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Abstract: The paper describes the updated | AEA screening method for assessment of comprehensiveness of defence in depth for both
existing as well as new nuclear power plants. Initsfirst part the paper briefly summarizes the original IAEA method developed more
than 10 years ago, described inthe |AEA Safety Report No. 46 — Assessment of defencein depth for nuclear power plants. Further on,
the need for updating the methods is justified making reference to relevant new IAEA Safety Standards and other guidance documents
used for updating the method with consideration of new safety requirements and main directions in safety enhancement. Key
modificationsin the original IAEA method of objective trees are summarized. An example of the updated objectivetreeis provided and
compared with the original tree. In the last part of the paper the potential areas for the use of the method areindicated.
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1. Introduction

As reconfirmed by different forums, defence in
depth based on multiple barriers and variety of means
(provisions) to protect the barriersis and should remain
an essential strategy to ensure nuclear safety for both
existing and new nuclear power plants (NPPs).

Since many years, defence in depth represents a
focal point for IAEA safety related activities. The need
for a practical tool aimed at facilitating assessment of
comprehensiveness of defence in depth has been
recognized by the IAEA at the end of 90-ties with the
objective to contribute to more specific understanding
of this very general term: all NPPs have physica
barriers and means to protect the barriers, while their
level of defence in depth can be very different.

Among many |AEA documents related to defencein
depth there are two documents with special importance
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for the present report. One of them is INSAG-12
(update of INSAG-3) — Basic Safety Principles for
NPPs, published in 1999 [1], introducing the concept
of basic safety principles as necessary conditions for
ensuring plant safety, and Safety Report No. 46 —
Assessment of defence in depth for NPPs, published in
2005 [2], which describes a screening method for
assessing comprehensiveness of the defence in depth
capabilities of a NPP (mainly of an existing plant),
including all necessary measures taken to ensure safety.
Since development of Safety Report No. 46 significant
enhancement in international safety requirements
including also enhancement of defence in depth took
place, in particular after the Fukushima accident. For
further use of the Safety Report No. 46 it is therefore
necessary to update the report taking into account all
new safety developments and also to improve user
friendliness of the method based on experience fromits
previous applications.

In 2016, the Czech electric utility CEZ a.s. decided
to update the method of objective tress with due
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consideration of al new safety requirements with the
aim to use the method in next periodic safety reviews
of NPPs in the Czech Republic. The updated
methodology should provide a tool for periodic safety
assessment of operating NPPs in the scope defined in
the IAEA Specific Safety Guide SSG-25 — Periodic
Safety Review for Nuclear Power Plants [3].

The paper describes the updated screening method
developed in response to the CEZ decision. In its first
part the paper briefly summarizes the original |AEA
method as described in Safety Report No. 46. Further
on, the need for updating the method is justified
making reference to the relevant new |IAEA Safety
Standards and other international guidance documents.
Key modifications in the origina IAEA method of
objective trees are summarized. An example of the
updated objective treeis provided. It is obviousthat the
use of the method can be much broader than just to be a
tool for performing the periodic safety review. In the
last part of the paper such potential areas for the use of
the method are presented.

The updated method is intended to be predominantly
used by the operating organization, and therefore the
provisions for ensuring safety are focused on those
which can be managed by the operating organization.

It is assumed that the IAEA can provide aforum for
further improvement of the method and its broader
distribution and utilization by the Member States.

2. Brief Description of the Method of
Objective Trees

IAEA Safety Report No. 46 describes the reference
approach for checking the completeness and quality of
implementation of the concept of defencein depthina
systematic way. The bases for the approach were as
follows:

e Safety should be ensured by implementing
safety provisions at all 5 levels of defence in
depth at any time;

e Each of the levels should be individualy
robust;

e Each level has its relevant safety objectives
ensured by corresponding integrity of the
physical barriers;

e  For maintaining integrity of the barriers, the
fundamental safety functions (FSFs) and more
detailed (derived) safety functions (SFs) should
be performed;

e SFs can be chalenged by a number of
mechanisms affecting their performance;

e To prevent mechanisms affecting the SFs,
safety provisions of different kinds should be
implemented,;

*  Provisions implemented at different levels of
defence should be reasonably independent.

The concept of defence in depth has been often
oversimplified and misinterpreted just as a set of
physical barriers, whose integrity is ensured by safety
provisions as the plant systems (hardware provisions)
implemented at various levels of defence. However,
comprehensive measures to ensure effectiveness of the
barriers against releases of radioactive substances
should include much broader variety of safety
provisions. organizational, behavioural and design
measures, namely inherent safety characteristics;
safety margins; active and passive systems; operating
procedures and operator actions; human factors and
other organizational measures; safety culture aspects.
It is important to underline that although plant
technological systems are very important, they are not
the only components of defence in depth.

The screening approach described inthe IAEA Safety
Report No. 46 uses so called objective trees (Fig. 1) for
screening the availability safety provisions &t five levels
of defence. Thetop down approach has been used for the
development of objective trees, i.e, from sating the
objectives and relevant SFs for each level of defence,
through the challenges to performance of these SFs
composed of various mechanisms affecting the
performance, up to the provisons which may be
implemented to prevent challenges to SFs to take place.
The provisions are aimed at preventing the mechanisms
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Fig. 1 [lllustrative structure of the objective tree at each
level of defence.

and challenges to SFs to take place so that to ensure
integrity of physical barriers and achieving safety
objectives at each level of defence.

Graphical depiction of links between safety
objectives and safety provisions in the form of an
objective tree helps to identify weaknesses in defence
in depth and supports the questioning attitude essential
for nuclear safety. Screening by means of objective
trees should be understood not only asacomprehensive
tool for assessment, but also as a way of thinking on
nuclear safety in very broad circumstances.

Nevertheless it should be mentioned that the
approach described in Safety Report No. 46 does not
include any quantification of the extent of defence in
depth nor prioritization of the provisions of defence.
The approach is intended only for screening, i.e., for
identification of both the strengths and weaknesses and
for identification which additional provisions could be
considered. There are no criteria on what is considered
a sufficient level of implementation of individual
provisions. The level of detail and completeness of
evaluation are at the discretion of every user of the
approach.

Use of the method for checking comprehensiveness
of defence in depth isdone in areverse way compared
to development of the method, it means by bottom up
of screening of individua provisions, including the
following steps:

e Comparison of provisons specified in the
objective trees with capabilities of the plant;

e Judgment of the level of implementation of
each provision in siting, design, construction,
commissioning and operation;

* Consideration of optiona provisions and
judgment whether an absence of a provision
leads to the weakness in defence in depth;

e Judgment whether a mechanism can be
considered as prevented to occur;

e Judgment whether a chalenge can be
considered as prevented to affect fulfillment of
a safety function.

In summary, the objective trees in the IAEA Safety
Report No. 46 included 95 different challenges (some
of them applicable for severa levels), 254 different
mechanisms and 941 different provisions. It will be
shown further in the paper that updating the Safety
Report No. 46 will lead to significantly increased
number of itemsin the objective trees.

3. The Need for Updating the Method for
Assessment of Comprehensiveness  of
Defencein Depth

The Fukushima accident demonstrated importance
of comprehensive implementation of defence in depth
and reactivated interest in various methods for its
assessment. There was the IAEA Internationa
Conference on Topica Issues in Nuclear Installation
Safety: Defence in Depth — Advances and Challenges
for Nuclear Installation Safety held in Vienna, 21-24
October 2013 [4]. Among conclusions of the
conference there was a confirmation of importance and
value of defence in depth for both existing and new
plants. Further development of the tools based on the
methodology described in the Safety Report No. 46
was recommended as ameans for ensuring that defence
in depth safety provisions are comprehensive enough.
In the conclusions of the conference a number of
recommendations were presented with the objective of
further strengthening the defence in depth. Among the
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recommendations there was also the need to take into
account the most recent IAEA Safety Standards and
maintenance of compliance with these Standards by
periodic safety reviews over the entirelife of the plants.
The need for further development of guidance
documents and tools for assessment of required new
features of defence in depth was also included in the
recommendations.

Following the conference, there were severa
meetings organized by the IAEA partialy addressing
the defence in depth, but no specific actions on
updating of Safety Report 46 were taken up to now.

In 2016, the Czech utility CEZ a.s. decided to usethe
method of objective tress described in IAEA Safety
Report No. 46 for assessment of the level of defencein
depth in next periodic safety reviews of Czech NPPs. It
was clear that the original objective trees developed
more than 10 years ago needs updating in order to
reflect al relevant new safety requirements as well as
to improve user friendliness of the method. The
updating has had aso to reflect on-going updating of
the Czech nuclear legislation.

It was clear from the beginning that the update will
significantly influence the origina scope and level of
detail of the screening method described in IAEA
Safety Report No. 46. For demonstration of the needed
scope of updating, the key enhancements to be
incorporated based on IAEA Safety Requirements are
summarized below.

Main areas of strengthening in the IAEA Safety
Requirements for siting include the following items
[5]:

*  The need to evaluate frequency and severity of
external natural and human induced events,
with consideration of potential combination of
events,

e Establishing the design basis hazard level
considering frequency and severity of events
with associated uncertainties, considering long
term historical data;

e Assessment  of the  feashility  of
implementation of  emergency  plans,
considering potential mutual effects among
multiple nuclear and other facilities at one site;

*  Periodic review of site specific hazards (every
10 years or shorter in case of significant
changes in hazards) with evauation of
implications.

Main areas of strengthening in the updated Safety

Requirements for design [6] are as follows:

e Consideration in the plant design of al plant
states up to design extension conditions
including severe accidents in the plant design
envelope;

e Limitation of radiological consequences of
accident conditions: no off-site  measures
needed for any design basis accidents, of-site
measures limited in area and time for severe
accidents, which are not practically eiminated;

e  Strengthening the plant design basis by
consideration of external hazards with
implementation of sufficient margins;

* Practical €elimination of  unacceptable
radiological consequences (elimination of
early or large radioactive releases) to the
public and the environment (elimination or
minimization of site contamination);

* Reinforcement of the independence of defence
in depth provisions, in particular between
levels 3 and 4 — implementation of dedicated

safety provisions for design extension
conditions;

*  Stressing the need for margins to avoid cliff
edge effects;

*  For itemsthat ultimately prevent large or early
releases more margins are required, aso for
external hazards more severe than those
selected for the design basis;

* |n a multiunit site, each plant unit to have its
own safety systems and safety features for
design extension conditions, but considering
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interconnections between the units for
enhancement of safety;

Reinforced capabilities for heat transfer to the
UHS; alternative heat sink or different heat
transport route is required for conditions
generated by beyond design basis externa
events,

Strengthening design of the control room with
margins against natural hazards exceeding the
design basis;

Implementation of features to enable the use
(e.g., hook-up) of non-permanent equipment;
Reinforced capabilities for power supply in
design extension conditions; independent and
separated aternate power sources for station
black-out accidents, with continuity of power
for monitoring;

Emergency response facilities capable to
withstand conditions generated by accidents
and hazards;

Additional measures for spent fuel pool (SFP)
monitoring (temperature, water level, activity,
water chemistry), cooling and maintaining
inventory including use of non-permanent
equipment (in order to practicaly eliminate
severe accidents).

Main areas of strengthening in the updated Safety
Requirements for operation [7] are asfollows:

Periodic safety review to consider national and

international  experience, national  and
internationa standards and to cover site related
aspects,

Implementing  corrective  actions  and

reasonably practicable modifications to reduce
likelihood and potential consequences of
accidents;

Strengthening means of communication,
availability of information in emergency
response facilities and locations with regular
testing, validation and training on emergency
preparedness,

Strengthening accident management, degraded
regional infrastructure and adverse working
conditions, ensuring safe location and
maintenance of non-permanent equipment;
Periodical review and revisions of accident
management programme;

For multiunit sites considering concurrent
accidents affecting all units with verification of
availability of experienced personnel,
equipment, supplies and external support;
Considering contingency measures such as an
alternative supply of cooling water and an
aternative supply of electrical power to
mitigate the consequences of accidents;
Ensuring safe and accessible storage of
temporary equipment;

Appropriate  competences, systems and
technical support, with adequate validation,
testing and exercises of accident management,
including long-term actions;

Feedback from operating experience to include
emergency responses and lessons learned from
other industries;

Establishing maintenance  programmes,
training and exercises for no-permanent
equipment.

In addition to the IAEA Safety Requirements, other
documentstaken into account in updating the screening
method of the objective trees include:

IAEA Report on Human and Organization
Factors in the Light of the Accident at the
Fukushima Daiichi Nuclear Power Plant [8]
IAEA Report on Reactor and Spent Fuel Safety
in the Light of the Accident at the Fukushima
Daiichi Nuclear Power Plant [9]
Post-Fukushima  updating of WENRA
reference levels for existing reactors [10]
Recommendations from the post-Fukushima
stress tests, in particular from the EU stress
tests[11, 12],
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* OECD/NEA lessons learned from Fukushima
accident published in 2016 in document [13].

All these reference documents in combination with
accumulated experience from the previous use of the
method were used in systematic updating of al
objective trees included in Safety Report No. 46, so
that all new safety requirements are now adequately
covered.

4. Comparison of Objective Treesin Original
IAEA Methodology and Newly Developed
Objective Trees

It is clear that the most significant changes in the
objective trees resulted from the new safety
requirements as well as from the accumulated
experience from previous applications of the method.
However, it was also necessary to improve user
friendliness of the original method. Development of
objective trees in Safety Report No. 46 was
significantly limited by available hardware and
software computational means at the time of the
development. The software system had limited
flexibility, size of the boxes in the objective trees did
not allow to insert sufficiently self-understandabl e text
of provisions, etc. The whole set of objective trees
remained just in the paper form, not alowing any
further development and improvements. Rigid
structure of the objective trees with no flexibility was
the main obstacleis broader use of the method.

Old objective trees were developed in Microsoft
PowerPoint 97-2003 software. New objective trees are
developed in two formats. One of the formats are
standard excel tables, easy to be updated and aso
providing certain visualization of the objective trees.
The second format has a typical shape of a tree
produced by the Microsoft Office Viso 2007 or
Microsoft Excel 2010 software tool. Challenges,
mechanisms and provisions are more specifically and
therefore more understandably formulated. A specific
set of provisions is associated with each individua
mechanism differently from the past when the same

more general provisions were associated with several
mechanisms at the same time. Currently available
software also allows adding to individual itemsin the
objective trees various attributes of the items as
appropriate, such as numbering of provisions or their
linking to more specific safety requirements. The
available software offers a reasonably simple transfer
of an objective tree developed in an excel tableinto a
Microsoft Visio or Excel figure and vice versa.

The overall effect of updating of objective trees can
be illustrated by some numbers showing that in
comparison with Safety Report No. 46 the number of
challenges included in the objective trees increased
from 95 to 128, number of mechanisms from 254 to
347 and number of indicated provisions to prevent
mechanisms challenging the safety functions was
nearly doubled, with increase from 941 to 1797.

All objective trees from the origina Safety Report
No. 46 were transferred into a new format in excel
sheets, thus allowing improving and updating the
objective trees taking into account information from
various reference sources in the present report.
Practically all objective treeswere expanded to provide
adequate level of details and to reflect new
reguirements. Some new objective trees were added to
reflect completely new requirements, for example the
tree for assessment of practical elimination of early or
large radioactive releases. The objective trees are at
present being verified by CEZ expertsin various fields
of nuclear safety. It would be very appropriate to
involve the IAEA experts in the process thus to
improve overall quality and applicability of the
method.

The changes discussed above are illustrated in the
figures below. Fig. 2 shows one of the “old” objective
trees corresponding to the safety principle “Station
blackout”, while Fig. 3 shows the equivalent updated
excel table and Fig. 4 the new objective tree
corresponding to the same safety principle.

These examples demonstrate significant technical
enhancements as well as improvements in user
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friendliness of the method thus providing better wereimplemented in al objective trees of IAEA Safety
conditions for broader use of the method. Similar Report No. 46.
modifications, although not necessarily so significant,

All safety functions are
affected

Simultaneous loss of on-

site and off-site AC power|

Analysis of the risk (CDF) Analysis of nuclear Analysis of safety LA s Ensurance of high Installation of addtional
in case of station power plant vulnerability functions affected during power supply sources: reliability of power sources: hydro, gas
blackout to station blackout station blackout diesels, turbines normal and emergency and grid as needed based
and batteries power supplies on analyses

Fig. 2 Objectivetree corresponding to the safety principle “ Station blackout” in IAEA Safety Report No. 46.
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[station Wackout jconsumnabies lubrication]

Fig. 3 Excel table corresponding to the objective tree for the safety principle “ station blackout”.

5. Potential Applications of the M ethod friendliness of the method provides a good basis for
I . broader use of the method.
There were examples of application of the objective ) .
. . ) Following applications of the methods may be
trees approach in the past and renewed interest in the considered:

approach is observed after the Fukushima Daiichi
accident. The applications until now demonstrated that
the screening method is based on a sound concept and
can be effectively used by NPPs, that it helps
identifying missing or weak provisions, that
understanding of importance of provisions and
interactions among provisions/mechanisms by using
the method is improved because of complexity and
visualization in the form of objective trees, and that
self-assessment mode of the review contributes to the
safety culture-questioning attitude of the reviewers.
The updating of the method by incorporating al new
safety requirements and improvements of user

*  Bottom-up qualitative assessment of availability
of identified provisions in any specific NPP,
combined with an expert judgments of sufficiency
of provisions for preventing challenges to safety
functions to take place;

*  Useof selected lists of provisions as remindersfor
verification of availability of necessary measures
in specific safety reviews, including IAEA safety
review missions,

* Veification of comprehensiveness of safety
assessment criteria in periodic safety reviews by
comparing the criteria with the list of provisions
identified in the objective trees,
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Fig. 4 Updated objectivetree corresponding to the safety principle “ Station blackout”.

Assessment of severity of deficiencies in safety

level identified in periodic safety review by

6. Conclusions
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Drills with connections of|
non-permanent
equipment

L|Portable battery or diesel

powered lights

indicating the challenges to performance of safety
functions, levels of defence in depth affected and
available provisions possibly compensating the
deficiencies,

Use of identified gaps in comprehensiveness of
defence in depth provisions for identification of
measures for safety upgrading of the NPPs;
Demonstration of progress in safety upgrading of
agiven NPP by increasing the number and level of
implementation of different safety provisions,
Demonstration of a comprehensive consideration
of defence in depth in the plant Safety Analysis
Reports,

Use the objective trees for training of NPP staff in
comprehensive consideration of defence in depth
in their day by day operations.

The IAEA Safety Report No. 46 provided afeasible
framework for assessment of comprehensiveness of
implementation of defencein depth provisions, but due
to relatively long time since its publication it needed
updating and improvements of its user friendliness.
Thework described in the paper responded to the needs
for overal improvements of the whole methodology
for screening comprehensiveness of the defence in
depth at all levels of defence.

Updating of the challenges, mechanism and
provisions in the objective trees took into account
strengthening of international and national safety
requirements and lessons learned, in particular those
reflected in the |AEA Safety Standards, WENRA
reference levels and safety objectives, OECD/NEA
recommendationsfor strengthening of defence in depth,
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and any other post-Fukushima lessons learned,
including results of the European and other stresstests.

In the updated method, the origina basis of the
approach by means of systematic assessment of
provisions available to prevent mechanisms and
challenges affecting safety functions potentialy
leading to the damage of the barriers against rel eases of
radioactivity was maintained. The way of illustrating
the links between safety objectives, barriers, safety
functions, challenges, mechanisms and safety
provisions by graphically presented objective trees
remained unchanged, providing additional possibility
of presenting objective trees in the format of excel
sheets easy to be updated.

The updating also included adjustment of the
balance between individual objective trees, as well as
checking and improvements of the formulation of the
items in the objective trees to ensure their validity,
correctness and clarity of the formulations.

The user friendliness of the method was improved by
developing a computerized version of objective trees,
with sufficient flexibility for further corrections and
modifications, with a possibility to associate various
attributes to individual items of the objective trees,
with apossibility of easy updating the objective trees.

Czech electric utility CEZ as., offers the method for
further international adaptation and broader use for
assessment. |AEA isinvited to provide the framework
for broader international use of the method.
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