazards.

Summary of the Verification Process

The distributions of the maximum annual wind speed, sea level, rain/snow events and temperatures have
been determined based on local or regional meteorological data collected by Loviisa NPP, Finnish
Meteorological Institute and Finnish Institute of Marine Research. The frequency and amount of sea-
vegetation has been based on site experience (”precursor” events). The basic exceeding frequency of a
phenomenon has been multiplied by a relevant fraction (e.g. wind direction sector, or the fraction of a year
for certain conditions, or relative target area for cyclones) to obtain the initiator frequency.

Adequacy of Verification

The long-term site-specific monitoring has been used in the estimation of initiating event frequency for the
loss of ultimate heat sink.
The requirement is fulfilled.

Proposals for Improvement

No improvement proposals.

BESEP_PSA_IEF_004: For initiating event frequency estimation on rare external events having sparse or
no operational data, the basis for the engineering judgements shall be given.

Summary of the Verification Process

Engineering judgements are usually conservative high failure probabilities between 10 % and 50 %. Due to
high probability, relative uncertainty in the probability is small compared to most of the probabilities used in
PSA. For example, if you have 50 % probability, maximum relative uncertainty is 100 %. Many of the
probabilities used include much higher uncertainties compared to 100 %. This is the usual reasoning and
justification of our expert judgements. In some cases, we may use also lower expert judgement probabilities,
but they usually need additional analysis to support the probability. Typically, the case is the same with
external event frequencies, but it depends much on the external hazard. For most of the external hazards we
have data which we can use for the frequency estimation. If we do not have data for example about
dependencies between the correlated external hazards, we are mainly using high probability expert
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judgements about the relationship aiming to be on conservative side in the estimations.

For the LUHS event, algae and frazil ice contain some rough estimates, but they follow the principles
described above, for wind there exists operational data.

Adequacy of Verification

The basis for the engineering judgements used in frequency estimation is given.
The requirement is fulfilled.

Proposals for Improvement

No improvement proposals.

BESEP_PSA_EOP_001: PSA shall be used to support the development of abnormal and, emergency
operating procedures and severe accident guidelines considering aspects that may influence the activities
and performance of operating personnel.

Summary of the Verification Process

For the event of loss of ultimate heat sink an emergency operating procedure exists. Lately, also instructions
for blind operation of the auxiliary residual heat removal system and auxiliary emergency feedwater system
have been created to support operator actions in events where there exists simultaneous loss of ultimate
heat sink and station black-out.

Adequacy of Verification

PSA has been used to improve the instructions for the event of loss of ultimate heat sink.
Requirement is fulfilled.

Proposals for Improvement

No improvement proposals.

BESEP_PSA_EOP_002: PSA shall be used in determining the initiating events for which abnormal and
emergency operating procedures and severe accident guidelines are developed.

Summary of the Verification Process

As the NPP is operating, there exists abnormal or emergency operating procedures for all currently relevant
initiating events that have risk significance. As the PSA model is evolving, further procedure improvements
are expected, too.

The severe accidents guideline is currently under improvement, mainly strategy improvement and human
performance issues, but these are not related to the event of loss of ultimate heat sink.

Adequacy of Verification

PSA is used to support guideline development.
Requirement is fulfilled.

Proposals for Improvement

No improvement proposals.

BESEP_HFE_SAA_001: The design of user interfaces in NPP shall support the operators in assessing any
normal and abnormal situation so that they can perceive the situation, comprehend it and finally anticipate
the future status of the event.



[945138] BESEP – Benchmark Exercise on Safety Engineering Practices Page 184/268

Summary of the Verification Process

For the development of user interfaces there exists a style guide that ensures that all new and modernized
user interfaces follow the good practices and support the operators in best possible way.

For the design two terms have been defined: accident situation ergonomics and normal operation
ergonomics. Accident situation ergonomics means adjusting the technology and functions to human
behaviour. The accident situation ergonomics has been validated and verified with V&V actions during the
design stage and also with integrated sub-system validation, that was conducted in full-scale simulator.
Normal operation ergonomics means adjusting the technology and functions to human behaviour in normal
operation like situations. The normal operation ergonomics is validated with operational experience.

Adequacy of Verification

In the design of the user interfaces the needs of the operators have been taken into account.
The requirement is fulfilled.

Proposals for Improvement

No improvement proposals.

BESEP_HFE_SAA_002: The visual monitors or operating panels shall provide the operators a holistic view
on the plant state and feedback from the course of event and effects from activations and passive or
automatic functions.

Summary of the Verification Process

In the design of user interfaces the tasks, requirements and experiences of the users are taken into account.
The design aims to support safe and efficient operation. User interfaces provide information of the process,
support observing the state of the process, enable safe control operations and support the maintenance
actions.

In the operating panels and visual monitors the information is shown with the same symbols and colours.
There are clear rules to provide information for the user, e.g. blinking light is used to indicate information that
need special attention.

Adequacy of Verification

The visual monitors and operating panels provide the operators a holistic view.
The requirement is fulfilled.

Proposals for Improvement

No improvement proposals.

BESEP_HFE_SAA_003: Relevant information related to the procedures and guides shall be presented for
the operators to assess the situation, to see the plant response to actions and to assess the progress of the
plant state.

Summary of the Verification Process

There are support displays for the procedures in process monitoring system. They support the operators in
decision making and monitoring the situation in addition to the control panels in the control rooms.

Adequacy of Verification

The requirement is fulfilled.
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Proposals for Improvement

No improvement proposals.

BESEP_SEP_VV_001: V&V shall demonstrate that the included areas, spaces, systems, structures and
components, manual tasks and organizational conditions are working together as designed and meet the
safety requirements set to them.

Summary of the Verification Process

The means to cope with LUHS event have evolved during years as knowledge of the hazards leading to
LUHS has been improved and the lacks in the procedures have been found out in PSA and/or DSA. All plant
modifications have been verified in the design stage with PSA and DSA and the human actions have been
taken into account, the reliability part in PSA and the delays, etc. in DSA.

The safety requirements have been validated from the PSA (risk distribution and CDF) and from the DSA
(release).

Adequacy of Verification

V&V demonstrates that safety requirements are met.
The requirement is fulfilled.

Proposals for Improvement

No improvement proposals.

BESEP_SEP_VV_002: It shall be possible to trace the decisions made based on the results of V&V to safety
design and safety requirements.

Summary of the Verification Process

If there are findings on the design V&V process, the need for design change is evaluated. If a change is
needed, then new analyses are conducted for the updated design before manufacturing and commissioning.
The change process is documented.

Adequacy of Verification

The requirement is fulfilled.

Proposals for Improvement

No improvement proposals.

BESEP_SEP_VV_003: The procedures and guidelines shall be systematically validated and verified.
Validation shall also address the role of human factors in the procedures and the correct signal generation
under the conditions of external hazards.

Summary of the Verification Process

The procedures designed for the event LUHS have been validated according to the normal plant instructions.
In the procedure development PSA and DSA results have been used. When the procedure had been
drafted, a thermal-hydraulic analysis (DSA) was conducted to provide evidence on the correctness of the
selected strategy. Based on the analysis the procedure was finalised. If had been needed, supporting tests
could have been run in the full-scale simulator.

The validation/verification was done in three steps. The validation/ verification was done by operators who
had not participated in the creation of the procedure. At first the procedure was validated in the full-scale
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simulator to ensure that the procedure is suitable for use. Then the procedure was validated by reading to
ensure, that the level of instructions is correct, the procedure and its usage is clear. Finally the
correspondence between the procedure and the plant was evaluated.

Adequacy of Verification

The validation of the procedures for LUHS followed the normal plant instructions.
The requirement is fulfilled.

Proposals for Improvement

No improvement proposals.

BESEP_SEP_VV_004: In the case of external hazards the NPP shall be safely shut down and kept in a
subcritical state, the residual heat removal shall be ensured and the leakages of radioactive substances shall
be kept below the specified limits.

Summary of the Verification Process

Based on the thermal-hydraulic analysis (DSA) conducted, the NPP can be safely shut down to a subcritical
state and kept in it so that the residual heat is removed in case of LUHS. There are no leakages of
radioactive substances in this event, thus also these limits for the event are met.

Adequacy of Verification

The analysis conducted show that the NPP can be safely shut down in case of LUHS.
Requirement is fulfilled.

Proposals for Improvement

No improvement proposals.

BESEP_SEP_VV_005: The operability of systems, structures and components shall be demonstrated in
their design basis external environmental conditions.

Summary of the Verification Process

The SSC existing in the NPP is classified to their design basis environmental conditions. According to the
analysis conducted (PRA, DSA) the LUHS event does not provide environmental conditions exceeding the
design basis conditions.

Adequacy of Verification

The requirement is fulfilled.

Proposals for Improvement

No improvement proposals.
Assessment of Safety Margins

Deterministic Safety Margins

Definition

Deterministic safety margin can be interpreted as a question what results of the event. Deterministic safety
margin contains typically the phenomena and parameters listed in Chapter 4.2 of Deliverable 2.3. These are
not repeated here.
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Assessment

In the event of LUHS there exists need to secure the heat removal. As there are both short term means
(internal circulation, removal of the heat in steam via steam generators to the atmosphere) and long term
means (using the cooling towers), the heat removal is secured during the whole event. This way it can be
stated based on the DSA that as the cooling is secured, there exists no risk for core criticality or power
increase, nor the possibility for fuel damage and the barriers.

Evaluation

According to the national regulation there shall at maximum be radiological impact of 20 mSv. Based on the
DSA no radiological release takes place in the event of LUHS, so the safety margin exists in the terms of
radiological impact.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

The safety margin is in line with the Chapter 4.2 of Deliverable 2.3.

Proposals for Improvement

For the event LUHS no improvement proposals exist regarding the DSA safety margin.

Probabilistic Safety Margins

Definition

Probabilistic safety margin can be interpreted as a question what leads to the event. The probabilistic safety
margin is considered as the difference between the calculated core damage frequency and the predefined
target of the core damage frequency.

Assessment

For the LUHS event the share of the total CDF has been reduced by 4*10−6 after commissioning the cooling
towers. The total CDF of the plant fills the national CDF requirement, thus there exists safety margin also for
the LUHS event.

Evaluation

The plant reaches the CDF target set by the regulator.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

The safety margin in general level is in line with the Chapter 4.3 of Deliverable 2.3. For the case study of
LUHS no specific PSA safety margin study was conducted as such.

Proposals for Improvement

For the event LUHS no improvement proposals exist regarding the PSA safety margin.

Safety Margins for Human Actions

Definition

Safety margin for human actions can be interpreted as a question how is the event managed.

Assessment

In the event LUHS the human risk analysis (HRA) has been used at least in recognizing the need of the blind
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operation of auxiliary emergency feedwater system and auxiliary residual heat removal system. Based on
the analysis the operation procedure was created and thus the risk of the operation was reduced. Otherwise
no safety margin for human actions is observed in the LUHS case study.

Evaluation

N/A

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

N/A

Proposals for Improvement

The safety margins for human actions could be defined better and taken more systematically into use
Interactions between DSA, PSA and HFE

Evaluation of Adequacy

In the design of the strategy for coping with LUHS there were several interactions between PSA, DSA and
HFE. The estimation of the IE frequency comes from the PSA and this information is used as a basis for
selecting the analysis case e.g. for thermohydraulic safety analysis. (PSA -> DSA)

The need for the cooling towers was originally discovered in PSA for the SBO event, but the towers do
minimize the risk also in LUHS (PSA-> DSA). The commissioning if the cooling towers lead to changes in
strategy to manage the LUHS event (PSA/DSA -> HFE). In the design of the towers PSA related information
of the environmental conditions was also needed. The human limitations of work found out in SBO analysis
lead to the implementation of the blind operation procedure for auxiliary residual heat removal system and
auxiliary emergency feedwater system (HFE/PSA -> DSA).

Also, in the DSA and in the procedures the human action times, reaction times and operational limits are
taken into account (HFE -> DSA/HFE).

Proposals for Improvement

The interactions between DSA, PSA and HFE could be made more streamlined and such that each party (or
discipline) would be more aware of the needs and means of the others. This could be reached by better
describing the interactions in internal procedures.
Characterization of the Overall Safety Engineering Process
In general the overall safety engineering process covers the whole project/ product life-cycle. It is visualised
in the following Figure. The process is similar to the process described in Figures 12 and 13 in Deliverable
2.3.
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In all stages the previous stage design is verified to confirm that the transformation of inputs to outputs has
been done according to requirements and that no errors or faults have been introduced. In realisation and
implementation phases verification is performed for example in integration and factory tests to confirm that
the implemented system fulfils its specified requirements.

For the LUHS event these steps have been followed in the later development stage where the blind
operation of the auxiliary residual heat removal system and auxiliary emergency feedwater system in case of
SBO and LUHS was instructed, and also in the cooling tower project.

Safety requirements

The overall safety engineering process is based on the safety requirements. Safety requirements are formed
based on the stakeholder interests. Stakeholders include the national regulatory, plant personnel, etc. The
national requirements are the basis for the requirements, but as the national legislation and the regulatory
requirements in Finland are extensive and complex, they are used as input while forming the requirements
for the overall safety engineering process. This way also the interpretation of the original requirement as well
the demonstration of the requirement fulfilment (V&V) are taken into account already in the requirement
design stage.

The safety engineering process focuses on the first hand to provide evidence for the licensing process. I.e. if
the safety requirements are fulfilled it can be assumed that the plant is licensable.

Supporting safety analysis

Safety analysis are conducted in all stages of design. As the plant is operable, in the regular periodic safety
reviews also safety analyses shall be renewed. When plant modifications are planned the potential changes
are preliminarily analysed using appropriate methods like probabilistic safety analysis, deterministic safety
analysis. When the design is ready the analyses are done again for the relevant parts. If in these stages
analysis show any weaknesses or faults in the design, the design is renewed and then the analyses are
renewed.

Sometimes the need for plant modifications is found based on PSA results. Also, changes in authority
requirements or new operating experience can initiate plant modification (including just improvement of
guidelines or procedures). In all these cases the analyses are used to support and validate the design and
the requirement fulfilment.

Related plant design

For the LUHS event the plant design has been improved with several technical updates, the cooling towers
as the latest improvement.

Improvement proposal

The overall safety engineering process could be improved to contain a wider view on safety in addition to the
licensing stream.
Further Lessons Learned
The strategy and means to cope with LUHS event have evolved during the whole operation of the NPP.
Similarly, also the safety engineering process has become more specified. The current solutions for coping
with LUHS event fulfil the current known need and the current requirements. However, based on the evolving
and long process it is not possible to show exact improvement of safety margin nor provide an estimate on
the resources used. Also, the newest improvements (cooling towers and instructions for blind operation) are
difficult to estimate. The idea of the secondary heat sink had been studied during for several years before
selection of the method even though the implementation was quite straightforward. For the blind operation
instructions the analysis work needed was minor, but the improvement in CDF was considerable, but it is
only partly due to improvement in LUHS event.
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C.2.2 Case 2: Loss of the Essential Service Water System due to Extremely
Low Temperature

Self-Evaluation of Fulfilling Baseline Requirements
Responsible Organization(s): RELKO spol. s r.o.
Case Study Identifier: LUHS_2
Date: 31.03.2022
Case Study Title: Loss of the essential service water system due to extremely low air

temperature
Fulfilment of Safety Requirements

Scope of the Requirements Verified

The verification of the following requirements are included in the case study regarding the evaluation of plant
vulnerabilities to high wind:
 BESEP_DSA_PSEP_001: Redundant safety systems that have a role in mitigating the effects of

external hazards shall be located so that these effects cannot hinder the performance of safety
functions of all redundant components simultaneously.

 BESEP_PSA_BAL_002: PSA shall be used to confirm that the risk related to a single external hazard
does not dominate the overall risk results.

 BESEP_HFE_GS_002: The procedures and guides shall be designed to support the human
performance in decision making.

 BESEP_SEP_VV_004: In the case of external hazards the NPP shall be safely shut down and kept in a
subcritical state, the residual heat removal shall be ensured and the leakages of radioactive substances
shall be kept below the specified limits.

Evaluation of the Different Requirements

Requirement No.1 – BESEP_DSA_PSEP_001: Redundant safety systems that have a role in mitigating the
effects of external hazards shall be located so that these effects cannot hinder the performance of safety
functions of all redundant components simultaneously.

Summary of the Verification Process

Extreme temperatures refers to a meteorological event in which the outside air temperature is very low (cold)
during a significant period of time (e.g. typically more than 24 hours). The hazard refers also to icing in the
water body used as ultimate heat sink. Very low temperatures can cause freezing of water pipes, boron
separation in borated waters, gelling of diesel fuel, and malfunction or blockage of outdoor equipment, such
as valve actuators, level sensors and miscellaneous instrumentation and control equipment.

Additionally, very cold weather could lead to loss of the ultimate heat sink due to ice formation (frazil ice) or
blockage by transported ice floes. So, extremely low temperatures have the potential to cause the loss of the
ultimate heat sink. The case study is focused on this event. Extremely low temperatures cause the water to
freeze in the essential service water system (ESWS) and failure of the system.

In contrast to other meteorological hazards, extremely cold temperatures are phenomena that develop
relatively slowly, that can be predicted some time in advance, and that normally do not produce significant
damage unless they actuate during several hours, even days.

Given that all ESWS trains are lost, the plant response to the extremely low temperature is the following. The
reactor trip is initiated by the signal from trip of 4 or more MCPs cooled by ESWS. Due to loss of all
operational service water trains important safety systems are becoming unavailable (e.g. high pressure
safety injection (HPSI) system, auxiliary feedwater (AFW) system, DGs, etc.). The initiating event occurs
after freeze of service water equipment. At −44.8 °C, the pool freezes after 22 days, the duct after 17 hours
and aeration channel after 43 hours. The finite elements code ANSYS was used for calculation and
presentation of the results.
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Adequacy of Verification

Adequate measures are taken in the concept of defence in depth for protection of the plant against extremely
low air temperature. The potential for common cause effects and damage across the site is eliminated.
Changes in hazard with time are not identified by means of statistical analysis of recorded parameter
(temperature) that is measured periodically on an ongoing basis. In addition, primary to secondary side heat
removal is available also after loss of ESWS. The pumps of EFW system with electrically heated tanks do
not need cooling by ESWS and are available for residual heat removal. The mobile water sources can be
also used to supply the SGs with the support of on-site fire brigade. So, the fulfilment of the given
requirement is possible with high confidence. The external hazard cannot hinder the performance of safety
functions of all redundant components simultaneously.

Proposal for Improvement

No other improvement of the plant is required against extremely low air temperature.

Requirement No.2 – BESEP_PSA_BAL_002: PSA shall be used to confirm that the risk related to a single
external hazard does not dominate the overall risk results.

Summary of the Verification Process

PSA for extremely low temperatures is developed for the plant to estimate the contribution to core and fuel
damage frequency and the frequency of large early radioactivity releases. It includes also consideration of
the uncertainty and randomness of this external hazard, uncertainty and randomness of SSC failure rates
conditional upon extremely low temperatures.

The hazard curves are constructed for the extremely low temperatures. The theory of extreme value is used
for this purpose. The curves show the annual frequency of exceedance at various levels of temperature and
at different levels of confidence.

The first step of hazard analysis is data collection on extremely low temperatures. The data source for the
plant is the measurement of the meteorological stations of Slovak hydro-meteorological institute (SHMU) on
the site and near the site. The objective is to collect enough data in order to get a good picture of the
analyzed process. For weather data, including temperature, a common rule is to have at least 30 years of
daily data.

The finite element model (FEM) developed in ANSYS code is used to perform the fragility analysis and to
support the HCLPF calculation. In addition, the following issues are taken into account:
− probability of duration of extremely low temperature until failure of SSCs
− the likelihood of failing to take corrective action to prevent SSCs from malfunctioning.

Full family of fragility curves are prepared from the HCLPF value by estimating the median capacity of
extremely low temperature tm and the logarithmic standard deviations βR and βU, respectively.

The calculated mean value of the core damage frequency for all three extremely low air temperature ranges
is 9.95E-10 /y. Dominant contribution is from the third range of temperatures. Based on the results of the
importance analyses it can be concluded that the most important events from the risk point of view are:
duration of extremely low temperature to equipment damage within the range 3 and extremely low air
temperature within the range 3. PSA confirmed that the risk related to a single external hazard does not
dominate the overall risk results

Adequacy of Verification

The SSCs of the plant have excellent resistance against extremely low temperatures. The temperatures from
the range 3 (−45 °C – −100 °C) have dominant contribution to the risk. The mean frequency of their
occurrence is 1.09E-03/y, it means once per 917 years. The conditional core damage probability is 9.13E-8.
The risk related to extremely low temperatures is very low, negligible. It does not dominate the overall risk
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results obtained by adequate PSA model.
Proposals for Improvement

No other improvement of the plant is required against extremely low air temperature.

Requirement No.3 – BESEP_HFE_GS_002: The procedures and guides shall be designed to support the
human performance in decision making.

Summary of the Verification Process

It is supposed that a trained operator, following plant procedures, is able to maintain the fundamental safety
functions in case of the initial conditions given by extremely low temperatures. A review of plant operation
procedures corresponding to the initial plant conditions of extremely low temperatures was performed. In
particular SB-EOPs (Symptom Based Emergency Operating Procedures) are used to maintain the
fundamental safety functions. The frontline systems and the required support systems, corresponding to the
given initial conditions, have been included in the analyses. Reactor trip is initiated by loss of ESWS (trip of 4
or more MCPs). Recovery of primary to secondary side heat removal is needed by the operator using EFW
system given loss of MFW system. Primary feed and bleed cannot be initiated due to loss of ESWS used to
cool the HPSI system. The analysis has confirmed that the existing procedures and guides of the plant fully
support the suppression of initiating event arising after impact of extremely low temperatures. However,
using of mobile water sources to supply SGs by the fire brigade is not considered below the temperature of –
45 °C. The extremely low temperatures prevent to perform this human interaction.

Adequacy of Verification

The operator actions are performed from the main control room or emergency control room of the plant
during extremely low temperatures. It was found that the time sequence of events is consistent with plant
procedures, available resources and technical specifications. This guarantees that the interactions are
performed also under the extreme conditions. However, the human error probability below the low
temperature of −45 °C is increased.

In addition, human interaction of the fire brigade using mobile water source to supply SCs is not guaranteed
below the low temperature of −45 °C. The human error probability is equals one.

Proposal for Improvement

The procedures and guides are designed to support the human performance in decision making. No
proposal for improvement is needed to support human actions during extremely low temperatures.

Requirement No.4 – BESEP_SEP_VV_004: In the case of external hazards the NPP shall be safely shut
down and kept in a subcritical state, the residual heat removal shall be ensured and the leakages of
radioactive substances shall be kept below the specified limits.

Summary of the Verification Process

The information used for analysis of extremely low temperatures is up to date. The plant design bases is
consistent with the updated information about this external event, nevertheless, it was established a long
period of time ago, based on the information and the state of practice at that time.

In performing the assessment, the updated data shows that the design bases are consistent with recently
observed events. The minimal recorded temperatures are not closed to the design values in several years
during the last decade, whereas the design basis low temperature is supposed to have a return period of
100 years. However, this kind of inconsistencies will not affect the vulnerability assessment, since the
assessment is intended to find the weak links in the as-is condition of the plant. A lower design basis will
result in a lower plant-level capacity against a particular hazard, if the design against other hazards does not
provide additional margin.

The detailed capacity calculations have been performed according to good practice. Detailed calculations
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produced HCLPF capacity values for use in the vulnerability assessment. The calculations correspond to all
failure modes identified after the capacity walkdown. The FEM is normally applied to compute the HCLPF
capacity for extremely low failure mode. The accuracy of the results has been checked and they are
consistent with previous experience.

The updated documentation has been used for the capacity assessment, and the correspondence of the
documentation with the actual plant condition is checked during the plant walkdown and reported in the
walkdown documents.

Adequacy of verification

The assessment has taken into consideration the site conditions after extremely low temperatures. The
assessment of performance of the fundamental safety functions considers the foreseen site and near-region
conditions caused by extremely low temperatures. This includes potential site devastation, difficulties for
access to some plant areas, stress of operators, lack of personnel, etc.

The time progression of events is determined bearing in mind that the conditions are far from normal
operation conditions. The plant walkdown identified what the expected conditions would look like. The
expected site and near-regional conditions were identified and taken as input data for the assessment.
Taking into consideration all these impacts it can be concluded that the plant can be safely shut down and
kept in a subcritical state, the residual heat removal shall be ensured and the leakages of radioactive
substances shall be kept below the specified limits.

Proposals for Improvement

The project was developed under a management system complying with an international quality standard.
It includes requirements for documentation control. Documentation control is provided by a list of project
documents in which each document is identified, with title, internal code, date, author, reviewer and current
status. An important aspect, which facilitates the review, is the availability of the references cited in the
project documents. The management system requirements regarding documentation are met. Internal
review was also included. The possible improvement is to have performed an external review.
Assessment of Safety Margins

Safety margins are calculated using deterministic analyses, probabilistic analyses and human factors
engineering. These analyses are described below for the case study.

Deterministic Safety Margins

Definition

HCLPF is defined as extremely low temperature and its duration. It is extremely unlikely that loss of
shutdown capability or core damage will occur. The safety margin is the difference between the HCLPF
accepted by the regulatory authority (−31.16 °C for 6 hours) and the actual value of HCLPF of the ESWS
(−44.8 °C for 22 days in case of the pool, 17 hours in case of the duct and 43 hours in case of aeration
channel).

Assessment

Finite element mathematical models in ANSYS code are used to represent ESWS under investigation. The
models are carefully developed taking into account the complexity of the considered items, in order to
represent with a sufficient level of detail their behaviour. The models are arranged in such a way to be able
to represent with sufficient approximation the thermal conditions of the real structures.

The most critical element is the duct. After 17 h ate the temperature of –44.8 °C the duct is frozen and no
water flow is possible. Temperature profile after 17 h (64368:3600 = 17.9 h) in the duct is presented in
Figure 1.
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Fig. 1 Temperature profile in the duct after 17 h at −44,8 °C

Evaluation

The plant response to the extremely low temperatures is described below.

Reactor trip is initiated by trip of 4 or more main coolant pumps (MCPs). After reactor trip the main steam
and heat removal will be performed. The steam dump stations to the condensers are used. Given the failure
of them, the steam dump stations to the atmosphere or the steam generator safety valves are used for the
steam removal. The main feedwater (MFW) system feeds water into the SG. The AFW system is unavailable
due to loss of ESWS, however, the emergency feedwater (EFW) system can be used to supply SGs (the
tanks of the system are electrically heated in winter time – safety measure implemented against extremely
low air temperature). The EFW pumps are started automatically. Given failure of the EFW system the mobile
water source can be used to supply SGs by feedwater with support of the on-site fire brigade.

Given no reactor protection system (RPS) interaction, the emergency boration of the reactor cannot be
performed by operator because the HPSI system is unavailable due to loss of ESWS. It leads to core
damage. Given loss of primary to secondary side heat removal bleed and feed is not initiated because the
HPSI system and the containment spray system are unavailable also due to loss of ESWS.

The implemented safety measures (heating of the EFW tanks and using mobile water sources to supply
SGs) ensure the performance of fundamental safety functions of the plant also during extremely low air
temperatures. High safety margin is confirmed for both temperature and its duration.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

The ESWS is lost. However, the most important safety margins relate to physical barriers against release of
radioactive material, such as fuel matrix and cladding, RCS boundary and containment, are without any
change. The safety margin interpretation is in coincidence with the chapter 4 of Deliverable 2.3.

Proposals for Improvement

The safety margin has been determined by conservative evaluation model calculations. Improvement is
possible after replacing these conservative calculations by best estimate calculations supplemented by
uncertainty analysis of the code results. Safety margin can be increased by improving analytical methods.
Once this increased margin is identified, some of the increase can be used to improve plant performance.
In case of best estimate calculation it is necessary to determine the uncertainty band when calculating the
safety margin.
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Probabilistic Safety Margins

Definitions

The probabilistic safety margins are defined as the difference between the established probabilistic safety
targets acceptable to the regulatory body and the calculated value of the risk parameters taking into account
uncertainties in failure data, modelling of common cause failures, human actions, etc., and other
uncertainties in knowledge. The risk parameters considered for evaluations of probabilistic safety margins
include risk importance measures of components, unavailability of safety systems, core damage frequency
(CDF), change in CDF, LERF (change in LERF), individual risk of fatality and probability of societal loss
considering all the three levels of PSAs.

In this case study the safety margins are calculated using CDF for full power operation of the plant.

Assessment

The initiating event induced by extremely low air temperature is reactor trip due to trip of 4 or more MCPs.

The internal event PSA model was used to develop the PSA model for low air temperature. Basic events
were built into the PSA model that represents the occurrence of extremely low temperature-induced failures.
Three ranges of temperatures were selected to define the external event initiating events for the PSA
quantification process:

1. −10 °C – −28 °C,
2. −28 °C – −45 °C,
3. −45 °C – −100 °C.

Distribution of the total full power CDF over the extremely low temperature ranges is presented in the table:

Ranges IE frequency
1/y

CDF
1/y

Contribution
%No. from (°C) to (°C)

1 -10 -28 8.39E-01 2.35E-12 0.24
2 -28 -45 4.49E-02 1.26E-10 12.67
3 -45 -100 1.01E-03 8.66E-10 87.09

Total CDF for all ranges: 9.95E-10 100.00

Evaluation

Based on the results of the analyses it can be concluded that the most important events from the risk point of
view are: duration of extremely low temperature to equipment damage within the range 3 and extremely low
air temperature within the range 3. The total CDF for all ranges is 9.95E-10/y. The regulatory safety goal for
all internal and external events is 1.0E-4/y for plants in operation and 1.0E-5/y for new plants. So, high safety
margin is confirmed for the plant given extremely low temperatures.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

The interpretation of probabilistic safety margins is in coincidence with the approach described in chapter 4
of deliverable 2.3.

Proposals for Improvement

The PSA results have shown high safety margin for extremely low temperatures. So, no proposals for
improvement are needed.
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Safety Margins for Human Actions

Definition

Given the initiating event recovery of primary to secondary side heat removal is needed by the operator. Low
probability of human error is the attribute of safety margin.

Assessment

Cause-based Decision Tree Method (CBDTM) is selected as the method to calculate probability of diagnostic
error. The technique for human error rate prediction (THERP) is used for calculation of human error
probability at manual part of interaction.

At least 3 h are available for recovery of primary to secondary side heat removal. In the temperature range
−10 °C – −28 °C, the human error probabilities (HEP) are taken over without modification from the PSA
model for internal events.

In the case of temperature range −28 °C – −45 °C, a linear interpolation between these values is adopted in
case of operator. The mobile water source cannot be used to supply SGs with support of on-site fire brigade

In the range −45 °C – −100 °C, all human actions shall be considered as guaranteed failed. Extremely low
temperatures cause considerable damage to the safety important and unimportant SSCs. External event
also leads to the irreversible degradation process of critical instrumentation.

Evaluation

The safety margin attribute (HEP) is low enough until the low temperature −45 °C. Then, the HEPs are
increasing due to increased stress level of operators. In the temperature range −45 °C – −100 °C, the human
actions are considered to be failed because the safety important SSCs are considered to be damaged.
However, the contribution to the risk is not dominant because the frequency of occurrence of such low
temperatures is very low.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

The CBDTM and THERP methodologies involve all issues with impact on HEP described in Deliverable 2.3.
Interactions between DSA, PSA and HFE

PSA of extremely low temperatures was performed for the plant. The PSA process is divided into hazard
analysis, fragility analysis and accident sequence analysis. The hazard curves were constructed using
extreme value theory. Then, the fragility analyses of structures were performed and HCLPF values
calculated using the ANSYS code (DSA). The fragility analysis gives the failure probability of SSCs as a
function of the temperature. Furthermore, in the PSA, the core damage frequency is estimated on the basis
of hazard analysis, fragility analysis (DSA), and accident sequence analysis (PSA, HFE).

The main steps of the high wind PSA are the following:

1. Collection and analysis of site and plant specific information, and field surveys.
To start with, the information required for PSA of extremely low temperatures is collected and
compiled. Field surveys (site and plant walkdown surveys) are performed as required. Through field
surveys, the type of information is obtained which cannot be acquired sufficiently from documents
alone.

2. According to the plant specific information and field survey results obtained in step 1, possible
scenarios of an accident, leading to core damage, are identified.

3. Hazard analysis
Based on information on the extremely low temperatures, occurrence frequencies of low
temperatures that may affect the plant is calculated and hazard curves are constructed using
extreme value theory. Exceeding of certain levels of low temperatures is also estimated.

4. Fragility analysis
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On the basis of information on the plant thermal models, failure probabilities are estimated as a
function of the temperatures. The failures are assessed based on ANSYS code calculating the
HCLPF (DSA).

5. Accident sequence analysis
The accident sequences leading to core damage are analyzed on the basis of the hazard curves, the
fragility curves (DSA), information about random failures of safety functions, human errors, etc. in the
form of event trees and fault trees. The conditional probability and occurrence frequency of core
damage are calculated. This leads to the identification of structures, human errors and components
that are likely to serve as a cause of core damage (PSA, HFI).

Evaluation of Adequacy

The risk assessment approach is adequate. The PSA model was adequately supported by DSA and HFE.
The most important events from the risk point of view are: duration of extremely low temperature to
equipment damage within the range 3 and extremely low air temperature within the range 3.
Characterization of the Overall Safety Engineering Process

The strengths of the safety engineering process are adequate implementation of safety requirements using
DSA, PSA and HFE. The safety engineering process confirmed that in case of extremely low temperatures
the plant shall be safely shut down and kept in a subcritical state, the residual heat removal shall be ensured
and the leakages of radioactive substances shall be kept below the specified limits.
Further Lessons Learned

The finite element methods (FEMs) in ANSYS code are employed to provide the necessary computational
framework for analyzing complex thermal systems. The combination of these advanced computational tools
with the theory of statistics and structural reliability would provide a more rational way for the safety
assessment and uncertainty characterization of the results. In the future, attention will be focused on the
development of the probabilistic finite element method (PFEM), which combines the finite element method
with statistics and reliability methods to calculate also the uncertainties.

C.2.3 Case 3: Blockage of (Water) Intake Building

Self-Evaluation of Fulfilling Baseline Requirements
Responsible Organization(s): Risk Pilot AB
Case Study Identifier: LUHS_3
Date: 2022-05-04
Case Study Title: Blockage of the water intake building due to frazil ice
Fulfilment of Safety Requirements

Scope of the Requirements Verified

The verification of the following requirements is included in the case study:
 Functional separation to provide defence against failure propagation (DSA):

o BESEP_DSA_FSEP_001: The safety systems, structures and components, including auxiliary or
supporting systems thereof, shall be protected from interaction with failed systems, structures or
components as far as reasonably practicable.

o BESEP_DSA_FSEP_002: The safety divisions hosting redundant parts of safety systems shall be
located in different buildings or housed in dedicated compartments to separate them from the other
safety divisions in the same building in order to prevent faults from spreading from one redundant
system part to another as a result of external events.

o BESEP_DSA_FSEP_003: The systems of different safety classes shall be functionally separated so
that failure of a system or component of a lower safety class does not affect a function of a higher
safety class.

 Assessment of potential losses of safety functions (PSA):
o BESEP_PSA_ALSF_001: The potential losses of safety functions shall be evaluated based on the

resilience of the NPP against the hazards, taking into consideration current status of all systems,
structures and components relevant to nuclear safety.

o BESEP_PSA_ALSF_002: Complex failure combinations of systems, structures and component
initiated by external hazards shall be identified and their significance to nuclear safety shall be
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evaluated.
o BESEP_PSA_ALSF_003: The important functional dependencies on physical location and from

operation, maintenance and the effects of human activities shall be considered in assessing the
potential losses of safety functions.

 Situation awareness and assessment (HFE):
o BESEP_HFE_SAA_001: The design of user interfaces in NPP shall support the operators in

assessing any normal and abnormal situation so that they can perceive the situation, comprehend it
and finally anticipate the future status of the event.

o BESEP_HFE_SAA_002: The visual monitors or operating panels shall provide the operators a
holistic view on the plant state and feedback from the course of event and effects from activations
and passive or automatic functions.

o BESEP_HFE_SAA_003: Relevant information related to the procedures and guides shall be
presented for the operators to assess the situation, to see the plant response to actions and to
assess the progress of the plant state.

 Verification and validation (V&V) of design (SE)
o BESEP_SEP_VV_001: V&V shall demonstrate that the included areas, spaces, systems, structures

and components, manual tasks and organizational conditions are working together as designed and
meet the safety requirements set to them.

o BESEP_SEP_VV_002: It shall be possible to trace the decisions made based on the results of V&V
to safety design and safety requirements.

o BESEP_SEP_VV_003: The procedures and guidelines shall be systematically validated and verified.
Validation shall also address the role of human factors in the procedures and the correct signal
generation under the conditions of external hazards.

o BESEP_SEP_VV_004: In the case of external hazards the NPP shall be safely shut down and kept
in a subcritical state, the residual heat removal shall be ensured and the leakages of radioactive
substances shall be kept below the specified limits.

o BESEP_SEP_VV_005: The operability of systems, structures and components shall be
demonstrated in their design basis external environmental conditions.

For requirements topics where multiple requirements are stated above only one requirement per topic is
addressed in the self-evaluation.

Evaluation of different requirements

Requirement No. 1. – BESEP_DSA_FSEP_001: The safety systems, structures and components, including
auxiliary or supporting systems thereof, shall be protected from interaction with failed systems, structures or
components as far as reasonably practicable.

Summary of the verification process

Within event class DBA the credited action is manual opening of recirculation of heated outlet water at
indication in MCR of low water temperature at the outer strainers. Since the heated water is provided in
between the strictly mechanical outer strainers and the automated inner strainers there are no dependencies
between the involved SSCs. Verification of the requirement were performed only by qualitative reasoning
and reference to amount of heated water and the capacity of the automated cleaning of inner strainers.

Within the event category DEC-A and sub category “Special Events”, the case of complete loss of ultimate
heat sink is included, event LUHS, by inclusion in the more severe event of Extended Loss of AC Power,
ELAP, which is motivated by that LUHS will eventually result in the same event sequence as ELAP, but has
a slower progression. Verification of the requirement is performed by proving the structural and functional
independence of SSCs belonging to the independent core cooling function, both from ordinary safety
functions and from the screening plant, e.g. the independent core cooling system is housed in a separate
building and residual heat removal performed with the filtered pressure relief system is independent of
cooling and the screening plant.

Adequacy of verification

The requirement verification is based on qualitative reasoning and references design documentation and
proofs of separation and independence. The methods used is seen as satisfactory.
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Proposals for improvement

Proof of independence could be complemented with input from the PSA, e.g. by performing a Safe
Shutdown Analysis.

Requirement No. 2. – BESEP_DSA_FSEP_002: The safety divisions hosting redundant parts of safety
systems shall be located in different buildings or housed in dedicated compartments to separate them from
the other safety divisions in the same building in order to prevent faults from spreading from one redundant
system part to another as a result of external events.

Summary of the verification process

Within event class DBA the credited action is manual opening of recirculation of heated outlet water at
indication in MCR of low water temperature at the outer strainers. The inlet and the outlet channels are
connected by the recirculation channel, but since the water of the outlet channel is heated there is no risk for
the external event of frazil ice to affect the recirculation function.

Within the event category DEC-A and sub category “Special Events”, the case of complete loss of ultimate
heat sink is included, event LUHS, by inclusion in the more severe event of Extended Loss of AC Power,
ELAP, which is motivated by that LUHS will eventually result in the same event sequence as ELAP, but has
a slower progression. Verification of the requirement is performed by proving the structural and functional
independence of SSCs belonging to the independent core cooling function, both from ordinary safety
functions and from the screening plant, e.g. the independent core cooling system is housed in a separate
building and residual heat removal performed with the filtered pressure relief system is independent of
cooling and the screening plant.

Adequacy of verification

The requirement verification is based on qualitative reasoning and references design documentation and
proofs of separation. The methods used is seen as satisfactory.

Proposals for improvement

-

Requirement No. 3. – BESEP_DSA_FSEP_003: The systems of different safety classes shall be
functionally separated so that failure of a system or component of a lower safety class does not affect a
function of a higher safety class.

Summary of the verification process

See BESEP_DSA_FSEP_001.

Adequacy of verification

-

Proposals for improvement

-

Requirement No. 4 − BESEP_PSA_ALSF_001: The potential losses of safety functions shall be evaluated
based on the resilience of the NPP against the hazards, taking into consideration current status of all
systems, structures and components relevant to nuclear safety.
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Summary of the verification process

The effect of the event frazil ice, and other phenomena that can affect the screening plant, on relevant SSCs
was identified by plant response analysis and evaluated in the PRA (see the detailed case study
description). The evaluations considered both FLEX actions for recovery of cooling of emergency diesel
generators and manual start of the retro-fitted independent core cooling system. Special emphasis was put
on the analysis of accident prevention and mitigation strategies in case of loss of SWS. Initially the activity
evaluated different conceptual FLEX strategies in order to identify, by use of PRA importance measures, the
most efficient strategies. From the PRA were also the need for additions to existing, or the need for new,
procedures identified. The final set of strategies was implemented in the PRA considering both new mobile
equipment and corresponding manual actions and routines. The PRA was also developed with new time
windows in order to address timing issues realistically.

Adequacy of verification

The verification was performed considering both existing and new SSCs, including post-Fukushima stress
test developed FLEX strategies. The PRA was also used for improving routines and procedures and to
evaluate the risk importance of different possible FLEX strategies. The verification can hence be seen as
adequate.

Proposals for improvement

Failure data for FLEX equipment and probabilities for FLEX human actions were estimated based on generic
information and data and screening values were adapted. Even though sensitivity analyses were performed,
the verification should be performed with site-specific data when such is available.

Requirement No. 5 − BESEP_PSA_ALSF_002: Complex failure combinations of systems, structures and
component initiated by external hazards shall be identified and their significance to nuclear safety shall be
evaluated.

Summary of the verification process

The effect of the event frazil ice, and other phenomena that can affect the screening plant, on relevant SSCs
was identified by plant response analysis and evaluated in the PRA (see the detailed case study
description). The evaluations considered both FLEX actions for recovery of cooling of emergency diesel
generators and manual start of the retro-fitted independent core cooling system. Special emphasis was put
on the analysis of accident prevention and mitigation strategies in case of loss of SWS. Initially the activity
evaluated different conceptual FLEX strategies in order to identify, by use of PRA importance measures, the
most efficient strategies. From the PRA were also the need for additions to existing, or the need for new,
procedures identified. The final set of strategies was implemented in the PRA considering both new mobile
equipment and corresponding manual actions and routines. The PRA was also developed with new time
windows in order to address timing issues realistically.

Adequacy of verification

The verification was performed considering both existing and new SSCs, including post-Fukushima stress
test developed FLEX strategies. The PRA was also used for improving routines and procedures and to
evaluate the risk importance of different possible FLEX strategies. The verification can hence be seen as
adequate.

Proposals for improvement

-

Requirement No. 6 − BESEP_PSA_ALSF_003: The important functional dependencies on physical location
and from operation, maintenance and the effects of human activities shall be considered in assessing the
potential losses of safety functions.
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Summary of the verification process

The effect of the event frazil ice, and other phenomena that can affect the screening plant, on relevant SSCs
was identified by plant response analysis and evaluated in the PRA (see the detailed case study
description). The evaluations considered both FLEX actions for recovery of cooling of emergency diesel
generators and manual start of the retro-fitted independent core cooling system. The physical location of
recirculation channels was considered in the plant response analysis, and all related and relevant human
actions was included in the PRA.

Adequacy of verification

The verification process considered all relevant dependencies and manual actions for 24 hours in the normal
PRA. For the DEC event of LUHS an additional reliability analysis was performed to verify the function for
72 hours, where additional failure modes and mitigation actions was considered. The verification process is
seen to be adequate.

Proposals for improvement

The process did not consider repair of failed equipment at long time windows, which would improve the
realism of the analysis and possibly show larger safety margins. The state of the art HRA methods does not
take credit for long grace times, which leads to conservative failure probabilities for manual actions.

Requirement No. 7. – BESEP_HFE_SAA_001: The design of user interfaces in NPP shall support the
operators in assessing any normal and abnormal situation so that they can perceive the situation,
comprehend it and finally anticipate the future status of the event.

Summary of the verification process

The DSA identifies parameters relevant to assess the state of the screening plant. The temperature
parameters that are relevant in assessing the state of the screening plant are related to the winter season at
Forsmark NPP, therefore these are presented grouped with other relevant winter season parameters.
Information regarding the position of the recirculation hatch is presented. The possibility to assess the
situation regarding frazil ice is further improved by indications and alarms based on certain limits for the
water temperature. For the DEC event of LUHS there are additional indications based on flow of water and
water level initiating the start of ICCS.

Adequacy of verification

During the verification process it is verified that the operators is notified of the screening plant status and that
from there the diagnosis can take part. The verification is also performed to ensure that the changes in the
HSI are implemented in accordance with the design requirements for the control rooms. In this case the
diagnosis can be done to some extent from the MCR and can be complemented from the LCR. The
verification process is seen to be adequate.

Proposals for improvement

-

Requirement No. 8. – BESEP_HFE_SAA_002: The visual monitors or operating panels shall provide the
operators a holistic view on the plant state and feedback from the course of event and effects from
activations and passive or automatic functions.

Summary of the verification process

When operating the recirculation hatch the feedback needed to assess the effect from activation is given by
the temperature indicator. For the DEC event of LUHS the ICCS is initiated and information regarding the
start, regulation, and monitoring is presented in a separate view. The HSI of the separate view is designed
based on design requirements for the control rooms. The parameters for assessing the plant state and
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assessing feedback from the course of event and effects from activations and passive or automatic functions
are decided by DSA.

Adequacy of verification

The verification process considers all aspects of the operators needs to be able to assess the plant state and
feedback from the course of event through parameters decided by the DSA.

Proposals for improvement

-

Requirement No. 9. – BESEP_HFE_SAA_003: Relevant information related to the procedures and guides
shall be presented for the operators to assess the situation, to see the plant response to actions and to
assess the progress of the plant state.

Summary of the verification process

See requirement No. 7 and 8.

Adequacy of verification

-

Proposals for improvement

-

Requirement No. 10. – BESEP_SEP_VV_001: V&V shall demonstrate that the included areas, spaces,
systems, structures and components, manual tasks and organizational conditions are working together as
designed and meet the safety requirements set to them.

Summary of the verification process

See requirement No. 13.

Adequacy of verification

-

Proposals for improvement

-

Requirement No. 11. – BESEP_SEP_VV_002: It shall be possible to trace the decisions made based on
the results of V&V to safety design and safety requirements.

Summary of the verification process

-

Adequacy of verification

-

Proposals for improvement

-
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Requirement No. 12. – BESEP_SEP_VV_003: The procedures and guidelines shall be systematically
validated and verified. Validation shall also address the role of human factors in the procedures and the
correct signal generation under the conditions of external hazards.

Summary of the verification process

The requirement was verified through the combined evidence of performed deterministic and probabilistic
safety analyses and human factors activities.

The PSA performed covered all relevant manual actions including FLEX actions. HRA were performed for
manual actions based on existing and newly developed procedures. Initially different conceptual FLEX
strategies were evaluated by use of PSA importance measures in order to identify the most efficient
strategies. From the PSA the need also for additions to existing, or the need for new, procedures identified.
The final set of strategies was implemented in the PSA considering both new mobile equipment and
corresponding manual actions and routines.

Procedures for the credited manual actions were developed based on input from both the PSA (HRA) and
the DSA, e.g. dependencies to other actions, timing requirements, training requirements, integration into
existing emergency operating procedures, and general factors which would increase the probability of
success. All new procedures on use of FLEX equipment were subject to hands-on tests at site, results
evaluation and experience feed-back for improvement of the procedures.

Adequacy of verification

Verification was performed thru dynamic interaction between mainly PSA and HF activities. Separate
coordination activities were deployed in order to ensure satisfying flow of information and identification of
dependencies between the different activities. All developed procedures were validated by means of testing.

Proposals for improvement

-

Requirement No. 13. – BESEP_SEP_VV_004: In the case of external hazards the NPP shall be safely shut
down and kept in a subcritical state, the residual heat removal shall be ensured and the leakages of
radioactive substances shall be kept below the specified limits.
Summary of the verification process

The requirement was verified through the combined evidence of performed deterministic and probabilistic
safety analyses and human factors activities.

In the deterministic safety analysis it is demonstrated that the plant can cope with the DBA event of frazil ice
through use of the recirculation function in combination with manual actions to minimise the expenditure of
cooling capacity. These actions ensure sufficient cooling of emergency diesel generators, core cooling
pumps and condensation pool, and hence that subcritical state will be reached. The conditions of the more
severe event of complete loss of ultimate heat sink, LUHS, is proven to be met by start of the retro-fitted
independent core cooling system with residual heat removal performed by filtered venting. The verification
process included heat transfer calculations to demonstrate that the NPSH of the pumps of the ordinary
residual heat removal system is sufficient for the high temperatures given by filtered venting, and that cold
shutdown hence can be reached after 72 hours once ordinary residual heat removal system has been
restored. It was also shown that there is sufficient water volume available for 72 hours operation of the
independent core cooling system, given implemented procedures for manual refill of water from the
demineralized water storage tank after 24 hours. The event classification was based on probabilistic
estimation of the frequency of the LUHS event.

The PSA performed covered all relevant dependencies and failure combinations with respect to the event of
frazil ice. Probability distributions for water temperatures below 0 degrees Celsius in combination with on-
shore wind speeds higher than 10 m/s were considered. The PSA considered all relevant FLEX actions and
HRA were performed for manual actions based on existing and newly developed procedures. The PSA was
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performed with the mission time of 24 hours for level 1 and 48 hours for level 2 with safe and stable state
defined as warm or cold shutdown. In addition to the PSA a separate reliability analysis of the independent
core cooling system were performed for an operating time of 72 hours in order to prove that reliability
requirements were met in the long term.

Procedures for the credited manual actions were developed based on input from both the PSA (HRA) and
the DSA, e.g. dependencies to other actions, timing requirements, training requirements, integration into
existing emergency operating procedures, and general factors which would increase the probability of
success. All new procedures on use of FLEX equipment were subject to hands-on tests at site, results
evaluation and experience feed-back for improvement of the procedures.

Separate coordination activities were deployed in order to ensure satisfying flow of information and
identification of dependencies between the different activities of PSA, DSA and human factors.

Adequacy of verification

The verification is seen as adequate. Performed safety analyses showed that subcritical condition can be
reached with sufficient reliability.

Proposals for improvement

Verification of possibilities for restoring/repairing ordinary residual heat removal system were not performed.
The PSA did not cover the transition from warm to cold shutdown in sequences with residual heat removal
by filtered venting.

Requirement No. 14. – BESEP_SEP_VV_005: The operability of systems, structures and components shall
be demonstrated in their design basis external environmental conditions.

See requirement No. 13.

Assessment of Safety Margins

In the detailed case study description two different approaches of safety margin is described, probabilistic
safety margin and deterministic safety margin.

Probabilistic safety margins

Definition

The probabilistic safety margin is defined as the difference between the calculated core damage frequency
and the predefined target of the core damage frequency (sometimes as regulatory requirement). A safety
margin is also defined in similar way for the unacceptable release frequency. The targets are set for the
plants total frequencies relating to core events. Safety margins for individual initiating events are not defined,
but cutset lists and importance measures are studied for balance in contribution and identification of possible
outliers, as well as plant barrier against core damage at the initiating event (Barrier = CDF/IE frequency).
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Assessment

The exceedance frequency for defined values of low water temperature and on-shore wind was calculated
based on local historical weather data and use of extreme value distributions. The assessment considered
probabilities for multi-unit consequences and loss of offsite power. Automatic and manual plant responses
were considered with regard to available time to meet success criteria of credited safety functions, e.g. core
cooling and residual heat removal. HRA were performed for all credited normal and FLEX actions. The event
sequences were modelled in the RiskSpectrum PSA model and calculation of frequencies and importance
measures were performed individually and accumulated for all non-screened initiating events.

Evaluation

The assessment showed that the accumulated CDF and unacceptable release frequencies were well below
adapted safety targets, and that the contribution from LUHS due to frazil ice was less than 1‰. The barrier
against core damage were more than 5E-04 which shows that the plant has a strong defence against LUHS
events.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

The performed safety margin assessment is in large consistent with the definition in chapter 4 of deliverable
2.3, though the margin does not include parametric uncertainties.

Proposals for Improvement

Although parametric uncertainty analysis was performed no evaluation of safety margins considering
uncertainties, e.g. 90-percentile of CDF, were performed.

Deterministic safety margins

Definition

The deterministic safety margin perspective, which is generally related to the different levels on defence-in-
depth and event classes (frequency for events), is illustrated in the figure below.

In this view the Safety margin against design base external events is realised by systems (independent core
cooling system, ICCS) which are verified to withstand loads higher than the DBA load for external events.
Therefore, there is a safety margin on plant level to withstand beyond-DBA without core damage occurring.
If a complete loss of ultimate heat sink occurs the normal safety functions relying on the ultimate heat sink
for cooling will not function, but the ICCS in combination with filtered venting will provide for the reactor
reaching a subcritical state.

From another aspect, there is also a safety margin for the DBA event in the capacity of water heating
dependant on the flow of water over the strainers, which gives a margin to either (or both) the water
temperature and the required mass of water.
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Assessment

The assessment is made by verifying the ICCS function for BDBA loads for external event such as LUHS for
a prolonged mission time (72 h). The verification for the ICCS is made for a limited number of external events
and with a realistic approach. The safety margin for the DBA event is assessed by mass flow calculations.

Evaluation

The verification of the ICCS showed that it can withstand more extreme events than the DBA event and
gives a safety margin against core damage due to BDBA external events.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

The type of deterministic safety margin described is not addressed in Chapter 4 of deliverable 2.3. The
safety margin described in Figure 16 is related to a function/system and a specific parameter whereas the
safety margin presented in the case study is related to different functions (diversity). One way to interpret
figure 16 is to modify it according to the figure below.

Proposals for Improvement

The definition of safety margin could be improved. The two examples in this case study are not in agreement
with de definition for deterministic safety margin according to Chapter 4 of Deliverable 2.3. Otherwise, the
safety margin described above is clearly defined by Swedish authorities as the margin of the plan to
withstand external events with higher magnitude than DBA-level.
Interactions between DSA, PSA and HFE

The assessment contained interactions between the DSA and the PSA to some extent, e.g. loads and
frequencies of events, plant response analysis, verification of ICCS reliability, though the main interactions
were between PSA and human factors concerning identification, development and evaluation of FLEX
strategies. The process was iterative where input to PSA was on one hand given from HF concerning FLEX
procedures to consider, and on the other hand the PSA identified improvements of suggested FLEX
strategies (e.g. concerning equipment, actions, timing) or completely new strategies that was fed back to HF.
Also, from the HRA activity of the PSA input was given to HF on the need for development of existing
emergency operating procedures in order to fit/connect with the new FLEX procedures. Results from training
and testing activities of FLEX strategies were fed back to the HRA in the PSA.

Evaluation of Adequacy

The interactions between the analyses are:
 Input of loads and frequencies for external events (PSA->DSA)
 Plant response analysis (PSA <-> DSA)
 Stress test leads to FLEX strategies and manual actions (PSA/DSA->HF)
 Evaluation of FLEX strategies and procedures (PSA <-> HF)

Interactions between DSA and PSA/HF were performed in possible extent with regard to the differences in
prerequisites between the analyses, while the interactions between HF and PSA were systematic,
continuous and dynamic through the process.
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Proposals for Improvement

Improved dynamic interaction between DSA and PSA/HF would be beneficial and lead to better risk informed
strategies, better compliance between DSA/PSA and more cost-effective SEP.
Characterization of the Overall Safety Engineering Process

The safety engineering process (SEP) is not described in the detailed case study, it is only the flow of
information between the safety analyses that are described.

The case study describes a process that has been ongoing for a long time period, initiated in part by actual
events on similar designs, stress tests following the Fukushima accident, and in part by new regulations from
the Swedish authorities stating that external events should be considered in design. Therefore, re-
qualification for fulfilment of the new regulations were initiated including the plants defences against LUHS
events. The project followed the engineering process at Forsmark NPP used for plant modifications. The
SEP is an integrated part in the engineering process, as described in the figure below.

The engineering process for plant modifications is based on the classic V-model as described in Deliverable
2.3. The SEP is integrated in the engineering process and is highlighted in the green boxes in the figure. An
important phase is the iteration between incoming plant design/requirements, system design and safety
assessment which is like the process described in figure 2 in Deliverable 2.3. The process described in the
figure above in combination with the process of interactions between the different analyses forms the SEP.
Since the SEP is not described in detail in the detailed case study description the case study will be updated
with a description of the SEP.

Safety requirements

The incoming safety requirements in the case study is the requirement that SSC relevant for safety should
be protected against external events including events with a frequency of 10−5/year.

Supporting safety analyses

The supporting analyses are described in the case study description and in the verification of requirements
section above.
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Related plant design

Based on the safety requirement and the supporting analyses the decision was to install the ICCS and to
add certain FLEX equipment and procedures.
Further Lessons Learned

External hazards were not considered in detail in the original plant design even though some parts of the
plant were protected against higher external loads than normal civil structures (basically containment).
During the last 10-15 years both regulations and experience from events (Fukushima) have highlighted
external events. This have initiated requalification of building structures against external loads which have
led to development of assessment methods for structural verifications. The requalification has also led to
plant modifications as demonstrated in this case study.

In the newest requirements from the Swedish authority, it is stated that the plant should withstand external
loads corresponding to a return frequency of 10−5 /year as design bases for safety functions (also stated in
old requirement from 2008). Moreover, design extension conditions (DEC A) for external events are defined
as loads corresponding to a return frequency of 10−5 − 10−6 /year. The requirement for DEC A external
events is basically an incorporation of the design conditions for the independent core cooling system stated
by the authority. Hence, both DBA external events end DEC external events are covered by the
requirements and is also reflected in the present plant design.

Balance between allocated analysis resources and the plant level risk significance

No detailed evaluation of the resources involved in the work related to the case study can be done. The main
reason for this is that the work has been on-going for several years and in different projects and also in
normal work within the organisation involving numerous of resources. Hence, it is not possible to estimate
the actual work effort that have been used. Related to the plant risk significance the updated PSA-study
shows that the contribution from the frazil ice event to the total CDF was significant before implementing the
recirculation of warm outlet water, while the contribution decreased with a factor 1000 due to the
recirculation. The installation of the ICCS and developed FLEX procedures had small effect on the plant risk
due to frazil ice (although large effect with respect to other initiating events).

C.2.4 Case 4: Evaluation of Plant Vulnerabilities to Riverine Events

Self-Evaluation of Fulfilling Baseline Requirements
Responsible Organization(s): NUBIKI Nuclear Safety Research Institute
Case Study Identifier: LUHS_4
Date: 28.04.2022
Case Study Title: Evaluation of Plant Vulnerabilities to Riverine Events
Fulfilment of Safety Requirements

Scope of the Requirements Verified

The verification of those requirements are included in the case study in relation to the evaluation of plant
vulnerabilities to riverine events that are given in bold typeface from the complete list of requirements
assigned to the different safety requirement topics below:
 Functional separation to provide defence against failure propagation (DSA):

o BESEP_DSA_FSEP_001: The safety systems, structures and components, including auxiliary
or supporting systems thereof, shall be protected from interaction with failed systems,
structures or components as far as reasonably practicable.

o BESEP_DSA_FSEP_002: The safety divisions hosting redundant parts of safety systems shall be
located in different buildings or housed in dedicated compartments to separate them from the other
safety divisions in the same building in order to prevent faults from spreading from one redundant
system part to another as a result of external events.

o BESEP_DSA_FSEP_003: The systems of different safety classes shall be functionally
separated so that failure of a system or component of a lower safety class does not affect a
function of a higher safety class.

 Assessment of potential losses of safety functions (PSA):
o BESEP_PSA_ALSF_001: The potential losses of safety functions shall be evaluated based on
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the resilience of the NPP against the hazards, taking into consideration current status of all
systems, structures and components relevant to nuclear safety.

o BESEP_PSA_ALSF_002: Complex failure combinations of systems, structures and
components initiated by external hazards shall be identified and their significance to nuclear
safety shall be evaluated.

o BESEP_PSA_ALSF_003: The important functional dependencies on physical location and
from operation, maintenance and the effects of human activities shall be considered in
assessing the potential losses of safety functions.

 Situation awareness and assessment (HFE):
o BESEP_HFE_SAA_001: The design of user interfaces in NPP shall support the operators in

assessing any normal and abnormal situation so that they can perceive the situation, comprehend it
and finally anticipate the future status of the event.

o BESEP_HFE_SAA_002: The visual monitors or operating panels shall provide the operators a
holistic view on the plant state and feedback from the course of event and effects from activations
and passive or automatic functions.

o BESEP_HFE_SAA_003: Relevant information related to the procedures and guides shall be
presented for the operators to assess the situation, to see the plant response to actions and
to assess the progress of the plant state.

 Verification and validation (V&V) of design (SE)
o BESEP_SEP_VV_001: V&V shall demonstrate that the included areas, spaces, systems,

structures and components, manual tasks and organizational conditions are working
together as designed and meet the safety requirements set to them.

o BESEP_SEP_VV_002: It shall be possible to trace the decisions made based on the results of V&V
to safety design and safety requirements.

o BESEP_SEP_VV_003: The procedures and guidelines shall be systematically validated and
verified. Validation shall also address the role of human factors in the procedures and the
correct signal generation under the conditions of external hazards.

o BESEP_SEP_VV_004: In the case of external hazards the NPP shall be safely shut down and
kept in a subcritical state, the residual heat removal shall be ensured and the leakages of
radioactive substances shall be kept below the specified limits.

o BESEP_SEP_VV_005: The operability of systems, structures and components shall be
demonstrated in their design basis external environmental conditions.

It was found during verification that the requirements that are not bolded have no practical relevance in this
case study. Therefore, no meaningful conclusion can be drawn from the case study concerning the fulfilment
of these requirements.

Evaluation of the Different Requirements

Requirement No. 1. – BESEP_DSA_FSEP_001: The safety systems, structures and components, including
auxiliary or supporting systems thereof, shall be protected from interaction with failed systems, structures or
components as far as reasonably practicable.

Summary of the Verification Process

Based on the post-Fukushima stress test for the Paks NPP, 9 safety measures were implemented to cope
with loss of ultimate heat sink situations (see Section 3 of the detailed case study description for details).
These measures were taken in order to enable the use of the fire water system for the following main
interventions:

1. direct water injection into the steam generators;
2. ensuring cooling water to some designated consumers of the essential service water system;
3. water injection into the spent fuel pool (SFP).

In order to provide long-term heat removal through the steam generators (i.e. measure no. 1 above), the
necessary conditions have been ensured for feeding external cooling water from the existing connection
points in the plant yard area via existing feed lines to the auxiliary emergency feed water system. The key
element to recover from loss of the ultimate heat sink is the connection between the essential service water
system, the technological service water system and the fire water system (i.e. measure no. 2 above). At units
1 and 2, supply of fire water to the essential service water system via the normal service water system was
readily achievable through built-in connections and assemblies. The same interconnection possibility has
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been provided for the corresponding systems at units 3 and 4. The loss of the essential service water system
would result in the loss of SFP cooling. An alternative pathway of supplying external water to the SFPs has
been provided (i.e. measure no. 3 above). Over and above these interventions, some subparts of the fire
water system have also been upgraded to enable operation in various accident conditions.

The implemented safety measures aim at utilizing plant equipment not affected by river contamination.
Initially, the removal of the water intake filters was also considered as a candidate measure to handle such
an event by trying to use contaminated water for cooling purposes with the cooling system of the NPP;
however, this option was dismissed.

Adequacy of Verification

Dedicated safety measures were implemented in order to ensure efficient accident mitigation in loss of
ultimate heat sink situations. These measures include the application of portable equipment and the support
of the on-site fire brigade that may be regarded as a widely accepted approach in the post-Fukushima era.
Hence, it can be concluded that the fulfilment of the given requirement can be considered as complete with
good technical quality.

Proposals for Improvement

Although the implemented measures have proven to be technically adequate and efficient for accident
mitigation purposes, installation of independent, stationary diesel generators to provide power supply to the
well station pumps is seen as a most effective measure for safety enhancement. If this is accomplished, then
quick recovery of off-site power is not absolutely necessary any further, since the massive sources of water
supply from the well station can ensure cooling water to the emergency diesel generators and for decay heat
removal through the steam generators.

Requirement No. 2. – BESEP_DSA_FSEP_003: The systems of different safety classes shall be functionally
separated so that failure of a system or component of a lower safety class does not affect a function of a
higher safety class.

Summary of the Verification Process

Detailed plant response analysis was performed to identify the mitigation systems that can be relied upon
and the measures to be applied in case of loss of ESWS. All the measures related to enabling direct water
injection into the steam generators, the essential service water system as well as the spent fuel pools from
external, low pressure water sources using mobile equipment with the support of the on-site fire brigade of
the Paks NPP were evaluated whether they can effectively serve the purposes of mitigation in such
situations (see the verification process discussed for requirements No. 3 above). Besides, if recovery of off-
site power is successful, then the emergency and auxiliary emergency feed water systems can ensure
residual heat removal until the demineralized water sources are used up in open loop heat removal. Taking
the demineralized water supplies and the decrease of residual heat in time into account, safe cooling
conditions can be ensured for 110 hours after reactor scram by means of this cooling configuration.

The safety class of all mobile equipment used by the on-site fire brigade of the Paks NPP are lower than the
safety classes of the emergency and auxiliary emergency feed water system (safety class 3). The two types
of systems share some short common pipelines (e.g. the headers of the auxiliary emergency feed water
system). This is because, practically, the mobile equipment used for providing coolant from external low
pressure sources cannot be fully separated from some existing piping systems. However, despite these
common parts, it can be stated that these systems are separated physically so that the failure of the mobile
equipment do not have any adverse effects on the operation of the emergency and the auxiliary emergency
feed water system.

Adequacy of Verification

The verification process can be regarded as adequate, separation of the systems of different safety classes
are ensured as far as reasonably practicable so that the failure of a system or component of a lower safety
class does not affect a function of a higher safety class.
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Proposals for Improvement

No proposal for improvement was identified in the verification process of this requirement.

Requirement No. 3. – BESEP_PSA_ALSF_001: The potential losses of safety functions shall be evaluated
based on the resilience of the NPP against the hazards, taking into consideration current status of all
systems, structures and components relevant to nuclear safety.

Summary of the Verification Process

Detailed plant response analysis as well as risk assessment (see Section 4.2 and 4.3 of the detailed case
study description for details) were performed for events that can cause loss of the ultimate heat sink due to
the discharge of dangerous substances into the river Danube. All the plant modifications implemented on the
basis of the conclusions of the stress test of the plant were considered in these analyses. Special emphasis
was put on the analysis of accident prevention and mitigation strategies in case of loss of ESWS. Beyond
human actions already modelled in the internal events PSA, eight human actions were identified and newly
introduced into the PSA model. The core damage risk attributable to external events endangering water
intake was quantified and the main risk contributors were identified. Based on the quantified risk measures
and risk contributors, some plant vulnerabilities were revealed and safety concerns were reported.

Adequacy of Verification

The potential loss of a safety function (i.e. loss of ultimate heat sink due to river contamination) was
evaluated by using risk assessment and considering all the systems, including portable equipment, that may
serve the purposes of accident mitigation in the event of loss of ultimate heat sink. The use of portable
equipment recently made available at the Paks NPP was modelled by applying state-of-practice approaches.
Consequently, it can be concluded that the fulfilment of the given requirement may be regarded as complete
with high technical quality.

Proposals for Improvement

It was found that the existing PSA data was not applicable to the pumps of the well station at the Danube
bank, the diesel driven firewater pumps, the mobile fire-fighting pumps and the diesel generators used for
severe accident management. Hence, in lack of plant specific data, reliability data was taken from the
NUREG/CR-6928 report based on the similarities in technical characteristics of the pumps and the diesel
generators. Plant specific reliability data should be collected and evaluated for these components and the
reliability parameters taken from international databases should be updated by using plant specific
information. Until plant specific data become available, more detailed sensitivity studies are seen necessary
in order to better understand the role of the reliability of the portable equipment credited in the analysis.

Requirement No. 4. – BESEP_PSA_ALSF_002: Complex failure combinations of systems, structures and
components initiated by external hazards shall be identified and their significance to nuclear safety shall be
evaluated.

Summary of the Verification Process

Originally, loss of the river Danube as the ultimate heat sink had been screened out from situations that
should be considered in the design basis or beyond, as no external or internal hazards had been identified
that might cause such a situation with a non-negligible occurrence frequency. Additional hazard assessment
for external events endangering cooling water intake from the river Danube has been performed to better
examine this issue. The hazard assessment has resulted in a higher frequency for the occurrence of Danube
contamination than the threshold of 10−7/a set as a criterion for probabilistic screening in the safety analyses
of the plant. Consequently, risk assessment was performed for events that can cause loss of the ultimate
heat sink due to the discharge of dangerous substances into the river Danube. The core damage risk
attributable to external events endangering water intake was quantified and the main risk contributors were
identified. In accordance with the nature of PSA, the development of accident sequences that can be
initiated by the analysed riverine events covered the identification and probabilistic modelling of a broad
range of complex failure combinations of systems, structures and components. Attempts were made to make
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the analysis as complete as possible from this respect. Based on the quantified risk measures and
contributors, some plant vulnerabilities were revealed and safety concerns were reported.

Adequacy of Verification

The total loss of the ultimate heat sink can be regarded as complex failure combinations of systems. The
LUHS due to external events related to Danube contamination was identified and the risk attributable thereto
was assessed. In summary, it can be concluded that the fulfilment of the requirement in question can be
considered as complete with good technical quality in terms of Danube contaminations.

Proposals for Improvement

Various follow-on analyses and actions are seen necessary to enable a more accurate assessment of the
loss of ultimate heat sink potential and an adequate treatment of the consequences of endangering events.
An example of the proposed follow-on analyses is an in-depth evaluation of changes in heat transfer
effectiveness in heat exchangers due to Danube contamination including oil and oil by-products in particular.
The scope of the endangering events that should be subject to detailed risk assessment has to be reviewed
after performing the proposed further analyses.

Requirement No. 5. – BESEP_PSA_ALSF_003: The important functional dependencies on physical location
and from operation, maintenance and the effects of human activities shall be considered in assessing the
potential losses of safety functions.

Summary of the Verification Process

Similarly to the PSA for internal events, human reliability analysis (HRA) within the PSA for external events
endangering water intake from the river Danube at NPP Paks was aimed at identifying and quantifying of
those safety significant human failure events that can take place either prior to a plant disturbance or during
evolution of an accident. The potential erroneous actions were identified in the course of event tree analysis
and fault tree development. Beyond human actions already modelled in the internal events PSA, eight
human actions were identified and newly introduced into the model (besides “recovery from loss of ESWS”).
The dependence between the different human actions was also studied (e.g. commonalities or similarities in
crew members, operating procedures and human-machine interface) and considered during the introduction
of the human failure events and the corresponding human error probabilities into the PSA model. For
example, actions performed by the same on-site fire brigade of the Paks NPP were considered as highly
dependent, since the same crew needs to perform time-consuming, complex local tasks using the same
equipment. Some actions are common for multiple mitigation measures, e.g. when the on-site fire brigade
provides water supply to the steam generators from different sources, the operators need to set the path
between the fire water system and the steam generators, regardless of the utilized water source.

Adequacy of Verification

With respect to addressing important functional dependencies, the assessment on potential losses of safety
functions focused primarily on the dependencies between the effects of human activities. Consideration of all
other types of functional dependencies were self-evident, e.g. simultaneous loss of all ESWS, condenser
and technological cooling water system trains due to their same physical location. In summary, it can be
concluded that the fulfilment of the requirement in question can be regarded as complete with good technical
quality.

Proposals for Improvement

The modelling of functional dependencies between human actions was primarily based on expert judgement
aimed at avoiding the use of optimistic assumptions. Hence, the assessment may be regarded as rather
conservative. Some sensitivity assessment would help to understand the impact of these conservative
assumptions on the risk results and the associated conclusions that can be drawn from the analysis.

Requirement No. 6. – BESEP_HFE_SAA_003: Relevant information related to the procedures and guides
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shall be presented for the operators to assess the situation, to see the plant response to actions and to
assess the progress of the plant state.

Summary of the Verification Process

The use of plant systems and components to cope with a loss of ultimate heat sink situation induced by river
contamination is described only at a high level in the emergency operating procedures and in the severe
accident management guidelines. System specific as well as other types of operating procedures provide
more detailed guidance on how to tackle such situations. The following measures were aimed at providing
supplements or making improvements to these procedures:

1. Enable the use of demineralized water through the auxiliary emergency feed water system,
implement the necessary modifications in the plant procedures;

2. Ensure the conditions for preparing and storing boric acid solutions from external water sources,
implement the necessary modifications in the plant procedures;

3. Establish an alternative route to supply cooling water into the spent fuel pool, implement the
necessary modifications in the plant procedures;

4. Ensure the possibility of cooling at least one emergency diesel generator per unit from the fire water
system, implement the necessary modifications in the plant procedures;

5. Install equipment needed for the use of external cooling water supply in case of severe accidents
and develop the necessary procedures for maintenance and testing;

6. Amend plant operating procedures with a description of how to make use of external cooling water
supply sources.

Adequacy of Verification

The necessary actions that should be taken to efficiently cope with a loss of ultimate heat sink situation have
been specified in plant operating procedures. Hence, it can be concluded that the fulfilment of the given
requirement may be regarded as complete with sufficiently high technical quality in terms of improving the
relevant operating procedures.

Proposals for Improvement

System specific as well as other types of plant operating procedures provide guidance on how to tackle loss
of ultimate heat sink situations, which helps fulfil the requirement in question. However, the symptom-
oriented emergency operating procedures in use at the plant do not include the strategy and the associated
instructions for secondary side cooling by the use of the fire water system in sufficient details. Similarly to the
seismic safety concept elaborated earlier at the plant, it appears advisable to set up an operational and
transient mitigation strategy and specify the corresponding sequences of actions needed to be taken in case
of Danube contamination. Use should be made of the proposed strategy to amend the symptom-oriented
emergency operating procedures with an accurate description of actions to take in response to the
symptoms characteristic for those plant transients that can be induced by Danube contamination.

Requirement No. 7. – BESEP_SEP_VV_001: V&V shall demonstrate that the included areas, spaces,
systems, structures and components, manual tasks and organizational conditions are working together as
designed and meet the safety requirements set to them.

Summary of the Verification Process

The on-site fire brigade of the Paks NPP performed extensive tests at first on the 23rd of August 2011 in
order to verify the feasibility of implementing the external injection paths from the river Danube to the
auxiliary emergency feed water system using fire hoses and mobile pumps. The injection path was
established between the cooling water channel and the existing connection points in the plant yard area to
the auxiliary emergency feed water system. To ensure and maintain sufficient cooling, cascade operation of
2 FOX and 1 Honda type mobile pumps were seen necessary. According to the measured data, sufficient
water flow rate (60 m3/h) and pressure (3.5 bar) could be ensured in this configuration. It is noted that multi-
unit aspects were also considered when the adequacy of the available flow rate and pressure were
evaluated, i.e. attention was paid to the needs of all the other units in a multi-unit scenario (station blackout
or loss of ultimate heat sink). Several similar tests were performed subsequently. These tests also served the



[945138] BESEP – Benchmark Exercise on Safety Engineering Practices Page 214/268

purposes of training the concerned plant personnel on the implementation of the required emergency
operations.

Adequacy of Verification

On the basis of the abovementioned tests and training sessions it was properly demonstrated that the
included areas, spaces, systems, structures and components, manual tasks and organizational conditions
are working together as designed and meet the safety requirements set to them.

Proposals for Improvement

To ensure a full scope verification and validation of the capabilities of the mobile equipment and the
permeability of the pipelines to the auxiliary emergency feed water system, the full path should be tested,
instead of checking the fulfilment of required operational conditions up to the existing connection points in
the plant yard area only. It should be noted that such more extensive tests can only be performed in
shutdown conditions, when the steam generators are depleted.

Requirement No. 8. – BESEP_SEP_VV_003: The procedures and guidelines shall be systematically
validated and verified. Validation shall also address the role of human factors in the procedures and the
correct signal generation under the conditions of external hazards.

Summary of the Verification Process

The verification process presented for requirements No. 6 and 7 above are also applicable to this
requirement. The use of plant systems and components to cope with a loss of ultimate heat sink situation
induced by river contamination is described only at a high level in the emergency operating procedures and
in the severe accident management guidelines. System specific as well as other types of operating
procedures provide more detailed guidance on how to tackle such situations. All these procedures were
subject to a thorough review, and supplements were provided or improvements were made to these
procedures, as seen necessary. The test and training programs, e.g. the ones indicated in relation to the
verification process for requirement 7 above, reinforce the validation and verification of the relevant
procedures and guidelines.

Adequacy of Verification

It can be concluded that the relevant procedures and guidelines have been systematically validated and
verified during their review and improvement, as well as in the related test and training programs. This
validation also addresses the role of human factors in the procedures.

Proposals for Improvement

No proposal for improvement was identified in the verification process of this requirement.

Requirement No. 9. – BESEP_SEP_VV_004: In the case of external hazards the NPP shall be safely shut
down and kept in a subcritical state, the residual heat removal shall be ensured and the leakages of
radioactive substances shall be kept below the specified limits.

Summary of the Verification Process

Four largely similar VVER-440 type reactors are in operation at the Paks site. The water intake facility is
common for units 1 and 2, and also for units 3 and 4 (so-called twin units). The two separate water intake
facilities are almost identical and located next to each other. Consequently, it could be assumed that all
water intake filters would be blocked shortly after one another in case of a harmful riverine event. Loss of
ESWS requires reactor shutdown according to the operational limits and conditions. It was conservatively
assumed in the analysis that simultaneous shutdown of all four units would induce loss of off-site power.
Nevertheless, any physical damage, additional transients or serious anomalies were not supposed in the
off-site power grid during the evolution of this event. Since the shutdown of the plant units is induced other
than grid related causes (i.e. by river contamination alone), the off-site power could presumably be
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recovered within a couple of hours at maximum.

The following water resources are available on-site for transient mitigation:
 demineralized water supply (6·960 m3 for the four units);
 water in the discharge water channel (4·2000 m3 for the four units);
 virtually unlimited supply of water from the fishing lakes and the well station.

If recovery of off-site power is successful, then the emergency and auxiliary emergency feed water systems
can ensure residual heat removal until the demineralized water sources are used up in open loop heat
removal. Taking the demineralized water supplies and the decrease of residual heat in time into account,
safe cooling conditions can be ensured for up to 110 hours after reactor scram by means of this cooling
configuration.

Motivated by the post-Fukushima Targeted Safety Reassessment, cross connection between the fire water
system and the ESWS has been implemented. The characteristics of the different fire water subsystems
(pump stations) were analysed and evaluated in detail by giving considerations to all the relevant technical
factors including the adequacy of pump capacities at the different pump stations to satisfy the minimum
necessary cooling water demand for all the units.

As described in Section 3 of the detailed case study descriptions, the fire water system can be connected
directly to the condensers too. The capacity of the pump station is sufficient to provide the minimum
necessary amount of cooling water for all the units. However, 24 hours of operation of the emergency or the
auxiliary emergency feed water system is required in open heat removal mode in any case in order to reduce
pressure and temperature in the condenser to enable injection of low pressure and low temperature water
from the fire water system or to rearrange cooling system configuration in the secondary circuit by using the
secondary decay heat removal system.

Adequacy of Verification

Based on the results of the plant response analysis summarized above, it can be concluded that the
available safety systems, structures and components, including auxiliary or supporting systems thereof can
ensure that the Paks NPP can be safely shut down and kept in a subcritical state. Also, the residual heat
removal can be maintained and the leakages of radioactive substances can be kept below the specified
limits in case of river contamination. Even though portable equipment should be utilized and support from the
on-site fire brigade is necessary to efficiently establish a safe state, it can be concluded that the fulfilment of
the given requirement may be regarded as complete with good technical quality.

Proposals for Improvement

Although the implemented measures have proven to be technically adequate and efficient for accident
mitigation purposes, installation of independent, stationary diesel generators to provide power supply to the
well station pumps is seen as a most effective measure for safety enhancement. If this is accomplished, then
quick recovery of off-site power is not absolutely necessary any further, since the massive sources of water
supply from the well station can ensure cooling water to the emergency diesel generators and for decay heat
removal through the steam generators.

Requirement No. 10. – BESEP_SEP_VV_005: The operability of systems, structures and components shall
be demonstrated in their design basis external environmental conditions.

Summary of the Verification Process

The verification process presented for requirement No. 7 above is fully applicable to this requirement too.

Adequacy of Verification

On the basis of the tests and training sessions described in relation to requirement No. 7, it was adequately
demonstrated that the relevant systems and components are operable in their design basis external
conditions too, with respect of riverine events.
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Proposals for Improvement

The proposal for improvement presented in the context of requirement No. 7 above is fully applicable to this
requirement too.
Assessment of Safety Margins

Safety margins were determined and assessed on the basis of the three main types of safety analysis, i.e.:
 probabilistic safety analysis;
 deterministic safety analysis;
 human factors engineering.

These analyses are discussed one by one below.

Probabilistic Safety Margins

Definition

The difference between the frequency of loss of ESWS due to river contamination and the regulatory
threshold for design basis natural external hazards may be regarded as a safety margin attribute. Besides,
considering the fragility curves of the water intake facility, the margin can also be defined as the conditional
failure or, more precisely, the conditional success probability at the design basis contamination density level,
or as the difference between the median capacity and the design basis contamination density. Moreover, the
risk attributable to riverine events indicates the adequacy of the safety margins.

Assessment

Generally, the objective of hazard assessment for external events is to determine exceedance frequencies
for various values of a parameter which represents best the load induced by an external hazard. Primarily,
loss of ultimate heat sink due to Danube contamination was the subject of hazard assessment, as opposed
to quantifying only the Danube contamination hazard itself. This consequence of the river contamination was
taken into account as the initiating event in the analysis. The use of this approach was justified by the fact
that Danube contamination can induce only one type of technological transient, namely loss of ultimate heat
sink, at the Paks plant. Moreover, identification and evaluation of a full spectrum of Danube contamination
events did not appear feasible. The assessment was performed by simultaneously analysing the hazardous
events and the effects of these events on the water intake system.

Consequently, the definition of the initiating event in question included a systematic search for all those
external events and the associated event sequences that can induce inoperability of the water intake system
due to river contamination processes. By reviewing these events and sequences, and taking the associated
uncertainties into account, the frequency of water intake blockage was estimated.

The scenarios leading to partial or total loss of the water intake systems were determined by making use of
invaluable contributions of experts in water management, environmental sciences and biology. In order to
identify and evaluate possible endangering events

1. an exhaustive list of external hazards was developed with the associated endangering events,
2. dangerous substances were described in terms of chemical, physical and biological properties,
3. those events were selected that needed detailed PSA modelling and risk quantification.

The frequency of the screened-in external events was determined by a combined use of statistical data
analysis and expert judgment as deemed appropriate according to the type of an event. The quantitative
results of hazard assessment include the frequency of loss of ESWS.

A PSA model has been developed for river contamination by applying the RiskSpectrum PSA programme.
During risk quantification, the frequency of core damage sequences was determined and the most important
risk contributors were identified. Point estimates of core damage risk were computed for each contamination
type and for the four contamination types analysed in total. In addition, importance, sensitivity and
uncertainty analyses were performed to gain further insights useful for a better characterization of risk and
for recommending safety improvements.
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Evaluation

If we designate Danube contamination as a natural hazard, the difference between the frequency of loss of
ESWS due to river contamination (i.e. 5.25 10−5 /y) and the regulatory threshold for design basis natural
external hazards (i.e. 10−4 /y) may be regarded as a safety margin attribute: 4.75 10−5 /y.

It was found unfeasible to quantify the occurrence frequency for different contamination densities
(establishing a family of hazard curves) and to determine fragility curves (i.e. conditional failure probability of
the water intake facility as the function of contamination density). Hence, the conditional success probability
at the design basis contamination density level, and the difference between the median capacity and the
design basis contamination density could not be determined.

According to the results of risk quantification, the point estimate for the annual probability of core damage
attributable to Danube contamination is 9.44·10−7 /y. This figure is the cumulative frequency from all sources
of contamination in all the plant operational states analysed. The results show that the risk from river
contamination is moderate in comparison to the risk originated from other types of initiating events analysed
in the PSA for the Paks plant. Moreover, it can also be concluded that the risk due to river contamination is
not significant in comparison to the quantitative safety criteria, i.e. 10−4 /y for core damage frequency. The
latter finding further supports the conclusion that there is sufficient safety margin beyond the design basis
river contamination.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

The interpretation of safety margins presented in this document is in good agreement with the approach
discussed in Chapter 4.3 of Deliverable 2.3. In this case study, the regulatory probabilistic safety criterion
was compared to the calculated mean risk value, which is similar to the approach described in Deliverable
2.3. The only difference is that in Deliverable 2.3 the upper bound of the uncertainty range is applied instead
of the mean value. Besides, the basis of the evaluation was the CDF value in this case study. However,
Deliverable 2.3 addresses the evaluation of risk metrics for LERF too. Similarly to the approach presented in
Deliverable 2.3, the relevant minimal cut sets as well as the importance measures related to random failures
were assessed and evaluated. On one hand, it is to be noted that several aspects addressed in Deliverable
2.3 do not seem directly applicable to the present case study. On the other hand, use was made of the
results of hazard assessment in determining safety margins in this case study, although it is not addressed in
Deliverable 2.3.

Proposals for Improvement

It is emphasized that the results of the hazard assessment can be utilized in support of determining the
safety margins if the loss of a safety function due to an external hazard is the subject of hazard assessment,
as presented in this case study. This margin can be defined as the difference between the frequency of loss
of a safety function due to a certain external event and the regulatory threshold for design basis external
hazards.

Deterministic Safety Margins

Definition

From the point of view of hazard characterization and hazard assessment, a potential definition of
deterministic safety margin could be the difference of the blockage potential of a design basis contamination
event in terms of contamination density and the capacity of the filters in the water intake facility. Moreover,
concerning plant response characterization (plant response analysis), the deterministic safety margin can be
defined as the number of the different available mitigation systems in place to cope with the effects of river
contamination.

Assessment

As it was mentioned earlier, loss of ultimate heat sink due to Danube contamination was the subject of
hazard assessment, as opposed to quantifying only the Danube contamination hazard itself. The use of this
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approach was justified by the fact that Danube contamination can induce only one type of technological
transient, namely loss of ultimate heat sink, at the Paks plant. Moreover, identification and evaluation of a full
spectrum of Danube contamination events did not appear feasible. However, the maximum probable density
of the different types of characteristic Danube contamination have also been determined based on
deterministic analyses, which served as input to defining the design basis of the water intake system.

The following water resources are available on-site for transient mitigation:
 demineralized water supply (6·960 m3 for the four units);
 water in the discharge water channel (4·2000 m3 for the four units);
 virtually unlimited supply of water from the fishing lakes and the well station.

If recovery of off-site power is successful, then the emergency and auxiliary emergency feed water systems
can ensure residual heat removal until the demineralized water sources are used up in open loop heat
removal. Taking the demineralized water supplies and the decrease of residual heat in time into account,
safe cooling conditions can be ensured for up to 110 hours after reactor scram by means of this cooling
configuration.

Motivated by the post-Fukushima Targeted Safety Reassessment, cross connection between the fire water
system and the ESWS has been implemented. The characteristics of the different fire water subsystems
(pump stations) were analysed and evaluated in detail by giving considerations to all the relevant technical
factors including the adequacy of pump capacities at the different pump stations to satisfy the minimum
necessary cooling water demand for all the units.

As described in Section 3 of the detailed case study descriptions, the fire water system can be connected
directly to the condensers too. The capacity of the pump station is sufficient to provide the minimum
necessary amount of cooling water for all the units. However, 24 hours of operation of the emergency or the
auxiliary emergency feed water system is required in open heat removal mode in any case in order to reduce
pressure and temperature in the condenser to enable injection of low pressure and low temperature water
from the fire water system or to rearrange cooling system configuration in the secondary circuit by using the
secondary decay heat removal system.

Evaluation

On one hand, a solid technical basis could not be established for quantifying the blockage potential in terms
of contamination density, even though the capacity of the filters in the water intake facility had been analysed
in detail. Hence, the hazard assessment did not allow a deterministically driven characterization of the safety
margin or an assessment of the potential for cliff-edge effects.

On the other hand, it can be concluded that the number and the capacity of available safety systems,
structures and components, including auxiliary or supporting systems thereof are sufficient, and theses plant
items are protected from the effects of Danube contamination as well as from interaction with failed systems
or components. It underpins the conclusion that there is a sufficiently high level of plant protection, hence an
appropriate safety margins in place against the effects of river contamination, i.e.:
 four diverse and redundant water resources are available on-site for transient mitigation;
 in full power operation five, in low power and shutdown states four redundant and, to a large extent,

diverse pump stations (mostly fire water subsystems) are available to cope with loss of ultimate heat
sink scenarios.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

The deterministic analysis in this case study focuses on the feasibility of the potential mitigation measures
including systems as well as interventions that are designed to cope with loss of ultimate heat sink
scenarios, as this aspect is generally the most relevant concern when the protection against external events
endangering water intake of the NPP is to be verified. Chapter 4.2 of Deliverable 2.3 deals mostly with
physical phenomena and plant parameters that are to be assessed primarily by thermo-hydraulic and reactor
physics calculations (see the listing at the end of the Chapter). Such assessments had also been performed
during the design of the different mitigation systems prior to the analyses reported in this case study to justify
that the mitigation actions can ensure a safe plant state if the necessary interventions are taken in a timely
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manner. For example, it was assessed whether forced pressure reduction at the secondary side and
injection of low-pressure feed water into the steam generators could ensure a long-term safe, stable state of
the plant or not. Consequently, it would have been feasible to assess the deterministic safety margins in this
case study as it is interpreted in Deliverable 2.3; however, those aspects were not in the interest of the case
study, as it is typically not a decisive factor when the protection against external hazards needs to be
verified.

Proposals for Improvement

From the point of view of hazard characterization and hazard assessment, the difference of the hazard
potential of a design basis external event and the capacity of the relevant plant SSCs could be interpreted as
a safety margin attribute too. Moreover, concerning plant response characterization (plant response
analysis), the deterministic safety margin can be defined as the number of the different available mitigation
systems in place to cope with the effects of river contamination.

Safety Margins for Human Actions

Definition

An attribute of safety margins for human actions was defined as the conditional failure probability or, more
precisely, the conditional success probability of recovery from loss of ESWS within the timeframe automatic
actuations can ensure a safe stable state without the need for any operator interventions, if the off-site power
is restored. Similarly, the difference between the time window automatic interventions can prevent core
damage, if normal power supply is available and the mean time to recovery from loss of ESWS was
considered as a relevant indicator of safety margins for human actions. Moreover, the Risk Increase Factor
for all human actions beyond recovery from loss of ESWS was regarded as an additional attribute to safety
margin, since it indicates core damage risk when all human actions fail and the role of human actions in such
scenarios.

Assessment

In addition to the human actions already modelled in the internal events PSA, eight human actions were
identified and newly introduced into the model (beyond “recovery from loss of ESWS”):
 plant personnel install and start up the diesel-driven pump station for the discharge channel of the

condensate cooling water system;
 operators set the path between the fire water system and the essential service water system, and close

the paths to selected consumers of the essential service water system;
 on-site fire brigade ensures cooling water to the diesel generators from a fire hydrant;
 plant personnel transport diesel generators used for severe accident management to the well station on

the Danube bank;
 on-site fire brigade provides water supply to the steam generators from the demineralized water tank;
 on-site fire brigade provides water supply to the steam generators from other sources;
 operators set the path between the fire water system and the steam generators;
 operators fill up the high boron concentrate tanks (TB) from the pure condensate tanks (TK);
 on-site fire brigade provides water supply to the SFP from the tank TB.

The Success Likelihood Index Method (SLIM) was used for quantifying the human failures to successfully
perform the required actions listed above. The decision on using SLIM was driven by an expectation that this
method can be used relatively flexibly and in a structured manner to incorporate expert opinion into the HRA
quantification process so that the effects of key performance influences specific to the human actions in
question can be readily and explicitly shown in the estimates of human error probability (HEP).

An expert group was set up to help quantify HEPs using SLIM. This group studied the required human
interventions in detail, established a set of performance shaping factors (PSFs) based on an understanding
of the conditions for human actions, assessed the relative weight of the different PSFs, calibrated the used
factors and rated the interventions from the point of view of the PSFs. The following performance shaping
factors (influences) were considered as the most important ones for the human actions and related human
failure events assessed:
 environmental conditions;
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 time constraint / emergency stressor;
 task complexity;
 human-machine interface;
 qualification and training;
 required level of team integration and team work to successfully perform the action;
 quality of procedures.

In addition to the human failure events quantified by using SLIM, recovery from loss of ESWS was also
assessed in HRA. The recovery failure probability was quantified by assuming that time to recovery is a
random variable predominantly characterised by the mean (average) recovery time, assessing the time
window for recovery and evaluating the probability of failure on the basis of the probability distribution
function considered relevant. A similar approach had been used for a limited number of recovery actions in
the internal events PSA.

Expert judgment was applied to estimate the average time to recovery by giving considerations to task
complexity, available means and available equipment for recovery, as well as the types and number of
components affected by a given type of contamination. The quantitative results of hazard assessment
include the average time to recovery from loss of ESWS for the different substances causing Danube
contamination as follows:
 crude oil or oil by-products floating under water surface: 3 days;
 toxic substances (large scale fish devastation on the Danube): 2 days;
 grains that may cause filter clogging: 0.5 day;
 river vegetation that may cause filter clogging: 3 days.

Evaluation

According to the analysis results, the conditional success probability of recovery from loss of ESWS within
the timeframe (110 hours) automatic actuations can ensure a safe stable state without the need for any
operator interventions, if the off-site power is restored are as follows for the different contamination types:
 crude oil or oil by-products floating under water surface: 0.78;
 toxic substances (large scale fish devastation on the Danube): 0.90;
 grains that may cause filter clogging: 0.9999;
 river vegetation that may cause filter clogging: 0.78.

The difference between the timeframe automatic interventions can prevent core damage, if normal power
supply is available and the mean time to recovery from loss of ESWS is expected to be:
 crude oil or oil by-products floating under water surface: 38 hours;
 toxic substances (large scale fish devastation on the Danube): 62 hours;
 grains that may cause filter clogging: 98 hours;
 river vegetation that may cause filter clogging: 38 hours.

According to the results of risk quantification, the Risk Increase Factor for all human actions beyond recovery
from loss of ESWS is 1.8, hence the risk is around 1.8·10−6 /y in case no operator action is credited other
than the recovery actions from loss of ESWS. This figure implies that the risk from river contamination is
moderate in comparison to the risk originated from other types of initiating events analysed in the PSA for
the Paks plant, even if these operator actions are not credited. Moreover, it can also be concluded that the
risk due to river contamination is not significant in comparison to the quantitative safety criteria, i.e. 10−4 /y for
core damage frequency, even if these operator interventions are not successful.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

Although there is no specific approach presented in Deliverable 2.3 to interpret safety margins for human
actions, the analysis steps addressed in the report are also performed within this case study. The human
actions were identified, and then analysed qualitatively and quantitatively, and the human failure events and
their probabilities were built into the PSA. The qualitative and quantitative assessment was based on the
identification of key influencing factors and the evaluation of the different operator actions, including recovery
from loss of ESWS with considerations to the performance shaping factors determined.

Moreover, efforts were made in the case study to quantify the safety margin for human actions by assessing
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the conditional success probability of recovery from loss of ESWS within the timeframe automatic actuations
can ensure a safe stable state without the need for any operator interventions, if the off-site power is
restored. Similarly, the difference between the time window automatic interventions can prevent core
damage, if normal power supply is available and the mean time to recovery from loss of ESWS was
assessed as a relevant indicator to safety margins for human actions. Lastly, the Risk Increase Factor for all
human actions beyond recovery from loss of ESWS was quantified as an additional attribute to safety
margin.

Proposals for Improvement

Beyond the attempt made in the case study to quantify the safety margin for human actions as presented
above, we propose to consider the difference between half an hour and the duration the operator
intervention may still lead to a safe stable state as a further attribute to safety margin for human actions. The
time window over half an hour is relevant, as it is required by national nuclear safety regulations that
operator interventions within half an hour should not be credited. It is also emphasised to establish a more
straightforward and traceable safety margin definition for human actions on the basis of applicable
importance and sensitivity measures obtained from risk assessment. The interpretation and evaluation of
such a safety margin should also be elaborated.
Interactions between DSA, PSA and HFE

Hazard assessment for river contamination was performed using a combination of deterministic and
probabilistic analyses. The assessment was made jointly by water management experts (i.e. experts in water
management, environmental sciences and biology) and PSA analysts. Consequently, hazard assessment is
a manifestation of an integrated approach, considering deterministic, probabilistic, as well as human factors
engineering aspects simultaneously. Concerning HFE, the potential to prevent the blockage of the water
intake facility by removing the contamination from the cooling water channel was considered.

Amongst others, the stress test of the Paks NPP focused on the analysis of plant response to a loss of
ultimate heat sink scenario and on the evaluation of preparedness for such an event. Earlier, loss of cooling
by the river Danube as the ultimate heat sink had been screened out from situations that should be
considered in the design basis or beyond, as no external or internal hazards had been identified that might
cause such a situation with a non-negligible occurrence frequency. The results of the stress test triggered
the implementation of safety measures in order to improve the effectiveness of coping with loss of ultimate
heat sink scenarios. Accordingly, plant response analysis was performed deterministically first, considering
HFE aspects too. Later on, when most of the safety enhancement measures defined during the stress test
were implemented, it was found that riverine events would need to be the subject of detailed risk
assessment. Hence, PSA for riverine events have been performed after the completion of deterministic plant
response analysis and the necessary system modifications. Moreover, during the development of the PSA,
HFE aspects addressed in the post-Fukushima measures were taken into account.

Evaluation of Adequacy

Hazard assessment was performed in an integrated manner, considering DSA, PSA and HFE aspects
simultaneously, that may be regarded as an adequate and mature approach. However, plant response
analysis, including the elaboration of several safety measures in order to improve the effectiveness of coping
with loss of ultimate heat sink scenarios, was initially based on deterministic analysis, considering HFE
aspects, but neglecting probabilistic assessments. PSA was used to review the adequacy of the newly
implemented safety measures from risk point of view. This interaction (evolution) of the safety analyses is not
preferred in state-of-practice safety engineering processes and should be avoided. The results of DSA and
HFE were used in PSA, as far as it was seen practicable and feasible. This interaction and interfacing can be
regarded as adequate too.

Proposals for Improvement

It is seen advantageous and advisable to utilize PSA and PSA insights as an integral part of determining the
implementation of safety measures for coping with external events, as opposed to making use of risk insights
in a follow-on manner, i.e. mostly for the purposes of reviews. Such uses of risk assessment and risk insights
can help establish the basis of plant modifications, operational and mitigation strategy, including the
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identification of the most important cornerstones, instead of making only adjustments to the available
strategy as well as SSC design laid down previously by using deterministic considerations only. In summary,
DSA, PSA and HFE should be performed simultaneously, interacting actively, so that PSA insights may be
used to underpin safety measures including plant modifications.
Characterization of the Overall Safety Engineering Process

During the Periodic Safety Review for the Paks NPP it was found that available hazard analyses did not
enable a sound conclusion whether events that can lead to loss of the ultimate heat sink due to the
discharge of dangerous or harmful substances into the river Danube could be screened out from hazards
that needed to be considered in the design and that needed to be subject to detailed analysis to quantify risk
or not. Additional hazard assessment for external events endangering cooling water intake from the river
Danube has been performed using deterministic and probabilistic analyses in a combination in order to
better examine this issue. The hazard assessment has resulted in a higher frequency for the occurrence of
Danube contamination than the threshold of 10−7 /y set as a criterion for probabilistic screening used in the
safety analyses of the plant.

Subsequently, detailed plant response analysis was performed to identify the mitigation systems that can be
relied upon and the measures to be applied in case of loss of ESWS. Originally, the Paks NPP was not
designed against loss of ultimate heat sink situations. The post-Fukushima stress test for the Paks NPP
identified the need for introducing, amongst others, 9 safety enhancement measures to successfully cope
with loss of ultimate heat sink situations. These measures have been implemented since then. All the
measures related to providing direct water injection into the steam generators, the essential service water
system as well as the spent fuel pools from external, low pressure water sources using mobile equipment
with the support of the on-site fire brigade of the Paks NPP were evaluated in the case study. It was
examined whether these measures can effectively serve the purposes of accident mitigation in such
situations. This analysis also supported the development of a detailed operational and transient mitigation
strategy to follow in case of loss of ESWS. This strategy is being developed.

Risk assessment was performed for events that can cause loss of the ultimate heat sink due to the discharge
of dangerous substances into the river Danube. The core damage risk attributable to external events
endangering water intake was quantified and the main risk contributors were identified. Based on the
quantified risk measures and risk contributors, some plant vulnerabilities were revealed and safety concerns
were reported. The results and findings of the risk assessment can help further underpin the development of
the strategy for coping with river contamination hazards.

Evaluation of Strengths and Weaknesses

It can be concluded that the safety engineering practice was initiated by the conclusions of a periodic safety
review and, indirectly, the stress test for the Paks NPP. The relevant requirements were in the forefront of
the analyses. The plant design was modified on the basis of deterministically driven plant response analysis.
At a high level, the interrelationship of safety requirements, supporting analyses and related plant design
may be regarded as acceptable. However, the scope of supporting analyses was less than complete when
safety enhancement measures to better cope with loss of ultimate heat sink situations were identified and
implemented. It was not foreseen at the beginning that all disciplines (i.e. DSA, PSA and HFE) should be
addressed in the verification of the fulfilment of the relevant requirements. On one hand, hazard assessment
had not been performed as a first step that would have underpinned the need for preparedness against such
events. On the other hand, the process cannot be considered as a truly risk-informed approach as far as the
use of PSA information is concerned because PSA insights had not been considered during the specification
of the plant modification. PSA was performed only after implementing most of the proposed plant
modifications. Moreover, there was no integrated, unified process or approach used when justifying the
fulfilment of the relevant, multi-disciplinary requirements. It is noted that even though the plant modifications
were identified on the basis of deterministic plant response analysis, further assessments, including hazard
assessment and PSA for riverine events, verified the need and the sufficiency of the plant modifications
implemented earlier. To sum up, it was a weakness in the safety engineering process that the different types
of analyses pursued and the plant modifications made to verify the requirements were not performed in an
integrated manner, and by considering the different aspects in combination and in parallel.
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Proposals for Improvement

During the identification and implementation of safety enhancement measures to successfully cope with
external hazard induced scenarios not considered originally in the design of an NPP, an action plan and a
road map should be developed that integrates the various analysis types necessary for verification. Of
particular importance is planning of the interconnections among the different types of analyses and analysis
steps, including the definition of milestones, application of unified input data, scheduling meetings to be
organised to inform each other on intermediate or final results of a certain analysis type. A generalist expert
should be nominated to be responsible for task coordination and follow up. A reasonable order of work
should be determined among the areas of DSA, PSA and HFE. Plant modifications and requirement
justification should consider the results from all the analysis areas in an integrated manner (i.e. no plant
modification is allowed until all the analyses are completed). System modifications should be designed by
considering both deterministic aspects and PSA insights. This approach seems much more effective than
subsequent system modifications based on the DSA and PSA results separately. Similarly, all the insights
obtained from HFE and PSA should be taken into account when developing operating procedures,
elaborating training programmes, defining the appropriate tools and equipment, etc. related to the use of
portable equipment. This would ensure better risk-informed decision making and better substantiated plant
modifications, as opposed to considering the findings from different types of assessment separately.
Further Lessons Learned

The PSA for internal events and internal hazards was initially developed in the 1990s for the Paks NPP. The
analysis has been gradually (almost continuously) improved since then. Therefore, the analysis resources
expended cannot be reliably estimated. Moreover, it is even more challenging to determine the analysis
resources spent on DSA and HFE for internal events and internal hazards. Plant protection against seismic
events was analysed and evaluated from the perspectives of DSA, PSA and HFE in the late 1990s and early
2000s. Large scale plant modifications were performed at that time and the risk implications of these
modifications are reflected in the seismic PSA of the plant. No seismic PSA was performed for the original
design. The plant protection against wind and snow was analysed and evaluated together, as the same
analytical approach was considered applicable to both hazards. Loss of ultimate heat sink due to the
discharge of dangerous substances into the river Danube was analysed primarily on a deterministic basis
and, subsequently, PSA was also completed for these events. The safety enhancement measures
implemented on the basis of the findings of the stress test for the Paks NPP is essential to coping with
external events endangering water intake from the river Danube. Moreover, advantage can be taken of these
measures to provide appropriate responses to numerous other potential accidents too. All the measures
related to providing direct water injection into the steam generators, the essential service water system as
well as the spent fuel pools from external, low pressure water sources using mobile equipment with the
support of the on-site fire brigade of the Paks NPP were modelled firstly in the framework of the PSA for
external events endangering water intake from the river Danube. These model parts were subsequently
linked to the PSA model of many other types of initiating events including internal events, internal hazards as
well as other external hazards. Moreover, risk assessment was performed after plant modifications had been
implemented, so the risk reductions as well as the original risk cannot be quantified so that valuable insights
could be yielded. All these facts would bias the comparison of analysis resources. Consequently, the
evaluation of the balance between the allocated analysis resources and the plant level risk significance
among the different hazard groups for the operating units is not seen feasible (that may not be fully relevant
to new designs). However, we propose to focus in later tasks of the project on elaborating good practices
related to prioritizing safety enhancement proposals based on risk reduction potential and analysis
resources. In our view, this issue is of high importance in the nuclear industry and it may be feasible to
develop an approach within the timeframe of the project.

External hazards may not have been considered with the need for completeness in the design of operating
NPP units of older design, as opposed to newer designs. The interconnections and interfacing of DSA, PSA
and HFE can be ensured more easily for new NPP builds in the design phase, as these disciplines are
supposed to be better integrated when justifying the fulfilment of the relevant (and manifold) safety
requirements including the ones that are related to the protection against the effects of external hazards.
Indeed, this should be considered as a core activity in safety design. In contrast, the utilities of the operating
fleet for earlier design may need to focus more on operational and maintenance issues, so the fulfilment of
newly emerging requirements can become burdensome to overcome. Consequently, an appropriate level of
distinction seems justifiable when applying the safety engineering process to the operating plant of earlier
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designs and to the new units, respectively.

The Hungarian nuclear safety regulations prescribe that the design basis for loads from natural external
hazards shall be set at 10−4 /y hazard frequency for operating NPP units and at 10−5 /y hazard frequency for
newbuilds. Concerning man-made hazards, loads from human induced events with a 10−7 /y hazard
frequency should be considered in the design basis of operating as well as new reactors. In some cases, it is
not straightforward to determine whether a certain external hazard should be considered as a natural or a
man-made hazard. For example, events that can lead to loss of ultimate heat sink due to the discharge of
dangerous substances into the cooling river Danube are partly natural events as the substances get into the
water intake facility via the river Danube; however, among the initiators of the external event there are many
man-made endangering events (e.g. leakages or accidents at industrial facilities handling toxic substances,
accidents in oil refineries or in facilities storing and transporting (transferring) fuel or other oil by-products)
too. This aspect may worth further investigations in the later stages of the project.

Recently, motivated by the lessons learned from the Fukushima Dai-ichi accident, the application of portable
equipment has gained high importance during the verification of plant capabilities of successfully coping with
some external events as a further, redundant and diverse measure beyond the use of traditional safety
systems. It is advisable to examine in the further project tasks to what extent and how portable equipment
should be considered when the plant protection against some design basis and beyond design basis
hazards need to be verified, including deterministic as well as probabilistic aspects.
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C.3 Case Study Group PVES – Plant Vulnerability to Extreme Snow

C.3.1 Case 2: Protection of the Reactor Hall from the Effects of Extreme
Snow

Self-Evaluation of Fulfilling Baseline Requirements
Responsible Organization(s): NUBIKI Nuclear Safety Research Institute
Case Study Identifier: PVES_2
Date: 28.04.2022
Case Study Title: Protection of the Reactor Hall from the Effects of Extreme Snow
Fulfilment of Safety Requirements

Scope of the Requirements Verified

The verification of those requirements is included in the case study in relation to the protection of the reactor
hall from the effects of snow that are given in bold typeface from the complete list of requirements assigned
to the different safety requirement topics below3:
 Physical separation and structural integrity (DSA):

o BESEP_DSA_PSEP_001: Redundant safety systems that have a role in mitigating the effects of
external hazards shall be located so that these effects cannot hinder the performance of safety
functions of all redundant components simultaneously.

o BESEP_DSA_PSEP_002: The systems, structures and components, including auxiliary or
supporting systems thereof shall be protected from the effects of external hazards as far as
reasonably practicable.

 Confidence in provision for defences against the occurrence of cliff edge effects (PSA):
o BESEP_PSA_CEE_001: Probabilistic safety analyses shall be used to demonstrate that

sufficient safety margins are available to avoid cliff-edge effects.
o BESEP_PSA_CEE_002: Probabilistic safety analyses shall be used to identify potential areas of

improvement in the design to ensure the avoidance of the cliff edge effects.
 Support to developing abnormal and emergency operating procedures and severe accident

management guidelines (PSA):
o BESEP_PSA_EOP_001: PSA shall be used to support the development of abnormal and,

emergency operating procedures and severe accident guidelines considering aspects that
may influence the activities and performance of operating personnel.

o BESEP_PSA_EOP_002: PSA shall be used in determining the initiating events for which abnormal
and emergency operating procedures and severe accident guidelines are developed.

 Guidance selection, decision making and intelligent use of guidance (HFE)
o BESEP_HFE_GS_001: The procedures and guides designed for any event shall be easy to

identify and select during the event.
o BESEP_HFE_GS_002: The procedures and guides shall be designed to support the human

performance in decision making.
o BESEP_HFE_GS_003: The procedures and guides shall be designed taking into account the

human capabilities and limitations and the human reliability analyses.
o BESEP_HFE_GS_004: To support the high-quality implementation of work the use of

procedures and guides shall be based on experience, routines and training for the tasks.
 Safety design and requirement management for external hazards (SE)

o BESEP_SEP_SDRM_001: There shall be formal practices for management of the safety design
process of systems, structures and components so that all relevant safety requirements concerning
external hazards have been taken into account in a way that they can be verified and validated.

o BESEP_SEP_SDRM_002: All relevant external hazards shall be considered in the design as
phenomena that are related to the site of a nuclear power plant and its surroundings and have an
environmental origin.

o BESEP_SEP_SDRM_003: The design basis hazard factors shall be selected based on site-
specific analysis. They shall be specified based on the hazard curve, taking into account the
screening criterion applicable to the given hazard factor. The analysis shall be performed by

3 The requirement topics given in this list include two topics that have not been assigned to the case study group that this
case study belongs to.
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deterministic methods, and based on the state-of-the-art results of science and technology by
probabilistic methods.

o BESEP_SEP_SDRM_004: The dependencies affecting the simultaneous occurrence of
external events shall be taken into account in selecting design values and in applying the
redundancy and separation principles.

o BESEP_SEP_SDRM_005: The stability of and changes in external hazards affecting the nuclear
safety of nuclear power plant units shall be forecasted for their whole lifetime.

o BESEP_SEP_SDRM_006: Realistic combinations of the individual events shall be considered during
initiating event frequency estimation, including external and internal events, and they shall be
selected by taking into account both engineering considerations and probabilistic analyses.

o BESEP_SEP_SDRM_007: The decision whether a given hazard of low probability is relevant
for the nuclear safety of the power plant, shall be based on engineering judgement, for
example using fragility curves.

o BESEP_SEP_SDRM_008: The fulfillment of specified safety functions, the suitability of the planned
interventions of the NPP operator, the availability of selected other safety-relevant equipment shall
be analysed related to external hazards.

o BESEP_SEP_SDRM_009: Appropriate tools, functions and procedures shall be designed to
ensure the mitigation of the consequences of the initiating event occurred in addition to or
due to an external hazard.

o BESEP_SEP_SDRM_010: The applicability of the standards selected for the design process
shall be justified.

It was found during verification that the requirements that are not bolded have no practical relevance in this
case study. Therefore, no meaningful conclusion can be drawn from the case study concerning the fulfilment
of these requirements.

Evaluation of the Different Requirements

Requirement No. 1. – BESEP_DSA_PSEP_002: The systems, structures and components, including
auxiliary or supporting systems thereof shall be protected from the effects of external hazards as far as
reasonably practicable.

Summary of the Verification Process

To justify the protection of a designated building structure of an NPP against the effects of extreme snow, an
evaluation was made whether the structure can reassuringly withstand the design basis as well as the
beyond design basis snow load or not. Consequently, the requirement in question was verified primarily on
the basis of the structural strength analysis of the reactor hall steel superstructure. This corresponds to a
traditional deterministic safety analysis in the area of structural engineering (for details see Section 3.1 of the
detailed case study description). The analysis was performed within the framework of a large scale structural
re-analysis performed in the early 2000s to demonstrate that all the safety related buildings of the Paks
Nuclear Power Plant can fulfil their functions for 50 + 10 years, i.e. during their extended lifetime.

For the reactor hall steel superstructure, the Eurocode standard, as a standard preferred in the structural re-
assessment of the plant, could be applied as the only standard. There was no need to incorporate any
element of the Hungarian national standard. A detailed finite element structural model was created to
perform structural safety analyses in agreement with state-of-practice. The results of the detailed structural
re-analysis confirmed that each structural element meets the Eurocode requirements, except for two top
chord members. It was concluded that strengthening these two chord members were needed to ensure
appropriate protection against the design basis loads. Subsequently, structural reinforcement was designed
in detail and plant modifications were implemented accordingly. Fragility analysis of the reactor hall was also
performed to further underpin the protection against beyond design basis loads, utilizing structural strength
as well as structural reliability analyses (see Section 3.2 of the detailed case study description for details). As
a result, it could be concluded that the reactor hall steel superstructure can withstand the design basis loads,
and safety margins beyond the design basis loads exist, as ensured by fulfilling the Eurocode requirements.

Adequacy of Verification

The development of the detailed finite element structural model and the application of the Eurocode standard
are regarded as the state-of-practice for verifying the structural strength of a building. Structural
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reinforcement has been performed using widely accepted civil engineering practices. Moreover, fragility
curves were established based primarily on structural reliability analyses that may be regarded as a state-of-
the-art approach. Hence, it can be concluded that the fulfilment of the given requirement can be considered
as complete with high technical quality.

Proposals for Improvement

The two different tasks, i.e. the traditional deterministic structural strength analysis as well as the fragility
assessment using structural reliability analysis, were performed independently of each other. The process of
verifying the fulfilment of the given requirement could have been refined by performing the two types of
analysis in combination and by the same expert group, as several clarifications and time consuming
technical discussions were needed when performing fragility assessment on the basis of the structural
analyses.

Requirement No. 2. – BESEP_PSA_CEE_001: Probabilistic safety analyses shall be used to demonstrate
that sufficient safety margins are available to avoid cliff-edge effects.

Summary of the Verification Process

A detailed PSA model has been developed for extreme snow by applying the RiskSpectrum PSA programme
(see Section 3.2 of the detailed case study description for details). On one hand, the fragility curves of the
reactor hall superstructure, on the other hand the mean failure probability curve to remove snow as a
function of snow load intensity helped develop a good understanding of the safety margins beyond the
design basis snow load as well as the potential for cliff-edge effects. It can be concluded on the basis of
these curves that there are practically no cliff-edge effects as to the vulnerability of the reactor hall to beyond
design basis snow loads. This is because there does not appear to be a sudden and large change in the
failure probability along the whole snow load spectrum. The risk attributable to the snow induced failure of
the reactor hall is reasonably small in comparison to the applicable quantitative safety criteria. This provides
quantitative arguments that there are practically no cliff-edges as to the risk associated with the failure of the
reactor hall due to extreme snow.

Adequacy of Verification

The cliff-edge effects were evaluated on building level, human action level, as well as plant level. Hence, it
can be concluded that the fulfilment of the given requirement may be regarded as complete with good
technical quality. However, the criterion for sharp rises has not been defined for the corresponding curves
and the evaluation of the potential for cliff-edge effects may need to be substantiated on a more solid,
quantitative basis.

Proposals for Improvement

The definition of a criterion for sharp rises in the corresponding curves and the evaluation principles of the
potential for cliff-edge effects based thereon may be refined in pursuit of completeness and quality. To date,
the potential for the cliff-edge effects has been evaluated on a qualitative basis. This evaluation may be
supplemented by quantitative assessment, if a quantitative criterion referred to above is defined and used.
Moreover, the justification that there are practically no cliff-edge effects at plant level may be further
demonstrated by depicting the conditional core damage probability as a function of snow load and reviewing
whether there are any sharp rises in this function or not.

Requirement No. 3. – BESEP_PSA_EOP_001: PSA shall be used to support the development of abnormal
and, emergency operating procedures and severe accident guidelines considering aspects that may
influence the activities and performance of operating personnel.
Summary of the Verification Process

The occurrence of snow-induced transients can be prevented, if snow is removed from some designated
plant areas, important to plant safety, in a timely manner. In order to understand to what extent this condition
can be fulfilled, a risk-informed review was made of the operating procedure that controls snow removal.
Also, an attempt was made to identify and evaluate the key influences on snow removal activities and on the
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associated success rate so that proposals could be developed for ensuring more reliable snow removal.

The key analysis steps to underpin the proposals for safety enhancement included:
 identification of the most important performance shaping factors relevant to the success of snow

removal;
 review of the snow removal strategy at the Paks NPP;
 evaluation of the plant procedure and associated arrangements in place for snow removal with

considerations to the influencing factors identified in the first step;
 quantification of failure to remove snow from the roofs based on an evaluation of the applicable plant

procedure and other relevant influences on performance.

Adequacy of Verification

The operating procedure that controls snow removal had been elaborated before the snow PSA was
completed. Consequently, PSA could only be applied to review and to further improve the relevant operating
procedure, since the strategy had originally been developed without giving explicit considerations to risk
aspects. However, the risk-informed review can be considered as a sufficiently detailed evaluation that
included the elaboration of new approaches. In summary, it can be concluded that the fulfilment of the
requirement in question may be regarded as complete with good technical quality in terms of reviewing and
improving the relevant operating procedures.

Proposals for Improvement

Not all the proposals for safety enhancement resulted from the risk-informed review have been considered
during the revision of the operating procedure that controls snow removal. The operating procedures,
training as well as the available equipment for snow removal should be further improved on the basis of the
analysis findings. From a broader perspective, it is seen advantageous to utilize PSA and PSA insights as an
integral part of developing operating procedures for coping with external events, as opposed to making use
of risk insights in a follow-on manner, i.e. mostly for the purposes of reviews. This finding is well supported
by the fact that external hazards are found as important contributors to plant risk. Such uses of risk
assessment and risk insights can help establish the basis of the operational and mitigation strategy,
including the identification of the most important cornerstones, instead of making only adjustments to the
available strategy laid down previously by using deterministic considerations only.

Requirement No. 4. – BESEP_HFE_GS_001: The procedures and guides designed for any event shall be
easy to identify and select during the event.

Summary of the Verification Process

There is a dedicated operating procedure in place at the plant that controls, amongst others, snow removal
activities. This procedure is applied in case of all external events when preparatory actions are feasible. As
there is sufficient time to start snow removal from the roof of the reactor hall, the identification and selection
of the relevant procedure can be considered as simple and straightforward.

Adequacy of Verification

The verification process can be regarded as adequate, the identification and selection of the relevant
procedures and guides during heavy snowfall are ensured.

Proposals for Improvement

No proposal for improvement was identified in the verification process of this requirement.
Requirement No. 5. – BESEP_HFE_GS_002: The procedures and guides shall be designed to support the
human performance in decision making.

Summary of the Verification Process
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The main decision points during the whole snow removal process and the support given by procedures
thereto can be described as follows:
 preparation for timely snow removal activities:

o not prescribed in any operating procedures.
 starting the snow removal activities in time, criteria to begin work:

o regular inspections on the spot or by cameras (responsibility of the Auxiliary Systems Operations
Section);

o evaluation of criteria to begin work is based on clearly visible indicator strips and on the elevation of
ventilation equipment above roof;

o the shift supervisor is in charge to order snow removal by notifying the Facility Support Section and
the responsible contractor;

 selection and prioritization of buildings to be protected:
o although the procedure explicitly names certain parts of the main building complex, the diesel

generator building, as well as the air intake structures of the diesel generators as facilities to be
protected, explicit prioritization is not given in the procedure;

 permanent disposition of removed snow
o the procedure specifies that: “If it is necessary, arrangements should be made to transport the

removed snow.”

Adequacy of Verification

The operating procedure that controls snow removal activities is designed to support various areas of the
decision making, e.g. starting of snow removal activities in time and criteria to begin work. However, some
areas were identified that cannot be regarded as comprehensive or sufficiently detailed. These deficiencies
should be removed.

Proposals for Improvement

The need for safety enhancement with respect to improving human performance in decision making can be
summarized as follows:
 preparatory measures for timely snow removal activities should be defined in an action plan or in the

relevant operating procedure;
 the buildings that need snow removal should be ranked by safety significance.

Requirement No. 6. – BESEP_HFE_GS_003: The procedures and guides shall be designed taking into
account the human capabilities and limitations and the human reliability analyses.

Summary of the Verification Process

The verification process presented for requirement No. 3 above is also applicable to this requirement.

It is highlighted that the following influencing factors were also found important to successful snow removal:
 environmental conditions induced by extreme snowfall, physical circumstances of task execution

o accessibility;
o persistent snowfall (possibly snowstorm) and performance aggravating effects due to accumulated

large amount of snowpack;
 organizational conditions, resources of staff and equipment

o organizational conditions;
o assurance of standby staff for snow removal – manpower and fitness for duty;
o equipment needs.

Consequently, human capabilities and limitations including also the physical circumstances of task execution
were considered and use was made of human reliability analysis during the risk-informed review of the
operating procedures. Based on the output of the evaluation, the manpower of 4+4 persons to remove snow
from roofs was found insufficient. An increase in the number of persons to remove snow seemed necessary
at least by involving additional plant staff. It was found of high importance to incorporate training on the use
of the relevant organizational plan into the training program of all the plant staff involved in snow removal.
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Adequacy of Verification

Human capabilities and limitations were evaluated and human reliability analysis was performed to identify
and evaluate the key influences on snow removal activities and on the associated success rate. Due to
significant limitations in applicable data, expert judgement played an important role in human reliability
analysis. The organizational plan was studied and evaluated based on similar assumptions and qualitative
evaluations. Hence, the verification may be regarded as adequate. As noted above, mostly qualitative
information and expert judgement was applied.

Proposals for Improvement

It could have been useful to make an attempt to quantitatively assess human capabilities and limitations with
respect to snow removal, i.e. to assess the amount of snow that may be removed by an individual during a
single shift. In addition, the amount of snow that needs to be removed from the roofs of all safety related
buildings could have been assessed too, considering different snowfall intensities and durations. A
comparative analysis may refine the expert judgement that determined the manpower necessary for
successful snow removal.

Requirement No. 7. – BESEP_HFE_GS_004: To support the high-quality implementation of work the use of
procedures and guides shall be based on experience, routines and training for the tasks.

Summary of the Verification Process

The following parties are involved in removing snow from the roofs of safety related buildings:
 employees of a contractor (27 persons),
 employees of the Auxiliary Systems Operations Section responsible for certain areas,
 operating personnel (may be involved in snow removal activities in case of necessity).

The involved employees of the Facility Support Section (that supervises snow removal from the roof of the
main building), the Auxiliary Systems Operations Section and the contractor are familiar with the content of
the relevant operating procedure and with further applicable internal procedures of the contractor.

Adequacy of Verification

The verification can be regarded as adequate with respect to the employees of the dedicated contractor and
the employees of the Facility Support Section. However, the training of the staff members to be involved in
snow removal seems incomplete.

Proposals for Improvement

Improvements to the training of the staff members to be involved in the use of the proposed organizational
plan are seen necessary. Training of additional plant staff that may get involved in snow removal is also
crucial.

Requirement No. 8. – BESEP_SEP_SDRM_003: The design basis hazard factors shall be selected based
on site-specific analysis. They shall be specified based on the hazard curve, taking into account the
screening criterion applicable to the given hazard factor. The analysis shall be performed by deterministic
methods, and based on the state-of-the-art results of science and technology by probabilistic methods.

Summary of the Verification Process

The objective of hazard assessment was to determine exceedance frequencies for different magnitudes of
the parameter which represents best the load induced by extreme snow. Hazard assessment was based on
the data on maximum thickness of snow [cm] collected by the Hungarian Meteorological Service at station
Paks during the past few decades. The main difficulty in determining the occurrence frequency of extreme
snow is the lack of observations for those events whose probability should be estimated, since data samples
from experience are available for a relatively short period only. The results are subject to significant
uncertainty, whatever computational method is applied. In accordance with the international practice of
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climatological applications, use was made of the extreme value theory to characterize and quantify the
extreme snow hazard. Hazard curves were established by fitting a Gumbel distribution to the annual extreme
values of the most up to date site specific snow data. Hypothesis testing was conducted to justify that the
Gumbel distribution was an appropriate approximation of the hazard curves.

Extreme weather conditions were estimated at different confidence levels (5, 15, 30, 50, 70, 85 and 95%) for
1 /a to 10−7 /a frequency of exceedance. The Hungarian nuclear safety regulations prescribe that the design
basis for loads from natural external hazards shall be set at 10−4 /a hazard frequency. Consequently, the
plant design basis value was defined as the return value corresponding to the occurrence frequency of
10−4 /a at 50% confidence level (103 cm).

Adequacy of Verification

The plant design basis was defined solely on the basis of a site-specific analysis, considering the applicable
hazard curve and the prescribed screening value set in the Hungarian nuclear safety regulations. The
analysis was based on state-of-practice probabilistic methods. Hence, the verification can be regarded as
adequate. However, some further research and development is seen advisable in order to verify the
applicability of the assessed hazard curve and the design basis.

Proposals for Improvement

Even if hazard assessment can be regarded as state-of-practice, regional data and further methods should
also be used to verify the design basis value as well as the assessed hazard curve. Values measured for
longer periods performed in other meteorological stations, and historical data should be collected and
processed. A comparative analysis of the hazard curves for the Paks NPP and the results of the hazard
assessment of other European NPP sites should be performed.

Requirement No. 9. – BESEP_SEP_SDRM_004: The dependencies affecting the simultaneous occurrence
of external events shall be taken into account in selecting design values and in applying the redundancy and
separation principles.

Summary of the Verification Process

After selection and screening of combined external hazards, snowstorm as well as accumulated snow and
strong wind were selected for detailed assessment as combined hazards that contain the snow hazard. The
joint distribution functions of the hazards were established in the form of a bivariate extreme value
distribution considering the dependence (or correlation) between the hazards in a combination by a logistic
dependence model and the extreme value distribution functions of the single hazards as marginal
distributions.

In view of the high task complexity and the significant resource needs, no dedicated, detailed structural
analysis was performed for the safety related buildings of the plant by considering load combinations from
accumulated snow and strong wind. However, an in-depth review of the already available structural analyses
led to a conclusion that the fragilities assessed for single hazards appeared appropriate for describing
fragilities for the simultaneous occurrence of snow and wind loads. On one hand, advantage was taken of
the fact that some designated load combinations had been considered during a recent large scale structural
re-analysis. On the other hand, it was found that the most dominant structural components in the fragility for
wind and for snow as separate single hazards do not coincide. Consequently, the safety related plant
buildings are sufficiently protected from design basis load combinations of accumulated snow and strong
wind, and the risk attributable to single hazards covers the risk that is associated with beyond design basis
load combinations. Whilst all safety related plant buildings could be screened out from detailed assessment
as far as accumulated snow and high wind are concerned, loss of normal power supply due to high wind
during heavy snowfall needed to be further analysed, since loss of off-site power due to snow had not been
considered in the analyses earlier (that was beyond the scope of the present case study).

Adequacy of Verification

The verification process can be regarded as adequate, since the combined external hazards that include
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snow were selected and the protection of the reactor hall against the relevant load combinations was
assessed appropriately.

Proposals for Improvement

No proposal for improvement was identified in the verification process of this requirement.

Requirement No. 10. – BESEP_SEP_SDRM_007: The decision whether a given hazard of low probability is
relevant for the nuclear safety of the power plant, shall be based on engineering judgement, for example
using fragility curves.

Summary of the Verification Process

In the analysis of plant response to extreme snow, the snow-induced loads on safety related systems,
structures and components (SSCs) were characterized in such a form that was appropriate for use in
probabilistic safety assessment. The probability of loss of essential safety functions and spurious actuation of
active components for different levels of snow load was described by means of fragility curves. The effects of
snow loads on structures and outdoor facilities were analysed in detail for the purposes of plant response
analysis. The snow fragility curves for the reactor hall were derived from the use of an advanced analysis
method presented in the case study description. To satisfy the corresponding safety regulations, the risk
from snow beyond the design basis was assessed in the range of 10−7÷10−4 /a hazard frequency.

Adequacy of Verification

The verification process can be regarded as adequate, as the risk due to beyond design basis loads was
quantified utilizing hazard as well as fragility curves considering loads with sufficiently low exceedance
frequency.

Proposals for Improvement

No proposal for improvement was identified in the verification process of this requirement.

Requirement No. 11. – BESEP_SEP_SDRM_009: Appropriate tools, functions and procedures shall be
designed to ensure the mitigation of the consequences of the initiating event occurred in addition to or due to
an external hazard.

Summary of the Verification Process

The loads from a snow event might cause damage to safety related structures or outdoor facilities identified
during plant response analysis. The snow-induced damage and failure forms were put into fragility groups.
Nine snow related fragility groups were determined, one of which was the reactor hall. The snow-induced
transient initiating failures and additional system, train or component level failures and degradations were
identified by examining and evaluating the failure effects within each fragility group. During this examination,
failures that could be caused by the simultaneous occurrences of different group failures were also identified.
Based on the failures identified, a list of transient initiating failures that could potentially occur due to snow
was established. It was found that the plant responses to and the mitigation process for the identified single
transient initiating failures were virtually the same for random (internal) initiating events and for transients
induced by extreme snow. The scope of safety functions that should be fulfilled following the occurrence of
multiple transient initiating failures is assumed to be a union of the safety functions modelled for single
transient initiating failures, taking the snow-induced failures of the mitigation systems into account.

In particular, snow-induced failure of the reactor hall steel superstructure leads to the loss of the intermediate
circuit to the reactor coolant pumps. Moreover, the following additional failures are also induced by the
damage of the reactor hall:
 unrecoverable failure of valves on the feed headers of the auxiliary emergency feedwater system,

rupture of the feed lines;
 unrecoverable failure of the UX13 hermetic isolation valves to close  containment isolation failure;
 unrecoverable failure of TN02S207-9, TN12S201-3, TN11S201 valves of ventilation systems, rupture of
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lines of the ventilation systems  containment isolation failure.

It could be concluded on the basis of the fragility curves that no transients should be expected to occur due
to the design basis snow load. For beyond design basis snow loads, all the consequences of snow-induced
transients, including the potential mitigation functions and systems, as well as operator actions, the
corresponding event sequence was identified and modelled in the PSA. Based on the results of risk
quantification, the point estimate approximation of the annual core damage probability attributable to extreme
snow was found moderate (6.5·10−7) demonstrating that appropriate tools, functions and procedures are
available to mitigate snow-induced transients or the occurrence frequency of the snow-induced transients is
sufficiently low.

Adequacy of Verification

The PSA event trees and the corresponding risk results underpin that appropriate tools, functions and
procedures are available to ensure the successful mitigation of snow-induced transients. In particular, the
snow-induced failure of the reactor hall does not lead directly to core damage, e.g. primary feed and bleed
may be applied to establish and maintain a safe and stable reactor state. Hence, the verification can be
regarded as adequate. However, the documentation of the verification may need to be developed in more
detail.

Proposals for Improvement

Even if it is self-evident from the point estimate approximation of the annual core damage probability
attributable to extreme snow that appropriate tools, functions and procedures are available to mitigate snow-
induced transients or the occurrence frequency of the snow-induced transients is sufficiently low, the finding
of the analysis should be documented in more detail. Some specific insights obtained from the PSA could be
utilized to underpin the adequacy of the mitigation capabilities if the different snow-induced failures occur.
The minimal cut set groups corresponding to a certain fragility group should be studied on a case-by-case
basis. If a fragility group leads directly to core damage, the frequency of the failure as well as the
characteristics (i.e. conservatism or realism) of the underlying assumptions should be evaluated. For fragility
groups that do not lead directly to core damage, the failure probability of all the mitigation functions or
systems, the ranking of the corresponding minimal cut sets, the fulfilment of single failure criteria and the
status of the defence in depth levels should be evaluated. (In case of the latter fragility group, some functions
or systems are available for mitigation purposes that may fail due to random or further snow-induced
failures.)

Requirement No. 12. – BESEP_SEP_SDRM_010: The applicability of the standards selected for the design
process shall be justified.

Summary of the Verification Process

A large scale structural re-analysis was performed in the early 2000s to demonstrate that all the safety
related buildings of the Paks Nuclear Power Plant can fulfil their functions for 50 + 10 years, i.e. during their
extended lifetime. A further objective was to fill in some gaps in the structural analyses of the Russian
designed plant buildings. An attempt was made to apply the Eurocode standard system during the structural
re-analysis of the safety related buildings both for steel and for reinforced concrete structures. However, it
was not found feasible to fully meet all the requirements of this standard in the analysis. Consequently, if the
capacity of a structure could not be justified within the prescriptive Eurocode standard framework, then the
Hungarian national standard series 15000 was applied. Furthermore, the analysis was done primarily on the
basis of the Eurocode; however, complementary analysis was performed using some designated parts of the
Hungarian national standard. Based on a comparison of the different standards from theoretical point of
view, it was concluded that the fulfilment of the Eurocode requirements ensures a higher safety level for
reinforced concrete structures than the fulfilment of the prescriptions laid down in the Hungarian national
standard. However, for steel structures, the use of the Hungarian national standard ensures a safety level
that is in agreement with the application of the Eurocode standard.
Adequacy of Verification

The verification process can be regarded as adequate, as the applicability of the standards applied in the
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structural re-analysis was assessed and justified properly.

Proposals for Improvement

No proposal for improvement was identified in the verification process of this requirement.
Assessment of Safety Margins

Safety margins were determined and assessed on the basis of the three main types of safety analysis, i.e.:
 deterministic safety analysis;
 probabilistic safety analysis;
 human factors engineering.

These analyses are discussed one by one in the following.

Deterministic Safety Margins

Definition

According to the approach generally used in civil engineering, a structure is regarded as sufficiently
protected, if the vector sum of the impacting actions, modified with (multiplied by) the relevant partial (safety)
factors as well as with the combination (simultaneity) factors, is lower than the modified structure capacity
considering the relevant partial or safety factor. Otherwise, the building does not meet the applicable
requirements; hence, strengthening the relevant structural element(s) is needed. The applied partial or safety
factors as well as the ratio (if it is below 1) of the design value of the actions and the design value of the
capacity ensure the existence of a deterministic safety margin. Also, the approach is applicable to
characterize the degree of the safety margin too.

Assessment

The Eurocode standard system was applied during the structural re-analysis of the reactor hall steel
superstructure. In buildings designed by applying the Eurocode, a sufficiently high level of reliability is
ensured by the use of partial factors. In this framework, it shall be justified that the design values of actions
(loads) and the effects thereof, the material properties and the geometrical data are in the established limit
states in any of the possible design situations. Limit states are defined as states of the structure beyond
which the structure cannot meet the relevant design criteria. Capacity requirements should be assessed on
the basis of the ultimate limit state, while serviceability requirements are determined on the basis of
serviceability limit states. From nuclear safety point of view, the ultimate limit state is applicable as this state
is associated with collapse or with other similar forms of structural failure, whilst the serviceability limit state
corresponds to conditions beyond which specified service requirements for a structure or structural member
are no longer met.

Based on the Eurocode standard, the fundamental assumption in the limit state method is that all the actions
and structural resistances have a statistically interpreted distribution (density function), i.e. in a certain design
situation, different frequency values are applicable to certain values. It shall be justified in the assessment
that the design value for the effect of actions does not exceed the design value of structural resistance
(capacity). This may be interpreted as the ratio of the design value of the actions and the design value of the
capacity. If this ratio is below 1, then the building meets the requirements, if it exceeds 1, then it does not.

The design value of a single action corresponds to the 5% quantile of the stress density function applicable
to the given action. The design value of the single action may be calculated by multiplying the representative
or mean value of the effect with the partial factor defined by Eurocode for the action in question. This factor
is 1.35 for imposed actions and 1.5 for snow and wind. Thereby the density function of the single action can
be unequivocally determined on the basis of the representative value and the partial factor.

In structural strength analysis, the resistance against an effect group consisting of multiple single effects
should be assessed instead of considering separate single effects. For each critical load case, the design
values of the effects of actions shall be determined by combining the values of actions that are considered to
occur simultaneously. The design value of an action group corresponds to the 99% quantile of the stress
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density function applicable to the given action group. In case of assessing action groups, one single action is
regarded as the leading variable action in each calculation, and all others as further or accidental actions.
The design value of the action group may be calculated by adding the design value of the leading variable
action to the sum of the modified design values of all further actions by the corresponding combination
(simultaneity) factors defined in the Eurocode standard. The combination factor equals 1 for self-weight, 0.5
for snow load, 0.6 for wind load. For other impacting factors it depends on the type of action. If the action
group includes an extreme action (e.g. extreme snow load corresponding to 10−4 /y annual frequency), then
only permanent actions should be considered in the action group other than the extreme action as the
leading variable action. Thus, the density function of the action group can be unequivocally determined on
the basis of the representative values, partial factors and combination factors of the single actions.

The design value for capacity corresponds to the 1‰ quantile of the resistance density function of a given
structural element. The design value for capacity equals the characteristic value divided by the partial factor
defined in the Eurocode standard. The partial factor is 1.5 for concrete, 1.15 for reinforcing steel and 1 for
steel used in steel structures. For reinforced concrete structures it should be determined whether the
damage of the concrete or the reinforcing steel is more probable for the given structure in response to the
effect of the action combination in question, and the characteristics as well as the partial factor of the more
probable element should be used in the calculations.

The steel superstructure of the reactor hall is in the focus of the case study. The pre-stressed steel-concrete
containment building of the plant that lies under the reactor hall was outside the scope of this study as it is
not affected by extreme snow load. A detailed finite element structural model was created to perform
structural safety analyses in agreement with state-of-practice. The results of the detailed structural re-
analysis demonstrated that each structural element meets the requirements of the Eurocode, except for two
top chord members. The ratio of the design value of the actions and the design value of the capacity is 1.070
and 1.096 for these members. The pre-dominant failure mode is buckling. It was concluded that
strengthening these two top chord members were needed to ensure appropriate protection against the
design basis loads. Subsequently, structural reinforcement was designed in detail and plant modifications
were implemented accordingly.

Evaluation

As a result of structural strength analysis, it could be concluded that the reactor hall steel superstructure can
withstand the design basis loads, and safety margin beyond the design basis loads exist, as ensured by
fulfilling the Eurocode requirements. The deterministic safety margin may be regarded as high on the basis
of the partial factors as well as the simultaneity factors defined by the Eurocode standard. According to the
general approach in the Eurocode, no safety factor is applied for the capacity of steel used in steel structures
and the design value of an action group corresponds to the 99% quantile of the stress density function
applicable to the given action group. Although this generalized approach helps develop a coarse
understanding of the degree of the deterministic safety margins, the margins ensured by the safety factors of
the standard cannot be quantified and interpreted in a precise and traceable manner. Further deterministic
safety margins cannot be witnessed, since the ratio of the design value of the actions and the design value
of the capacity is nearly 1. However, it should be noted that all the SSCs located within the reactor hall are
conservatively assumed as failed, if the ultimate state of the steel structure is on the “damage side” of the
limit surface. This conservative assumption may also ensure some further significant margin that was not
quantified.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

The deterministic analysis in this case study focuses on the protection of reactor hall steel superstructure
from structural integrity point of view, as this aspect is generally the most relevant concern when the
protection against snow load is to be verified. Chapter 4.2 of Deliverable 2.3 deals mostly with physical
phenomena and plant parameters that are to be assessed primarily by thermo-hydraulic and reactor physics
calculations (see the listing at the end of the Chapter). However, the general scheme in Chapter 4.2
(i.e. Figure 16) can be interpreted in relation to the present case study as follows. The “safety limit” equals
the “regulatory acceptance criterion” in the case study, as the snow load corresponding to the 10−4 /y hazard
frequency (prescribed by the regulator) was considered in the deterministic structural evaluation. The “value
calculated by conservative calculation” is also the same as the regulatory acceptance criterion, since the
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ratio of the design value of the actions and the design value of the capacity is nearly 1. Hence, the safety
margin is the difference between the “value computed by conservative calculation” and the upper bound of
the uncertainty interval of the best estimate calculation.

The interpretation of the relevant safety margins as well as their assessments presented above is in good
agreement with the description in Chapter 4.1 of Deliverable 2.3. The load and strength density functions as
well as their relative position are addressed in both discussions.

Proposals for Improvement

According to the state-of-practice, the design as well as the strength analysis of a structure is based on the
Eurocode standard. In buildings designed on the basis of the Eurocode, a sufficiently high level of reliability
is ensured by the use of partial factors, which yields adequate safety margin too. In the state-of-practice,
safety margins are not quantified more precisely than assessing the ratio of the design value of the actions
and the design value of the capacity. The safety margin in the structural design can be better interpreted and
quantified by the use of structural reliability analysis, i.e. by quantifying the failure frequency of a certain
structure due to snow load (see the discussion on probabilistic safety margins for more details).

Probabilistic Safety Margins

Definition

The fragility curves of the reactor hall superstructure can help develop a good understanding of the safety
margins beyond the design basis snow load by enabling a quantitative evaluation of the safety margin. This
margin can be defined as the conditional failure or more precisely the conditional success probability at the
design basis snow load level, or as the difference between the median capacity and the design basis snow
load. Moreover, the risk attributable to snow-induced reactor hall failure indicates the adequacy of the safety
margins.

Assessment

In the analysis of plant response to extreme snow, the snow-induced loads on SSCs were characterized in
such a form that was appropriate for use in probabilistic safety assessment. The probability of loss of
essential safety functions and spurious actuations for different levels of snow load was described by means
of fragility curves. A methodology was developed with the involvement of civil engineering experts to
establish fragility curves. The methodology was based on theory of structural reliability analysis. Figure 1
shows the snow fragility curves for the reactor hall derived from the use of this dedicated analysis method. It
is pointed out that no specific distribution type (e.g. dual lognormal distribution) was (could be) assigned to
the fragility curves in this methodological framework. Therefore, the failure probability is determined at
numerous discrete points with the corresponding confidence intervals without fitting a specific distribution to
these discrete points.

Figure 1 Snow Related Fragility Curves for the Reactor Hall
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A PSA model has been developed for extreme snow by applying the RiskSpectrum PSA programme. The
dominant core damage minimal cut sets of failures induced by extreme snow were determined in the first
place by using the RiskSpectrum PSA software applied generally to model development and quantification in
the Paks PSA. Since RiskSpectrum PSA is not capable of performing the numerical approximation of the
convolution integral, following the generation of minimal cut sets, separate, stand-alone computer codes
were applied to determine cut set frequencies, calculate the overall core damage frequency and perform
uncertainty and sensitivity analyses.

Evaluation

Based on the fragility curves of the reactor hall superstructure the safety margins beyond the design basis
snow load were determined and found sufficient. This margin was calculated on one hand as the conditional
success probability at the design basis snow load level: more than 99.9%, and as the difference between the
median capacity and the design basis snow load: 3 kPa.

According to the results of risk quantification, the point estimate approximation of the annual core damage
probability attributable to extreme snow is 6.5·10−7. The results show that the risk from extreme snow is
moderate in comparison to the risk originated from other types of initiating events analysed in the PSA for
the Paks plant. Moreover, it can also be concluded that the risk due to snow is not significant in comparison
to the quantitative safety criteria, i.e. 10−4 /y for core damage frequency. The failure of the reactor hall
induced by snow does not play a significant role in the plant risk from snow, the risk contribution thereof is
around 5% only. This finding, i.e. the fact that the risk attributable to snow-induced reactor hall failure is
reasonably small in comparison to the quantitative safety criteria, further supports the conclusion that there
are sufficient safety margins beyond the design basis snow load for the reactor hall.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

The interpretation of safety margins presented in this document is in good agreement with the approach
discussed in Chapter 4.3 of Deliverable 2.3. In this case study, the regulatory probabilistic safety criterion
was compared to the calculated mean risk value, which is similar to the approach described in Deliverable
2.3. The only difference is that in Deliverable 2.3 the upper bound of the uncertainty range is applied instead
of the mean value. Besides, the basis of the evaluation was the CDF value in this case study. However,
Deliverable 2.3 addresses the evaluation of risk metrics for LERF too. Similarly to the approach presented in
Deliverable 2.3, the relevant minimal cut sets as well as the importance measures related to the snow-
induced failure of the reactor hall were assessed and evaluated. On one hand, it is to be noted that several
aspects addressed in Deliverable 2.3 do not seem directly applicable to the present case study. On the other
hand, use was made of the fragility curves in determining safety margins in this case study, although it is not
addressed in Deliverable 2.3.

Proposals for Improvement

It is emphasized that the fragility curves may be utilized in support of determining the safety margins as
presented in this case study. These margins can be defined as the conditional failure or more precisely the
conditional success probability at the design basis load level, or as the difference between the median
capacity and the design basis load. Moreover, the PSA results may be further utilized for describing safety
margins by depicting the conditional core damage probability as a function of hazard load, and deriving
similar characteristics as mentioned above for fragility curves (i.e. conditional success probability at the
design basis load level, or the difference between the median capacity and the design basis load).

Safety Margins for Human Actions

Definition

The mean failure probability curve to remove snow as a function of snow load visualises the safety margins
beyond the design basis snow load. Also, this characterisation enables a quantitative evaluation of the safety
margin too. This margin can be defined as the conditional failure probability, or more precisely the
conditional success probability, of snow removal at the design basis snow load level, or as the difference
between the snow load that may be removed with 50% probability and the design basis snow load.



[945138] BESEP – Benchmark Exercise on Safety Engineering Practices Page 238/268

Assessment

The occurrence of snow-induced transients can be prevented, if snow is removed from some designated
plant areas, important to plant safety, in a timely manner. The likelihood of timely snow removal from the
roofs of safety related buildings was assessed including:
 identification of the most important performance shaping factors relevant to the success of snow

removal;
 review of the snow removal strategy at the Paks NPP;
 evaluation of the plant procedure and associated arrangements in place for snow removal with

considerations to the influencing factors identified in the first step;
 quantification of failure to remove snow from the roofs based on an evaluation of the applicable plant

procedure and other relevant influences on performance.

The assessment is described in details in Section 3.3 of the detailed case study description. Figure 2 gives a
graphical representation of the results from expert judgment including discrete probability values as well as
the fitted distribution thereon.

Figure 2 Mean Failure Probability Curve to Remove Snow in the Function of Snow Load Intensity

Evaluation

Based on the mean failure probability curve for snow removal as a function of snow load, the safety margins
beyond the design basis snow load were determined and found sufficient. These margins were calculated on
one hand as the conditional success probability of timely snow removal at the design basis snow load level:
95%, and as the difference between the snow load that may be removed with 50% probability and the design
basis snow load: 2 kPa.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

Although there is no specific approach presented in Deliverable 2.3 to interpret safety margins for human
actions, the analysis steps addressed in the report are also performed within this case study. The human
actions were identified, and then analysed qualitatively and quantitatively, and the human failure events and
their probabilities were built into the PSA. The qualitative and quantitative assessment was based on the
identification of key influencing factors and the evaluation of the snow removal considering thereof.
Moreover, efforts were made in the case study to quantify the safety margin for human actions by assessing
the conditional success probability of snow removal at the design basis snow load level, and the difference
between the snow load that may be removed with 50% probability and the design basis snow load.

Proposals for Improvement

Beyond the attempt made in the case study to quantify safety margin for human actions as presented above,
we cannot propose further improvement in this area.
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Interactions between DSA, PSA and HFE

Structural strength analysis of the reactor hall was performed first to assess whether the reactor hall can
confidently withstand the design basis snow load or not. Use was made of the results of these structural
strength calculations when elaborating the operating procedures (HFE) controlling snow removal:
 to determine criteria to begin snow removal from the roofs;
 to elaborate a high quality snow load map and to introduce it into the operating procedures.

Subsequently, fragility analysis was performed to enable a quantitative assessment of safety margins by
means of the plant PSA for extreme snow. The fragility analysis made use of structural strength as well as
structural reliability analyses. The operating procedure controlling snow removal was subject to a
risk-informed review that included the development of proposals for ensuring reliable snow removal based
on an evaluation of the underlying influences on performance and success rate. This review supported the
improvement of the snow removal strategy.

In summary, the results of structural strength analysis (DSA) were utilized in PSA and in HFE too. HFE was
reviewed and upgraded using PSA insights, in particular the lessons learned from Human Reliability
Analysis. Moreover, PSA took into consideration the DSA and the HFE preformed earlier.

Evaluation of Adequacy

DSA (i.e. structural strength analysis) needed no input from PSA or HFE; however, PSA and HFE utilized the
results of DSA as input. Consequently, performing structural strength analysis firstly, independently of all
other disciplines, seems appropriate. The results of DSA were used in HFE and PSA, as far as it was seen
practicable and feasible. These interactions can be regarded as sufficient too. The operating procedure that
controls snow removal had been elaborated earlier than the snow PSA was completed. The available
information from HFE was considered in PSA. In addition, use was made of PSA to review and to further
improve HFE (primarily the relevant operating procedure), as the snow removal strategy had originally been
developed without explicitly giving considerations to risk aspects.

Proposals for Improvement

It is seen advantageous and advisable to utilize PSA and PSA insights as an integral part of developing
operating procedures for coping with external events, as opposed to making use of risk insights in a follow-
on manner, i.e. mostly for the purposes of reviews. Such uses of risk assessment and risk insights can help
establish the basis of the operational and mitigation strategy, including the identification of the most
important cornerstones, instead of making only adjustments to the available strategy laid down previously by
using deterministic considerations only. In summary, PSA and HFE should be performed simultaneously,
interacting actively, so that PSA insights may be used to underpin HFE.
Characterization of the Overall Safety Engineering Process

In Hungary, the Nuclear Safety Codes prescribe that, amongst others, extreme snow shall be taken into
consideration during the justification of the design and safety of a nuclear power plant. Moreover, the risk
from natural external hazards beyond the design basis shall be assessed at least in the range of 10−7÷10−4 /y
hazard frequency. Originally, severe weather conditions were not considered with the need for completeness
in the design of the Paks Nuclear Power Plant. By taking the results of an upgraded hazard assessment for
meteorological hazards into account, it was found in the latest Periodic Safety Review of the Paks NPP as
well as in its lifetime extension project that the safety of the NPP might be challenged for design basis loads
and the safety margins beyond design basis loads might not be sufficient. Consequently, it was required that
appropriate defences should be ensured against the effects of meteorological hazards through establishing
and maintaining sufficient safety margins by design for design basis loads and beyond, and, also, to
reassuringly exclude potential cliff-edge effects due to such loads.

Structural strength analysis of the reactor hall was performed first to assess whether the reactor hall can
confidently withstand the design basis snow load or not. It was concluded that some plant modifications were
needed to ensure appropriate protection against the design basis loads. The proposed modifications
included strengthening some structural components. Subsequently, structural reinforcement was made in
accordance with the proposal.
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After implementing the proposed plant modifications, fragility analysis was performed to enable a quantitative
assessment of safety margins by means of the plant PSA for extreme snow. The fragility analysis made use
of structural strength as well as structural reliability analyses. PSA was applied to justify the fulfilment of
probabilistic safety criteria and qualify the adequacy of protecting the reactor hall against snow loads at a
higher, facility level.

The operating procedure controlling snow removal was subject to a risk-informed review that included the
development of proposals for ensuring reliable snow removal based on an evaluation of the underlying
influences on performance and success rate. This review supported the improvement of the snow removal
strategy.

Evaluation of Strengths and Weaknesses

It can be concluded that the safety engineering practice was initiated by some high level safety requirements
as well as the conclusions of periodic safety reviews. The relevant requirements were in the forefront of the
analyses. The plant design was modified on the basis of the analyses. Naturally, on a high level, the
interrelationship of safety requirements, supporting analyses and related plant design may be regarded as
mature and strong. However, there was no integrated, unified process or approach used when justifying the
fulfilment of the relevant, multi-disciplinary requirements. It was not foreseen at the beginning that all
disciplines (i.e. DSA, PSA and HFE) should be addressed in the verification of the fulfilment of the relevant
requirements. Originally, the scope of the analyses covered structural strength analysis, and some structural
components were strengthened based thereon. HFE and PSA were performed only some years later, after
implementing the proposed plant modifications. To sum up, it was a weakness in the safety engineering
process that the different types of analyses pursued and the plant modifications made to verify the
requirements were not performed in an integrated manner, and by considering the different aspects in
combination and in parallel.

Proposals for Improvement

During the justification of fulfilling some complex requirements related to several different disciplines, an
action plan (including a road map) should be developed that integrates the various analysis types necessary
for verification. Of particular importance is planning of the interconnections among the different types of
analyses and analysis steps including the definition of milestones, application of unified input data,
scheduling meetings to be organised to inform each other on intermediate or final results of a certain
analysis type. A generalist expert should be nominated to be responsible for task coordination and follow up.
A reasonable order of work should be determined among the areas of DSA, PSA and HFE. Plant
modifications and requirement justification should consider the results from all the analysis areas in an
integrated manner (i.e. no plant modification is allowed until all the analyses are completed). Self-evidently,
structural reinforcements should be designed considering both structural strength analysis and PSA insights
(including fragility analysis and safety enhancement proposals). This approach seems much more effective
than subsequent plant modifications based on the DSA and PSA results separately. Similarly, all the insights
obtained from HFE and PSA should be taken into account when developing operating procedures,
elaborating training programmes, defining the appropriate tools and equipment, etc. This would ensure better
risk-informed decision making and better substantiated plant modifications, as opposed to considering the
findings from different types of assessment separately.
Further Lessons Learned

External hazards may not have been considered with the need for completeness in the design of operating
NPP units of older design, as opposed to newer designs. The interconnections and interfacing of DSA, PSA
and HFE can be ensured more easily for new NPP builds in the design phase, as these disciplines are
supposed to be better integrated when justifying the fulfilment of the relevant (and manifold) safety
requirements including the ones that are related to the protection against the effects of external hazards.
Indeed, this should be considered as a core activity in safety design. In contrast, the utilities of the operating
fleet for earlier design may need to focus more on operational and maintenance issues, so the fulfilment of
newly emerging requirements can become burdensome to overcome. Consequently, an appropriate level of
distinction seems justifiable when applying the safety engineering process to the operating plant of earlier
designs and to the new units, respectively.
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The Hungarian nuclear safety regulations prescribe that the design basis for loads from natural external
hazards shall be set at 10−4 /y hazard frequency for operating NPP units and at 10−5 /y hazard frequency for
newbuilds. Also, the regulations require that the risk from natural external hazards beyond the design basis
shall be assessed and the associated residual risk shall be determined. In general, it can be concluded that
the high level nuclear safety requirements give a clear definition for design basis external hazards; however,
it is not straightforward how to interpret and assess beyond design basis external hazards deterministically. It
is considered necessary and important to discuss the definition of DEC or beyond design basis external
hazards in the later phases of the project when emphasis is laid on safety margins beyond design basis
loads.

The PSA for internal events and internal hazards was initially developed in the 1990s for the Paks NPP. The
analysis has been gradually (almost continuously) improved since then. Therefore, the analysis resources
expended cannot be reliably estimated. Moreover, it is even more challenging to determine the analysis
resources spent on DSA and HFE for internal events and internal hazards. Plant protection against seismic
events was analysed and evaluated from the perspectives of DSA, PSA and HFE in the late 1990s and early
2000s. Large scale plant modifications were performed at that time and the risk implications of these
modifications are reflected in the seismic PSA of the plant. No seismic PSA was performed for the original
design. The plant protection against wind and snow was analysed and evaluated together, as the same
analytical approach was considered applicable to both hazards. Consequently, analysis resources expended
on wind and snow cannot be compared either. Moreover, risk assessment was performed for the reinforced
structures, so the risk reductions as well as the original risk cannot be quantified so valuable insights could
be yielded. Lastly, it is also highlighted that the risk analysis for snow made use of the PSA models for
internal events as well as the event logic modelling technique applied in the seismic PSA. These facts would
also bias the comparison of analysis resources. Consequently, the evaluation of the balance between the
allocated analysis resources and the plant level risk significance among the different hazard groups for the
operating units is not seen feasible (that may not be fully relevant to new designs). However, we propose to
focus in later tasks of the project on elaborating good practices related to prioritizing safety enhancement
proposals based on risk reduction potential and analysis resources. In our view, this issue is of high
importance in the nuclear industry and it may be feasible to develop an approach within the timeframe of the
project.

C.3.2 Case 3: Analysis of Extreme Snow Risk

Self-Evaluation of Fulfilling Baseline Requirements
Responsible Organization(s): UJV Rez
Case Study Identifier: PVES_3
Date: 26_05_2022
Case Study Title: Analysis of extreme snow risk
Fulfilment of Safety Requirements

Scope of the Requirements Verified

The verification of the following requirements is included in the case study of the analysis of extreme snow
risk:
 Redundancy and single failure criteria (DSA)

BESEP_DSA_RED_001: Systems performing a safety function designed against external hazards shall
be operable even if a single failure of systems, structures or system components of the safety function
is assumed.

 Initiating event frequency estimation (PSA)
BESEP_PSA_IEF_002: The site-specific analysis for external hazard is used in the estimation of
initiating event frequencies.
BESEP_PSA_IEF_003: The results from long-term monitoring of the NPP site and the surroundings
shall be taken into account in the initiating event frequency estimation for external hazards.

 Guidance selection, decision making and intelligent use of guidance (HFE)
BESEP_HFE_GS_002: The procedures and guides shall be designed to support the human
performance in decision making.
BESEP_HFE_GS_003: The procedures and guides shall be designed considering the human
capabilities and limitations and the human reliability analyses.

 Safety design and requirement management for external hazards (SE)
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BESEP_SEP_SDRM_006: Realistic combinations of the individual events shall be considered during
initiating event frequency estimation, including external and internal events, and they shall be selected
by considering both engineering considerations and probabilistic analyses.

Evaluation of the Requirements

Requirement No. 1. – BESEP_DSA_RED_001: Systems performing a safety function designed against
external hazards shall be operable even if a single failure of systems, structures or system components of
the safety function is assumed.

Summary of the Verification Process

To verify that the systems performing a safety function are available in case of heavy snow cover even if a
single failure of systems, structures or system components happens, various deterministic analyses were
systematically performed for all basic safety functions. These analyses broadly used the results of similar
analyses carried out for the internal events scenarios.

Adequacy of Verification

The systematic verification of fulfilment of this requirement using wide scope of information from internal
events analysis is seen as adequate.

Proposals for Improvement

There was no direct proposal for improvement related to this requirement, but plant resistance against heavy
snow cover hazard was further increased by strengthening the rooftops of the buildings containing safety
important components and systems.

Requirement No. 2 and 3 – BESEP_PSA_IEF_002: The site-specific analysis for external hazard is used in
the estimation of initiating event frequencies and BESEP_PSA_IEF_003: The results from long-term
monitoring of the NPP site and the surroundings shall be taken into account in the initiating event frequency
estimation for external hazards.

Summary of the Verification Process

It was verified that the data used for quantification of “snow initiating events” are really plant specific. It was
proven that the data records from seven meteorological stations located in the vicinity of the plant were
analysed and the most relevant data sets were selected adequately. The data used for estimation of annual
frequencies covered several decades of year extremes and the overall sample was representative enough –
it covered a broad spectrum of years with various snow cover values – from very light (winters almost without
snow) to very heavy for these latitudes (years with snow cover exceeding one meter). The methods used for
transferring values of year extremes into annual frequencies (by “wide” extrapolation made on available
data) were found adequate as they followed recommendations contained in the IAEA guides. It was pointed
out, however, that the level of uncertainty of annual frequencies derived for extreme snow values is very high
(but there is a lack of techniques to decrease it).

Adequacy of Verification

Due to high quality inputs and available detailed description of the methods used for data elaboration, the
verification can be seen as fully adequate.

Proposals for Improvement

Since the methods used for evaluation of the data are considered adequate and the process of elaboration
of frequencies is well documented, there were no proposals for improvement.

Requirements No. 4 and 5 – BESEP_HFE_GS_002: The procedures and guides shall be designed to
support the human performance in decision making and BESEP_HFE_GS_003: The procedures and guides
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shall be designed considering the human capabilities and limitations and the human reliability analyses.

Summary of the Verification Process

The procedures and guides related to the given external hazard (extreme snow cover) were systematically
investigated. An integrated process of procedures development, verification, training, and application exists
at the plant. Several procedures related directly to snow cover containing detailed description how to
proceed in the case of heavy snowing are available.

Adequacy of Verification

All procedures potentially related to snow cover scenarios were systematically searched for the aspects
connected with the verification of the requirements above. Thus, the verification can be considered
adequate.

Proposals for Improvement

Since the extreme snow cover belongs to the external hazards with multiunit effects, it is proposed to review
systematically whether these aspects are included in respective procedures. In particular, it should be
verified whether the available human and equipment resources are available for these scenarios and
whether there is sufficient guidance how to organize plant response to extreme snow cover not just for the
individual units, but for the whole site. This point is motivated by the fact that extreme snow cover belongs to
the external hazards, which always hit all plant units.

Requirement No. 6. – BESEP_SEP_ SDRM _006: Realistic combinations of the individual events shall be
considered during initiating event frequency estimation, including external and internal events, and they shall
be selected by taking into account both engineering considerations and probabilistic analyses.

Summary of the Verification Process

A specific project dedicated to addressing the findings of recent Periodic safety review of NPP Temelin
operation related to external hazards was launched. A significant part of this project is focused on the topic
of combinations of external hazards, including combinations of extreme snow cover with other hazards. The
methods used and the results obtained in this project were systematically studied with the conclusion that a
really broad systematic effort was spent on deterministic analysis of hazards combinations. In probabilistic
part, PSA studies of Czech NPPs were reviewed and it was found that combinations of external hazards with
the highest risk potential are modelled in there. A significant part of the analysis has been related to
scenarios with consequential effects of external hazards in the form of internal hazards.

Adequacy of Verification

In the probabilistic safety assessment, extreme snow cover event was systematically analysed from point of
view of risk relevant potential to form combinations with other common “winter” external events
(extreme wind, extremely low temperature) and to produce consequential internal hazards.

Proposals for Improvement

The proposal is to continue in the analysis of extreme snow cover consequences from the point of view of
potential to destroy some rooftops of the buildings and to generate internal hazards (heavy load drops,
missiles, internal floods in case of loss of integrity of piping and even fires in case of damage of electric
components).
Assessment of Safety Margins

In accordance with the outputs of BESEP, the Deliverable 2.3 in particular, the assessment of safety margin
should be, in general, characterized for three basic categories of safety analyses:
 deterministic analysis,
 probabilistic analysis,
 analysis related to human factor engineering,
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which are discussed one by one in the following.

Deterministic safety margin

The subject of the case study is the analysis of accident scenarios connected with extreme snow cover
breaking the rooftops of the buildings containing plant safety important components and systems. In this
case, the deterministic safety margin is given by the difference between a potential extreme snow cover load
and assessed fragility of particular rooftops. The fragility was recalculated to the equivalent water column to
enable comparison with recorded values of extreme snow cover. Since the highest value of extreme snow
cover recorded during last 50 years (i.e. within the time period, snow cover values have been recorded) is
below 100 mm of equivalent water column, the safety margin based on this comparison can be considered
sufficient. In particular, the safety margin related to the vulnerability of diesel generator station building
containing components critical for plant response to many external events scenarios, which was reinforced in
response to the Fukushima events, can be classified as ”very high”.

Vulnerabilities of rooftops of the structures with safety important systems

Object Fragility [kPa] Fragility transferred to water
column [mm]

Turbine hall 1.95 198.8
Component cooling 1.96 199.8

Reactor building 2.00 203.9
Emergency feedwater 2.13 217.1

Fire brigade 2.30 234.5
Diesel generator station 2.96 301.7

Probabilistic safety margin

Probabilistic safety margin is traditionally connected with the requirements regarding risk metrics
characterizing risk contribution of the given phenomena (external hazard) to the overall risk. For the plant
under concern (as a representative of older PWR design – WWER 4x440 built in 1985), CDF values below
10-4 are acceptable limit. In the study discussed here, the following values of extreme snow cover events
annual frequency based on collection of data from plant vicinity are presented:

Values of extreme snow cover annual frequencies derived for specific plant site

Water Column fIE [1/y]
100.0 1.63 x 10-2

120.0 5.56 x 10-3

130.0 3.24 x 10-3

140.0 1.89 x 10-3

150.0 1.10 x 10-3

170.0 3.74 x 10-4

200.0 7.38 x 10-5

230.0 1.46 x 10-5

270.0 1.68 x 10-6

364.5 1.02 x 10-8

The fIE represents annual frequency of initiating event “heavy snow”. It can be seen from two tables above
that the extreme snow cover values compromising the endurance of the rooftops correspond to the annual
initiating event frequency of 10-4 – 10-5 providing confirmation that a sufficient probabilistic margin does exist
for the case of extreme snow event, since the target is almost met even without considering successful plant
response probability.

The conditional probability of successful plant response to the extreme snow cover event estimated in PSA
forms, together with IE frequency, the final CDF value. The final results of quantitative analysis of external
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events are presented in the following table, where the extreme snow cover analysis is as one subject of the
overall external events risk analysis.

Contribution of individual external events to the overall FDF – fuel damage frequency (including spent fuel
pool) is presented in the table below.

The quantitative results of external events risk analysis

IE FDFext [1/y] % of total FDFext

Aircraft crash 5.3E-08 0.4%
Abrasive storm 3.4E-08 0.2%

Extreme temperatures (high, low) 7.2E-07 4.9%
Extreme snow 3.81E-06 26%
Extreme wind 9.43E-06 64%

Seismic events 5.5E-07 3.7%
Tornado 1.2E-07 0.8%

In total (FDFext) 1.47E-05 100%

It can be seen from the table above that the probabilistic safety margin representing the whole spectrum of
external hazards equals to one order of magnitude of risk metric approximately for the plant under concern
and that the probabilistic safety margin related to extreme snow cover represents a significant part of the
overall safety margin (no probabilistic safety margin has been defined exactly for the extreme snow cover
event).

Safety margins for human actions

First of all, it should be mentioned that there is no explicitly defined formal quantitative safety margin for
human actions addressed in risk analysis in the Czech Republic. Since the human factor analysis and the
results achieved have often got a relatively subjective character (in comparison with evaluation of equipment
role for plant safety), possible identification of human related safety margin should be based on some way of
quantitative analysis, not just on a subjective “expert judgment”. This approach would prevent bringing of
additional uncertainty into the plant safety concept.

There are two main categories of quantitative variables appearing in risk analysis in connection with human
actions. The first one is probability of failure/success of a concrete human (control room crew, maintenance
staff, etc.) action. The second category is represented by importance measures of human actions, human
action groups and overall human contribution to plant risk.

It seems that the values of human failure probabilities do not belong to good candidates for evaluation of
safety margin. The plant crew actions are carried out under very different conditions and circumstances, and
they have very different impact on the overall value of plant operation risk so that a relatively high probability
of failure does not automatically mean that some safety margin is endangered, and vice versa – small
human failure probability may still represent a serious problem.

The values of importance measures of human actions are much better indicators of possible points of
decreasing of safety margin. Two out of three most frequently used importance measures i.e. fractional
contribution and risk increase factor can be used for the safety margin related discussions and analyses. In
an optimum case, the importance measures of human failures are somewhat balanced. As soon as there
exist some human actions with relatively very high value of fractional contribution, safety margin can be
compromised, the more the lower the estimated failure probability is. Similarly, if the risk increase factor of
some human action (plant CDF in case of some sure human failure divided by the baseline plant CDF) is
very high, safety margin is possibly challenged.

So, the analysis of the impact of human factor on the safety margin can be started with looking at the values
of human actions related importance measures in the PSA study. The actions with high importance
measures are possible candidates for reaching plant safety margin in case of human failure. If the risk
engineering tools (PSA) point at such actions, the relevant conditions should be reviewed carefully.
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Since importance analysis is an integral part of each important risk analysis activity in the Czech Republic,
the approach described above has been taking place in many recent risk analysis activities, including
analyses of risk of external events, and extreme snow cover, specifically. The modelled and subsequently
analysed human actions can be divided into two basic categories in the external events scenarios (including
heavy snow):
 human actions performed by operators in the main control room in the process of plant cooldown and

transfer to stable safe status;
 human actions performed locally, mostly with the aim to prevent occurrence of the scenarios requiring

actions from control room.

A sufficient balance of error impact potential for the actions performed from the control room and in
addressing of their results in the risk engineering processes at the plants under concern was achieved during
many years of development of PSA studies of internal events and external hazards. Thus, these actions are
not carried out under the specific conditions threatening safety margin.

The preventive local actions are typical by much higher failure probabilities since they represent
unaccustomed variable conditions not completely covered by training (in real plant operation, it may be
difficult to cover all aspects of external events scenario in the training of plant crew).

Altogether, probabilistic risk analysis is the best way how to identify, address and solve possible problems
with safety margin related to human actions, because there is no suitable means, how to connect (quantified)
plant safety margin with human actions in the deterministic analysis.
Interactions between DSA, PSA and HFE

Similarly to the risk analysis of other external hazards, the analysis carried out in the heavy snow case study
represents a combination of DSA, PSA and HFE analysis.

The analysis started with Step 1: derivation of annual frequency of heavy snow event (for various levels of
extreme snow cover), which was more or less considered deterministic although having also probabilistic
features. The next Step 2 – determination of structures important as potential targets of damage by snow
cover was purely deterministic and there was no direct connection of it with Step 1.

Step 3 of was evaluation of fragility of rooftops of the structures identified in Step 2. This step represents
direct DSA continuation of the (also DSA) previous step. It was followed by another deterministic Step 4:
Evaluation of consequences of rooftop fall due to extreme snow cover for the safety important structures.

All results of first four steps of the analysis were used as inputs into Step 5 and the following steps, which
represent typical scope of external events PSA.

The probabilistic part of the analysis was represented by Step 5: Initiating event definition and more detailed
specification, Step 6: Modelling of plant response to the individual variant of extreme snow cover, and
Step 7: Quantification of PSA model.

The last Step 8 of the activities: final analysis, interpretation of results and suggesting measures for
decreasing the risk of plant operation was not purely probabilistic, but the interpretation part returned back to
deterministically oriented views and conclusions.

The HFE part of the analysis took place within the above-mentioned steps and/or in parallel with them:
 Step 1: derivation of annual frequency of heavy snow event – there was no direct connection with HFE;

plant specific data collected at the meteorological stations in the vicinity of the plant were used for
estimation of frequency by wide extrapolation, these data represented purely external phenomena,
without any involvement of plant staff;

 Step 2: determination of structures important as potential targets of damage by snow cover – there was
also no direct connection with HFE since the determination of safety important structures was focussed
on plant design from the point of view, which safety important systems are located inside which
structure;

 Step 3: evaluation of vulnerabilities of the rooftops of the structures: as performed in this case study,
there was no connection with HFE in this step;

 Step 4: evaluation of consequences of rooftop fall due to extreme snow cover for the safety important
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structures was another step of purely deterministic analysis with no significant connection to HFE;
 Step 5: initiating event definition and more detailed specification - there was strong connection with

HFE, because the definition of the initiating event also covers the potential of plant staff to apply
preventive measures for reducing of the risk of the extreme snow cover by preventive human actions
(removing snow, preventive unit shutdown, preventive movement/activation of the means for facing the
extreme snow event);

 Step 6: modelling of plant response to the individual variants (impact strengths) of extreme snow cover
– very strong connection with HFE, both in the area of control room crew actions (but there are few HFE
interesting inputs gained in this part of analysis because most of HFE matters were solved in the
internal events PSA and the possible consequences of rooftop fall due to snow cover do not impact the
work of control room operators directly), and in the area of local actions, where the developed accident
sequences are significantly impacted by the potential of plant staff to remove snow and all support
developed and provided for that (procedures, exercises, organizational factors in general sense);

 Step 7: quantification of PSA model – similarly to quantification approaches usually used for any PSA
model, the scope, style and details of quantification can be adjusted to bring answers to the specific
HFE related questions so that this step may use inputs from the HFE related parts of the case study;

 Step 8: analysis and interpretation of results of risk analysis – a significant part of the results is usually
expected to be relevant for HFE and to produce useful conclusions for the process of increasing of plant
safety, the importance of local and control room actions can be compared, for example, bringing some
useful conclusions; the importance of preventive local actions and local actions carried out in response
to the initiating events can be compared in another part of the analysis bringing some useful
suggestions (perhaps some useful principles of HFE applied in prevention are not (and could be)
applied in the response to external event, and vice versa) etc.

It can be postulated, altogether, that there is generally low connection of the deterministic part of the analysis
in this case study with HFE and a strong connection of the probabilistic, risk-oriented part of the analysis with
HFE. The cross-tie of DSA and PSA is, however, very strong.
Characterization of the Overall Safety Engineering Process

The safety engineering process applied in the study under concern consisted of the Steps 1-8 described and
discussed in previous part of self-evaluation. The general framework for this case study was specified by the
practice adopted in the long term implementation of Living PSA project, which has been running since 1998,
and by the practice recommended for PSA part of the large new project of cooperation of CEZ company
operating NPPs in Czech Republic and UJV company having the role of TSO. An important motivation for
opening this project was the need to fulfil the requirements of the SUJB Decree [1]. It is a long-term project,
with general specification of subjects of work five years ahead and detailed planning of activities on a yearly
basis. The project was divided into seven parts:

i. periodic safety review;
ii. safety analyses in support of design basis;
iii. safety analyses in support of DEC-A (design extension conditions);
iv. safety analyses in support of DEC-B;
v. safety analyses of consequences of radiological accidents;
vi. evaluation and standardization of software used for safety evaluation;
vii. probabilistic safety assessment.

Besides part (vii), the topics related to external hazards/events have been investigated and solved in all main
parts of the project. PSA part of the project is divided into seven sections with many connections to the
external hazards area:

 Section 1: Living PSA study for NPP Dukovany (the case study described in this self-evaluation
belongs here);

 Section 2: PSA model for NPP Temelin up-date and application (a case study with the same topic was
done for NPP Temelin in past and is planned to be reviewed and possibly updated within the frame
project mentioned above);

 Section 3: (instantaneous) risk monitoring of NPP Dukovany and NPP Temelin (each PSA update,
including severe snow risk case study is transferred into the risk monitor in the same year it is carried
out so that addressing this external hazard within risk engineering activities is part of risk monitoring, as
well);

 Section 4: PSA applications – an example of application with possible relevance to this case study is
precursor analysis; in case of the need to analyse impact of heavy snow, plant PSA model and related
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practice is prepared for that (it may not be catastrophic event with very heavy impact on important plant
structures, but just a “milder” variant making the sensitive components of electric power supply located
outside the buildings unavailable); another example of application is evaluation of each plant design and
operation change with possible risk consequences – thanks to this case study, plant PSA model is
prepared to serve for relatively straightforward evaluation of many modifications with possible impact on
the course of heavy snow scenarios;

 Section 5: Cooperation of PSA and DSA: some needs regarding supporting analyses were summarized
in the extreme snow case study to replace the assumptions made in past by the better verifiable and
justified information, the analyses will be planned for next years of the project mentioned above;

 Section 6: Dissemination − this task is oriented, first of all, to the presentation of PSA topics to the
students and junior specialists, specific lectures and presentations are planned to be done at five
universities and colleges in Czech Rep. I 2022, the general goal of this part of the project is to find new
young people with interest in PSA; external hazards (including heavy snow cover) traditionally belong to
the attractive themes;

 Section 7: Further development of PSA methodology: Two activities related to this topic are running in
2022 (together with some other topics irrelevant for heavy snow):

o further development and adaptation of advanced methods of HRA for PSA of internal and external
hazards, including Level-2 PSA scenarios – the results of this effort should cover also some local
human actions analysed within the heavy snow case study;

o special aspects of risk monitoring related to (partially) predictable natural external events (how to
address weather forecast in /on-line/ risk monitor by dynamically increasing/ decreasing numerical
values of frequencies of external events?) – this topic is definitely related to the heavy snow subject
since the level of risk connected with snow can be significantly decreased by adaptation of broad set
of preventive measures, including early and continuous snow removing (or, at least, moving fire
brigade members and equipment out of the building to keep the fire brigade operable).

Further Lessons Learned

In the case study, it was confirmed that the quality of connection of PSA with DSA activities is of key
importance, even higher than in case of internal events risk analysis. The reason is that a wider spectrum of
supporting analyses is usually needed to support the plant PSA model with adequate information to be not
largely based on the approximate assumptions. Whereas TH analyses form the main pack of supporting
activities for internal events PSA, vulnerability and fragility analyses form an important area of support in
evaluation of external events scenarios. In the above mentioned case of cooperation of UJV as TSO and
CEZ as utility owner, UJV has gained potential to cover the necessary TH analyses completely within the
project described above, whereas the cooperation on vulnerability and fragility analysis as well as on
phenomenology and data for external IEs frequencies estimation has to be outsourced in some cases. The
lesson learned here is that the supporting analyses needed for case studies related to the topic of external
events may need even earlier and more careful planning than those made for internal events risk analysis.

Another lesson learned in past and confirmed within this case study (and some other external hazards
studies carried out in Czech Rep.) is that the process of estimation of frequency of safety important
(initiating) events (usually of order of 10-3 and lower) on the base of plant/site specific data covering dozens
of years of operation represents a really big challenge (the data for estimation of external events frequency,
unfortunately, are site data, not unit data, what further limit their formal scope).

Still, reasonably looking values of frequencies can be derived by taking a bit “magic” approaches (Gumbel
distribution) recommended by IAEA, for example. It was found out in this case, that variability of the derived
frequencies can be kept within reasonable limits provided that the distribution choice is made among several
most recommended “reasonable” distributions; however, a completely biased and distorted frequencies can
be obtained if the distribution choice is inadequate. An adequate work with recorded data may have a bigger
impact than selection of concrete (“reasonable”) distribution on frequency values. For that reason, it is much
better to take the data records representing yearly extreme values for the given hazard (snow cover) from
several sources (weather stations), to compare them and to select one source of expected high (best) quality
(not enumerating any averages over the data samples from different weather stations).

This approach prevents using of a single poor quality data sample in quantitative analysis (unlike the past
experience with extreme wind analysis, when one weather station was selected as data source for
estimation of IE frequency, but it was found out later that this station produce data deeply inconsistent with
other six ones in the plant vicinity – the reason was the air traffic at the nearby military airbase, which was
quite heavy but only in the days wind speed did not exceeded the prescribed limit).
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It should be pointed out that although the problems and challenges described here looks very “technical” and
“rather detailed”, the final risk engineering solution adopted in the analysis process has got very big impact
on the overall results of the natural external hazard study at all!

Another point identified during the self-evaluation was that whereas the HRA for control room crew actions
within this case study does not form any challenge and standard methods can be used, the area of local
human actions is of much bigger importance than in case of internal events. The need to develop some
specific, more detailed HRA method for local human actions (not just for extreme snow scenarios, but, in
fact, for all local actions of plant staff) is urgent to address HRA for external events scenarios adequately.
Anyway, similar need exists for the local human actions in connection with using the diverse and mobile
means in the problematic accident scenario (often multiunit). Remote communication quality is one of the
critical factors for quantification of failure probability of local plant crew action. Besides, other factors should
be considered to address significant difference between control room actions and activities performed in
external location at plant site (no symptom based procedures for local actions are developed) under the
specific conditions of hazard impact.

It can be concluded that in this case study (considering also the preceded effort), the allocated resources
were worth the purpose. The previous study carried out in the last decade indicated that extreme snow cover
represents one of the dominant risk contributors for plan operation. In response, the rooftops of the most
important structures were reinforced (fire brigade building, diesel generator building, etc.) on one side and a
broad spectrum of analyses were proposed to lower the level of conservativeness providing more realistic
picture about plant response to the event by replacing assumptions with supporting analyses results.
In addition, many “soft measures” were introduced supplementing the primary ones (procedures,
instructions, training, exercises…). The new case study used the currently available state-of-the-art and
produced more realistic and less conservative risk values, which still belong to relatively important risk
contributors and indicate the need to continue in the analytical effort devoted to the natural external hazards.
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C.4 Case Study Group EIIC – External Impact on Safety Classified I&C
Systems

C.4.1 Case 1: Loss of I&C due to High Ambient Temperature

Self-Evaluation of Fulfilling Baseline Requirements
Responsible Organization(s): EDF
Case Study Identifier: EIIC_1
Date: 14.4.2022
Case Study Title: Loss of I&C due to high ambient temperature
Fulfilment of Safety Requirements

Scope of the Requirements Verified

The verification of the following requirements is included in the case study in relation to the potential I&C
dysfunction or loss due to high ambient temperature:
 Diversity and common-cause failure criteria (DSA):

BESEP_DSA_DCCF_002: Diversity shall be applied within and between defence-in-depth levels so that
a common-cause failure of any individual component type shall not prevent managing the initiating
event.

 Initiating event frequency estimation (PSA):
BESEP_PSA_IEF_003: The results from long-term monitoring of the NPP site and the surroundings
shall be taken into account in the initiating event frequency estimation for external hazards.

 Applicable HSI (Human System Interface) (HFE):
BESEP_HFE_HSI_001: The HSI shall be adapted to human capabilities and limitations and it shall
prevent the risk of incorrect action as much as possible.

 Validated modelling and simulation analysis tools (SEP):
BESEP_SEP_MST_002: The results gained with modelling and simulation analysis tools shall be
collected to enable comparison to previous and following results gained with comparable models and
tools.

Evaluation of the Different Requirements

Note: as stated in the case-study description, this is a prospective case on the I&C system of a nuclear
power plant, with the idea to continuously improve the safety of nuclear power plants It is not related to a
specific plant or power level (e.g. 900 MWe, 1300 MWe, etc.) of the EDF fleet. Nor is it related to a change in
requirements or assessment.

Prospective means here that methods are foreseen, though they are not necessarily implemented at the time
of writing. The focus is on proofs of concept (the Claim, Argument, Evidence method) and not on a complete
in-depth implementation with all the details, materials, etc. which is not possible in the scope and time of
BESEP (as this is the case for the requirement topics selected for each case-study).

Requirement No. 1. – BESEP_DSA_DCCF_002: Diversity shall be applied within and between defence-in-
depth levels so that a common-cause failure of any individual component type shall not prevent managing
the initiating event.
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Summary of the Verification Process
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Adequacy of Verification

The CAE method is applied to justify that the top-claim, thus the BESEP safety requirement is met. It traces
also the reasoning of the argumentation. This makes it easier for others to understand or to complete the
satisfaction of the requirement.

Furthermore, the constituents of the evidence are based on components from parts that have satisfactory
manufacturing certifications and obey to validated norms. The computer codes (ex. 3D thermal-hydraulic
codes) are validated to be used in the safety demonstration and based on international experiences.

Proposals for Improvement

Software language (ex. FormL) to perform the CAE method (layout of the tool, coherence verification,
detection of missing information, etc.) missing was started but is still work in progress.

Requirement No. 2. – BESEP_PSA_IEF_003: The results from long-term monitoring of the NPP site and the
surroundings shall be taken into account in the initiating event frequency estimation for external hazards.

Summary of the Verification Process

Adequacy of Verification

The methods and software tools used to produce the evidence of the CAE are validated to be used for safety
justification. State-of-the-art probabilistic methods are available but can be adjusted if new insights become
available.
Inputs from meteorological models in real-time and short-term previsions for the duration and amplitude of a
heatwave are state-of-the-art.

Proposals for Improvement

A difficulty is the measurement data over long periods (much longer than the timespan of the facility),
regarding the frequency objective of 10 000 years. Continuous improvements to obtain a reasonably
representative distribution of the frequency of rare events are therefore desirable, for example by the survey
and improvement of state-of-the-art estimation methods and close connection to measurement disciplines.

Intensification of the interaction with the meteorological calculations to determine changes in the statistical
distribution of temperatures (extreme weather might become more frequent due to climate).

More interaction and sharing of data or results between PSA, DSA and HFE could give more insights into the
sensitivity of temperature variations on the margins of each domain.

Requirement No. 3. – BESEP_HFE_HSI_001: The HSI shall be adapted to human capabilities and
limitations and it shall prevent the risk of incorrect action as much as possible.
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Summary of the Verification Process

Adequacy of Verification

The use of performance shaping factors is a widely used method to assure a good environment for the plant
personnel. One of the references used is a IAEA document (No. NR-T-2.12).
The arguments and evidence of this prospective case-study are incomplete but used give a first evaluation of
the CAE method.

Proposals for Improvement

Insights in HFE methods and data are continuously evolving, thus they are to be updated when needed or
when new data is available.

More experimental studies on full scope simulators could give additional insights in the human capabilities at
high ambient temperature, but they are time consuming and depend on the availability of these simulators.
Software tools like MERMOZ give an estimation of the probabilistic part of HFE where human errors are
assessed.

Requirement No. 4. – BESEP_SEP_MST_002: The results gained with modelling and simulation analysis
tools shall be collected to enable comparison to previous and following results gained with comparable
models and tools.

Summary of the Verification Process

Adequacy of Verification

Validated (software) tools are used for the DSA, PSA and HFE studies, but no norm seems to exist to
guarantee that adequacy of the SEP. Instead, the CAE method can be seen as part of the SEP process, in
order to analyse the safety justification systematically.

Proposals for Improvement

A (digital) platform containing input data, models of different abstraction level and results could improve the
integration of changes, in requirements, results, insights, etc.

More guidance on the sharing of information between DSA, PSA and HFE could improve the speed of
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convergence between disciplines.

If changes happen, in requirements, insights, norms, etc. it would be helpful if the impact on the interacting
disciplines were automatically propagated.
Assessment of Safety Margins

Safety margins were determined and assessed on the basis of the three main types of safety analysis, i.e.:
 deterministic safety analysis,
 probabilistic safety analysis,
 human factors engineering.

These analyses are discussed one by one in the following.

Deterministic Safety Margins

Definition

The safety margin used for this case-study is based on the definition provided by D2.3 of BESEP.

This definition of the safety limit and probabilistic safety margin concept can be described by using the CAE
method by a claim on the safety margin and arguments that are reflected by the other elements of figure 16
(D2.3, chapter 4), even if no limits are available during the design stage. Most of the evidence should be
provided by deterministic simulations in this case study.

Assessment

Most of the resources to provide the evidence involved in the CAE method would be generated by
deterministic simulations of the temperature, in order to give a good estimate of the maximum temperatures
the components can be subject to. These are room and cabinet temperatures and are calculated for specific
scenarios of high ambient temperatures, some of which could take into account the loss of (off-site) power.
These simulations could provide a (3D) estimation for at least the duration of the heatwave. Component
temperatures are estimated for the systems that are important for the safety of the plant and specifically for
“high” power consuming elements and those components that are sensitive to high temperatures.

Experimental mock-ups with optic-fibers to measure the air temperature constitute a robust way to validate
the simulations.

Evaluation

The evaluation of the margin of each component is based on the difference between the maximum
temperature (plus a bounded uncertainty estimate integrated in the conservative calculation, i.e. an
additional factor) of the modules estimated for the various heatwave scenarios and the maximal allowable
temperature of the components marked in their datasheet or from experimental campaigns.

In this prospective case-study or for new plant designs, the safety margins with respect the ambient
temperature can be chosen (within limits) in the design stage. Results of the scenario simulations indicate
the most fragile components or indicate that low power components are needed in certain cabinets, or that
passive cooling or high thermal inertia is needed to achieve proper safety margins.

Real-world uncertainty regarding turbulence, dead-zones and other local phenomena that perturb the air flow
and temperature into the simulation results needs to be included in the safety margins (in close connection to
PSA teams), for example by the means of a safety factor.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

The safety margin as defined in chapter 4 of deliverable 2.3 (figure 16) is applicable to this case study for the
DSA. The application of a safety factor in the design to be conservative has been identified and would allow
accounting for boundaries of uncertainties naturally present in the environment, such as turbulences and
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dead zones. No specific Regulatory acceptance criteria were found for this specific case, but no difficulty is
foreseen to integrate this into the CAE method.

Proposals for Improvement

Improvement in the interactions between DSA, PSA and HFE, in order to facilitate the identification of the
impact on DSA in case of a change in PSA or HFE studies. This could also improve the agility to adjust
safety analysis.

The uncertainty of all the evidence, should be as low as possible to improve the assessment of the the safety
margin, but are difficult to reduce due to natural unpredictable behaviour, such as turbulence.
A more deterministic way to improve the safety margin is to reduce the power consumption / heat dissipation
by and nearby I&C components.

Probabilistic Safety Margins

Definition

The safety margin used for this case-study is based on the definition provided by D2.3 of BESEP.

This definition of probabilistic safety margin concept can be described by using the CAE method by a claim
on the value of the probabilistic safety margin and arguments that are reflected by the regulatory probabilistic
safety target or requirement and the calculated value with his uncertainty range (figure 17 of D2.3, chapter
4).

The evidence is directly related to the calculated frequency for the peak temperature, as well as the duration
and amplitude of a heatwave chosen with a more deterministic approach (statistical methods are not yet
applied to variables other than point-values in external hazards studies). In order to compare the impact of
high ambient temperatures on CDF and LERF, scenarios are to be simulated including deterministic models.
In this case-study, the scope was limited to the frequency and amplitude of high ambient temperatures, in
accordance with the requirement.

Assessment

The distribution used to estimate the frequency of the high ambient temperature initiating event is specifically
adapted to rare events at the edges of the distribution (Generalized Extreme Value – GEV – distribution,
which hosts for ex. Gumbel, Weibull and Fréchet distributions).

Concerning the input data of the measurements in real-time, common uncertainty methods are applied,
usually Gaussian distributions. But the whole measurement chain should be assessed, from the sensor to
the acquisition and/or historian.

Evaluation

In this case-study, no CDF or LERF calculations were made, but no difficulty was identified that could de-
validate the application of the CAE method. Software tools (probabilistic and deterministic accident
simulation codes) exist that are validated by the regulatory body.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

The safety margin definition of chapter 4 of deliverable 2.3 can be used to estimate the probabilistic safety
margin, although the application for this case-study is very limited.

Proposals for Improvement

Reduction of the uncertainty around the frequency of high ambient temperatures would improve the safety
margin, but new concepts with low power or passive systems could reduce highly the impact of high
temperatures on the I&C systems and tend to inherent safety, where the probability of power loss due to high
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ambient temperatures would become insignificant.

The uncertainty that meteorological forecasts do not detect a heatwave in advance is neglected but could be
introduced.

Safety Margins for Human Actions

Definition

The safety margin in this case study is directly related to the performance shaping factors. Two different
parts intervene: human reliability which is related to the probabilistic safety margin and the resilience side or
the ability to generate correcting or mitigating actions that were not foreseen in advance. The case of high
ambient temperatures is used to identify how the CAE method can be applied, especially when no hard limits
are available or when unforeseen situations happen.

Assessment

Performance shaping factors and, in this case, specifically the five listed in the requirement evaluation are
used as arguments to justify the initial claim/requirement that “HSI shall be adapted to human capabilities
and limitations and it shall prevent the risk of incorrect action as much as possible”. Evidence of (control)
room temperature and time pressure can be calculated by deterministic simulations, but the influence of high
temperature on the workload and situation awareness are much different and include expert judgement and
historical experiences. These two last themes are important for resilience by human actions.

Evaluation

The justification of the requirement, and specifically the evidence could not be calculated precisely. The
evidence to support the arguments for maintaining a safety margin is based on expert judgement, which
stays open to discussion but can be represented by the CAE method.

Experiences with plant operators on full scope simulators are difficult to organise logistically, therefore the
criticality and impact of this assessment should be clear in advance.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

The safety margin as described by the deliverable 2.3 has a strong HRA part, which can be seen as a
probabilistic cousin and thus no particular difficulties are expected for the application of the CAE method.
Even though the data of human reliability is not easy to assess with a small uncertainty. In this case-study
the accent is put on the safety-margins that HRE can provide (by for ex. resilience) in complement to the
deterministic and foreseen situations.

Proposals for Improvement

Good performance measures and their uncertainty of human capabilities to recreate safety margins in
stressful and unforeseen situations would help to assess the evidence to support the arguments of the CAE
method. Furthermore, extended data and experiences are desirable to evaluate the credit of human actions
in unforeseen situations.
Interactions between DSA, PSA and HFE

The role of the DSA is mainly to calculate the strength of the components, the thermal distribution of the heat
in and around the I&C components, cabinets and rooms. In addition, probabilistic inputs from PSA,
concerning the scenarios to simulate in accordance with the importance of potential failures (of components,
HVAC, ventilation, …) are used in the simulations.

One of the upstream inputs of PSA is the frequency of high external ambient temperatures. Thus, the
probability that a design exceeding event of high amplitude occurs.

To conduct a PSA there is also the need (but not only) to:
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 rank the importance of the components in case of high ambient temperatures (fault trees, ).
 estimate the probabilities of human errors due to un uncomfortable temperature.

This gives information on which scenario to simulate, to demonstrate the ability of the safety systems and the
performance of the plant operators.

On one hand, HFE can provide insights and evidence into ways to keep human errors to a minimum (by
having a clear safety concept for information display, clear procedures, …) with attention to procedures or
manipulations / actions that are important for the safety of the plant (training, international experience, ).

On the other hand, in case of heatwaves that are unexpected or unforeseen in amplitude and/or duration by
the design, the safety concept is adapted to the operators and information is exposed according to their
capabilities to deal with the situation and take the right decisions. This holds also for non-design exceeding
situations, that cannot be treated in a classical deterministic way in advance but need human reflection. In
this case-study, the latter showed different elements (from the probabilistic HRE part) to evaluated with the
CAE method.

In this case-study, most of the resources (time, computing power, etc.) concerns the deterministic related
simulations.

Evaluation of Adequacy

Individual methods, (software) tools, procedure, etc that were developed by the three disciplines seem to be
well developed for the tasks at hand, but interaction between theses disciplines got less attention. The
development of one big (software) tool or procedure does not seem to improve interaction. Thus, tools
tailored for each discipline should be preserved.

Proposals for Improvement

Each individual discipline is helped by more details and less uncertainty of the input data. Furthermore, the
evidence of HFE that rely on expert judgment containing tacit knowledge could be made more explicit.

Dynamic interaction could be improved by a central information database or digital platform, containing input
data, models of different abstraction levels and results from all disciplines that are involved in the safety
analysis (in a readable / importable format to all).

From a more global point of view the level of importance for each piece of evidence for the safety analysis
could be made more explicit, in order to concentrate the resources in the right topics.
Characterization of the Overall Safety Engineering Process

The overall Safety Engineering Process that was tested in this case-study is the CAE method, where:
 Safety requirements are represented by Claims
 Supporting safety analysis (generally numerical results, but other results can be included such as expert

judgement) are the Evidence
 The glue between the safety requirements and evidence corresponds to the Arguments that support the

safety analysis.

Evaluation of Strengths and Weaknesses

With the CAE method, complex chains of reasoning are made explicit, it is inspired by mathematical
demonstrations:
 Where a theorem (claim) is progressively broken down into lemmas (sub claims)

And where each reasoning step is explicit so that it can be understood, verified and if necessary, challenged

The main difference is that CAE justification frameworks make room for human judgment
 Some requirements are inherently impossible to satisfy in the absolute

o Example: independence of two systems
 Other are impossible to prove
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o Example: failure rates of high-quality digital systems

The CAE method is applicable throughout the engineering process, from the beginning to the end of the
engineering cycle, the expression and explanation of solution strategies and principles are needed, even in
an early stage when details of the solution are not finalized.

A weakness is that the language to support the CAE is still in progress.

Proposals for Improvement

Improvements or complements to the CAE method are linked to the continuation of the development of a
supporting language (FormL). Additional features could be linked to make the use of resources more explicit
and to visualise the importance of each element in order to have a better view of the graded approach. Many
other specific tools (for example FMECA) could be linked to the CAE method, without changing them to
integrating them completely.
Further Lessons Learned

The resources to produce the evidence are of different magnitude, from very low to very high. Even if
evidence for the HFE safety analysis can include non-numerical ones, such as expert judgement, these
elements can be time consuming.

The deterministic part of the case-study uses extended resources, such as computational resources for 3D
simulations and experimental validation.

The PSA part was restricted to estimate the frequency of the imitating event of high temperature, but
probabilistic elements are inputs to and from the other two disciplines.

Overall, the CAE seems to be a usable evaluation method in the BESEP project.

C.4.2 Case 2: Loss of On-Site Power Supply and Control due to Lightning

Self-Evaluation of Fulfilling Baseline Requirements
Responsible Organization(s): VTT
Case Study Identifier: EIIC_2
Date: 06.05.2022
Case Study Title: Loss of on-site power supply and control due to lightning
Fulfilment of Safety Requirements

Scope of the Requirements

Diversity and common-cause failure criteria (DSA)
 BESEP_DSA_DCCF_001: Common-cause failures shall only have minor impacts on NPP safety.
 BESEP_DSA_DCCF_002: Diversity shall be applied within and between defence-in-depth levels so that

a common-cause failure of any individual component type shall not prevent managing the initiating
event.

Initiating event frequency estimation (PSA)
 BESEP_PSA_EIF_001: The occurrence frequency of initiating events shall be estimated, including

those caused by external hazards.
 BESEP_PSA_EIF_002: The site-specific analysis for external hazard is used in the estimation of

initiating event frequencies.
 BESEP_PSA_EIF_003: The results from long-term monitoring of the NPP site and the surroundings

shall be taken into account in the initiating event frequency estimation for external hazards.
 BESEP_PSA_EIF_004: For initiating event frequency estimation on rare external events having sparse

or no operational data, the basis for the engineering judgements shall be given.

Applicable HSI (Human System Interface) (HFE)
 BESEP_HFE_HSI_001: The HSI shall be adapted to human capabilities and limitations and it shall

prevent the risk of incorrect action as much as possible.
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 BESEP_HFE_HSI_002: When alarms are used to notify operators of abnormal conditions the HSI shall
present information that is relevant and clear and HSI shall prioritize the alarms based on their
significance for the radiation safety.

 BESEP_HFE_HSI_003: The number of different interfaces shall be as low as possible and reasonable.
 BESEP_HFE_HSI_004: The user interface interaction and management shall be as fluent as possible

to reduce workload.

Validated modelling and simulation analysis tools (SEP)
 BESEP_SEP_MST_001: There shall be a description available of the used model to enable the

validation of the model correctness in relation to the plant modelled.
 BESEP_SEP_MST_002: The results gained with modelling and simulation analysis tools shall be

collected to enable comparison to previous and following results gained with comparable models and
tools.

 BESEP_SEP_MST_003: The results gained with a physical model or computer code shall be compared
to separate effects tests, tests carried out on entire systems, to disturbances occurred at NPPs or to
results gained with other validated models.

Evaluation of the Requirement Topics

Diversity and common-cause failure criteria

Summary of the Verification Process

For the relays of the overvoltage protection system, the example results on a reliability estimation of a
computer-based protection relay are applied. The reliability estimation methodology of the example is based
on Bayesian networks. Bayesian networks enable the implementation of qualitative and quantitative
information flexibly together as well as updating the estimation while new information is obtained. The prior
estimate of example protection relay is created using expert judgements from the relay developers. The prior
estimate is updated to a posterior estimate using the relay’s operational experience data. Based on the
results of the reliability estimation the software failure rate of a single overvoltage protection relay in the
system is set to 1·10−3/a.

The protection relays (for the overvoltage circuit breaker logic) are implemented in configuration supporting
the fail-safe aspect. To fulfil the common cause failure (CCF) and diversity requirements, the overvoltage
protection function has been implement with a system comprising of two diverse protection relays functioning
in 1 out of 2 logic opening of the circuit breakers connecting to the safety bus. CCF frequency for the two
diverse relays is estimated to be 1% of software failure rate (~1·10−5/a). The probability of losing both
redundancies is assumed to be 10% of one redundancy loss. The common cause failure of protection relays
of both redundancies is assumed to be include in the 10% estimate. Initiating event frequency for the loss of
both redundancy due to lightning strike on the switchyard and no automatic protection and reconnection is
6.1·10−7/a.

After the automatic protection and reconnection, there is a possibility to perform the reconnection operations
manually. The performed assessment only considers diversity within one defence-in-depth level, the manual
operations and their failure probabilities have not been considered in this case.

Adequacy of Verification

Based on the assessment, the impact of CCF within one redundancy is minor. For both redundancies the
CCF has not been explicitly included in the assessment, but the assumed to be included in the 10% failure
estimate. If CCF would be modelled explicitly for both redundancies the significancy of CCF would be
increased.

Estimation of software failures is challenging due to lack of available data. The CCF estimation of two
diverse computer-based systems is even more challenging as there is basically no good public references
available on the topic. In the assessment, the 1% estimate is used for the CCF, however this value is highly
speculative and should be considered with caution and compared to literature values.

Proposals for Improvement
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Improved methodologies for assessing the software-based CCF are needed to further improve the
estimation and to verify the fulfilment of diversity requirement of the protection relays.

More data and better references on the software reliability of I&C system is needed.

The assessment should be complemented by including the manual operations and other defence-in-depth
levels to the analysis.

Initiating event frequency estimation

Summary of the Verification Process

In this case, the PSA requirements focus on estimating frequencies of initiating event (the occurrence and
the strength of the lightning strike and its induced overvoltage). Site specific frequency estimates for the
lightning strike are based on the data analysis of Nordic/Finnish/closest NORDLIS sensor location
measurement data. It has been estimated that the strike frequency to the plant buildings is 0.03…0.14 /a
based on the 30 kA strike. The strike frequency to the switchyard at 400 kV transmission line connected to
the NPP is based on the conclusions of the data analysis. The switchyard has not been the special focus of
the data analysis and therefore some expert judgment has been utilized to set the strike frequency
conservatively on 0.2/a.

Adequacy of Verification

The verification is based on best available lightning strike frequency data from the closest national
measurement/sensor locations. The data estimate has been supported by expert judgement. Based on the
CAPE (convective available potential energy) analysis the trend of lightning frequency and energy seems to
have increased over the past 40 years. This causes uncertainly to the applicability of frequency estimates in
the future. Site initiating event frequencies should be still compared to values of other similar sites.

Proposals for Improvement

The continuous collection of lightning data to enable the long term monitoring of lightning induced initiating
events at site.

Better lightning data coverage from more site specific measurement/sensor locations will improve the site
specificness of the analysis.

Further refinement of expert judgment in the initiating event frequency estimation based on finding
correlations between future evolution of convective weather conditions and the lightning strike frequency and
energy.

Applicable HSI (Human System Interface)

Summary of the Verification Process

We derive a couple of requirements for the EDG display system, some of which are listed below:
 PS-RQ1: Indicating that the diesel generator is running should be made easy.
 PS-RQ2: Indication for if the diesel generator is ready for starting or not should be the first thing for the

operator to see and clearly visible.
 PS-RQ3: The situation where the diesel generator is already running (n > 320 rpm) should be clearly

indicated in the ready-for-starting display.

The fulfilment of these requirements will be evaluated in a loss of on-site power supply and control simulator
run in a full-scope plant simulator. Quantitative acceptance criteria for these display-specific requirements
are difficult to set, but this limitation can be avoided by a triangulation approach in which multiple qualitative
methods and data sources are used to provide cumulative evidence of the acceptability of the requirements.



[945138] BESEP – Benchmark Exercise on Safety Engineering Practices Page 261/268

If the results of the simulator run indicate that the operator had some problems to observe that the diesel
generator is ready for starting or that the diesel generator is already running, and he/she got frustrated and
stressed by not noticing these facts, some changes are required to the design of the critical displays. For
example, an indicator that the diesel generator is running should be added to the ready for starting frame of
the main display, and this frame should be placed where it is easily detectable (i.e. upper left corner of the
main display). The situation where the diesel generator is already running could be made easily observable
by adding a relevant option to the ready for starting display.

The design of the EDG displays can be considered validated, when all the Human Engineering
Discrepancies (i.e. design deficiencies) have been settled, and by implication all the display-specific
requirements have been fulfilled.

Adequacy of Verification

Systems Usability Case (SUC) enables a requirement-based human factors evaluation of the EDG display
system. The SUC is based on the Safety Case approach and on the Systems Usability construct. One of the
main aims of establishing a Safety Case is to bring to the front the arguments and evidence for safety in
such a way that the reasoning supports the work of a regulator or licensing organization. In the end, the SUC
enables evaluating the Systems Usability of the display system and making a reasonable solid argument
about the acceptance of the system for use. The question is how the conclusions are reached through a
reasoning process, in which the arguments are made about the evidence to approve or reject the claim
concerning the quality of the system.

In the SUC approach, requirements are used systematically as a reference in the assessment of
acceptability of the new CR and HSI systems. The systemic understanding of usability and the notion of
systems usability provides one source of reference within which more general theoretically derived SU
requirements are formed, whereas the display-specific requirements within a particular design project at
hand provides another reference for the validation of the system. Thus, the evaluated system becomes
considered from two complementary perspectives: what is known about the HF and ergonomics in general
and what the practical demands and aims of the design project inwardly are. In practice, the SUC consists of
two main parts, that is, the goal structure and the claim structure parts. The goal structure is developed
before the validation test and the claim structure afterwards to organize the results of the validation to derive
an assessment.

The final conclusion of the validity of the EDG can only be as good as the requirements and acceptance
criteria that are used in the construction of the case. Therefore, special efforts should be allocated to the
determination of requirements and acceptance criteria.

It is typically thought that the final conclusion of verification and validation activities is an estimation of
whether all design deficiencies have been resolved, and there are no signs of new undetected deficiencies.
However, there will always be some design deficiencies that cannot be completely resolved, and which we
have to learn to live with. Therefore, a more realistic conclusion would be that, despite some remaining
deficiencies, the system has a lot of potential that provides a reasonable confidence of its suitability for use.
This kind of conclusion provides grounded reasons for considering the system’s validity, and we see that it
offers a reasonable solution to express a system’s validity in case of continuous engineering of complex
systems.

Proposals for Improvement

The design-specific requirements should be prioritized and graded according to their safety importance.

Validated modelling and simulation analysis tools

Summary of the Verification Process

Following models were used in the assessment:
 In a co-simulation the plant’s electrical components in general are modelled in Simulink and most of the

pump sets are co-simulated with Apros.
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 Simulations using different combination of protective surge arrestors have been done with
EMTP-ATPDraw.

 The reliability estimation methodology of the example is based on Bayesian modelling and in particular
to its technical solution called Bayesian networks.

 The SUC is based on the Safety Case approach and on the Systems Usability construct.

Adequacy of Verification

The used models include descriptions on what and how they are applied in the overall assessment, no black
box models were used. The models use mathematical formulation for calculations. However, the models and
tools have not been previously used in this specific site, so further analysis of their behaviour is required.
The results have not been compared to results of other similar, validated tools.

Proposals for Improvement

Further collection of results, and evaluation of models and simulation tools to other similar configurations,
sites, and tools.
Assessment of Safety Margins

DSA safety margins

Definition

For this case, DSA requirement topic was the ‘diversity and common-cause failure criteria’.
For this requirement topic the DSA safety margins were:
 the component (software and hardware) reliability estimates,
 common-cause frequency estimates,
 relay configuration and voting logic selection.

Assessment

The component software reliability estimates were generated based on expert judgement and operational
experience data. Hardware and common cause failure estimates were generated from the software reliability
estimates.

Relay configuration and voting logic selection was not explicitly assessed but the selection was done with
fail-safe emphasis.

Evaluation

The common-cause failure (CCF) frequency for the two diverse relays is estimated to be 1% of software
failure rate (~1·10−5/a). Relay configuration and voting logic is set to 1 out of 2 with diverse relays.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

DSA safety margins in the case study focused on the loss of off and on-site power initiating event frequency,
no core damage frequency (CDF) has been estimated. With a comprehensive PSA model, the CDF could be
estimated using the estimated initiating event values.

Proposals for Improvement

For attaining the CDF safety margins, the comprehensive PSA model should be defined. Afterwards these
values could be compared to regulatory acceptance criteria.

PSA safety margins

Definition
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For this case, PSA requirement topic was the ‘initiating event frequency estimation’.
For this requirement topic the PSA safety margins are:
 the lightning strike initiating event frequency.

Assessment

Data analysis and expert judgement were used to generate the initiating event frequency for the lightning
strike external hazard.

Evaluation

The strike frequency was assessed to be conservatively 0.2/a.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

PSA safety margins in the case study focused on lightning initiating event frequency. Similarly to the DSA
safety margins, no CDF was estimated. With a comprehensive PSA model, the CDF could be estimated
using the estimated initiating event values.

Proposals for Improvement

For attaining the CDF safety margins, the comprehensive PSA model should be defined. Afterwards these
values could be compared to regulatory acceptance criteria.

HFE safety margins

Definition

In general, one criterion for safe plant performance is that the plant’s operating personnel acts in a safe and
conscientious manner. This, in turn, requires that human-system interfaces support the personnel in their
work, and the interfaces are designed according to the principles of systems usability (i.e. general and
design-specific human factors requirements). Systems usability provides a contextually defined human
factors goal towards which the EDG display system should be developed, and which the validated system
should fulfil. The system usability construct consists of nine generic indicators that are derived by cross-
tabulating the generic tool functions (i.e. instrumental, psychological and communicative function), and three
perspectives on activity (i.e. performance, way of acting, and user experience). Each EDG-based
requirement and acceptance criterion that is derived from the requirements can be classified into one of the
nine SU indicators.

Measures for human performance evaluation of the EDG displays system are categorized into the following
six classes: 1) plant performance, 2) personnel task performance, 3) situation awareness, 4) stress,
workload and fatigue, 5) teamwork, and 6) anthropometric physiological indicators. Measures related to the
systems usability indicators are shown in the Figure 1 below.
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Figure 1. Measures related to the systems usability indicators

Assessment and evaluation

Systems Usability Case (SUC) enables the evaluation of the Systems Usability of the EDG system and
making a reasonable solid argument about the acceptance of the system for use. It describes how the
conclusions are reached through a reasoning process, in which the arguments are made about the evidence
to approve or reject the claim concerning the quality of the system. SUC is described in more detail fashion
in Case Study EIIC 3 VTT Lightning event.

Comparison of the Safety Margin Interpretation with Chapter 4 of Deliverable 2.3

Verification and validation of the EDG system in terms of Systems usability demonstrates that the system
fulfils the general systems usability and specific system-specific requirements and thus supports the safe
operation of the power process. The presented approach is thus in accordance of Sub-chapter 4.4. of
Deliverable 2.3.

Proposals for Improvement

Quantitative acceptance criteria for the systems usability and system-specific requirements are difficult to
set, but this limitation can be avoided by a triangulation approach in which multiple qualitative methods and
data sources are used to provide cumulative evidence of the acceptability of the requirements.
Interactions between DSA, PSA and HFE

Description

DSA, PSA and HFE analyses have all been utilized in the case study. The main interaction point is the
protection relay configuration and reliability analyses, where the configuration is decided by DSA and verified
by PSA.

HFE focuses mainly on the startup of EDG and its connection to safety busbar.

Evaluation of Adequacy

Since the EDGs are the main focus of HFE, the human action regarding the overvoltage situation have not
been assessed in wider scope. This creates gaps between HFE and DSA/PSA analyses.

Proposals for Improvement

Overvoltage analyses on the performance and behaviour of the protection relays.

Evaluation of other potential selectivity protection measures.
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Extending HFE analyses to cover all the human actions involved with the overvoltage situation.
Characterization of the Overall Safety Engineering Process

Description

The applied safety engineering activities and analyses are described in Figure 2, which also lists the
protective measures of the plant. Figure 3 attempts to demonstrate how the safety engineering activities of
this case study are connected to the overall safety engineering process, such as the V-model in deliverable
2.3.

Figure 2. Protective measures and the related analyses
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Figure 3. Case study focus of the overall safety engineering process

Evaluation of Strengths and Weaknesses

Strengths:
 Safety analyses focus on the essential part of plant design and important safety system relevant to the

accident scenario. The initiating event has been identified and the accident sequence has been clearly
specified.

 Safety analyses and their outcomes are identified in the safety engineering process, this helps to
produce the needed evidence for the requirement verification.

 The technical disciplines relevant for the case study can be identified from the overall safety engineering
process presented in the V-model.

Weaknesses:
 As the case stays only at architecture, or some cases in system level, the further elaboration of

requirements down to system and component specific level has not been made.
 Interactions and interfaces to other, possibly dependent, plant systems have not been properly

considered.
 For the case study, comprehensive PSA model has not been created. The risk assessment is purely

case specific, focusing only on a single failure combination, i.e. the failure relay configuration.
 As the requirements had not been specified while conducting the safety analyses, the formal verification

of requirements could only be performed after the analyses have been made. There was no possibility
to do detailed analyses on areas of specific interest.
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Proposals for Improvement

With the help of a more comprehensive PSA model versatile failure combination could be recognized.

Detailed system and component level analyses would improve the assessment and make it more accurate.
Further Lessons Learned
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