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FOREWORD

In 1990 the IAEA initiated a programme to assist the countries of central and eastern Europe
and the former Soviet Union in evaluating the safety of their first generation WWER-440/230
nuclear power plants. The main objectives of the Programme were: to identify major design and
operational safety issues; to establish international consensus on priorities for safety improvements;
and to provide assistance in the review of the completeness and adequacy of safety improvement
programmes.

The scope of the Programme was extended in 1992 to include RBMK, WWER-440/213 and
WWER-1000 plants in operation and under construction. The Programme is complemented by
national and regional technical co-operation projects.

The Programme is pursued by means of plant specific safety review missions to assess the
adequacy of design and operational practices; Assessment of Safety Significant Events Team
(ASSET) reviews of operational performance; reviews of plant design, including seismic safety
studies; and topical meetings on generic safety issues. Other components are: follow-up safety
missions to nuclear plants to check the status of implementation of IAEA recommendations;
assessments of safety improvements implemented or proposed; peer reviews of safety studies, and
training workshops. The IAEA is also maintaining a database on the technical safety issues
identified for each plant and the status of implementation of safety improvements. An additional
important element is the provision of assistance by the IAEA to strengthen regulatory authorities.

The Programme implementation depends on voluntary extrabudgetary contributions from
IAEA Member States and on financial support from the IAEA Regular Budget and the Technical
Co-operation Fund.

For the extrabudgetary part, a Steering Committee provides co-ordination and guidance to the
IAEA on technical matters and serves as forum for exchange of information with the European
Commission and with other international and financial organizations. The general scope and results
of the Programme are reviewed at relevant Technical Co-operation and Advisory Group meetings.

The Programme, which takes into account the results of other relevant national, bilateral and
multilateral activities, provides a forum to establish international consensus on the technical basis
for upgrading the safety of WWER and RBMK nuclear power plants.

The IAEA further provides technical advice in the co-ordination structure established by the
Group of 24 OECD countries through the European Commission to provide technical assistance on
nuclear safety matters to the countries of central and eastern Europe and the former Soviet Union.

Results, recommendations and conclusions resulting from the IAEA Programme are intended
only to assist national decision makers who have the sole responsibilities for the regulation and safe
operation of their nuclear power plants. Moreover, they do not replace a comprehensive safety
assessment which needs to be performed in the frame of the national licensing process.



EDITORIAL NOTE

In preparing this publication for press, staff of the IAEA have made up the pages from the
original manuscript(s). The views expressed do not necessarily reflect those of the governments of
the nominating Member States or of the nominating organizations.

Throughout the text names of Member States are retained as they were when the text was
compiled.

The use of particular designations of countries or territories does not imply any judgement by
the publisher, the IAEA, as to the legal status of such countries or territories, of their authorities and
institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as registered)
does not imply any intention to infringe proprietary rights, nor should it be construed as an
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SUMMARY

Operational events occurring during shutdown conditions represent a significant contribution
to the NPP risk due to the fact that both preventive and mitigatory capabilities of the plant are
somehow degraded. The need for detailed information in the performance and review of accident
analysis for WWER nuclear power plants has been identified as a priority within the IAEA
Extrabudgetary Programme on Safety of WWER and RBMK NPPs.

The present guidelines were developed through two consultants meetings in 1995 and 1996.
The guidelines establish a set of criteria for performing deterministic analysis of accidents, initiated
by events occurring during shutdown conditions. The publication is mostly relevant for licensing
type calculations, and may, to a certain extent, also be utilized for development, improvements or
justification of the plant limits and conditions, emergency operating procedures, operator training
programmes and probabilistic safety studies. The guidelines apply to all WWER plants which at
present are in operation and/or under construction.



1. INTRODUCTION

1.1. BACKGROUND INFORMATION

Operational events occurring during shutdown operational modes represent a significant
contribution to the NPP risk due to the fact that both preventive and mitigatory capabilities of the
plant are somehow degraded, e.g. by:

blockage of automatic start-up of some safety systems;
some equipment in maintenance or in repair;
reduced amount of coolant both in primary as well as secondary circuit in some regimes;
some instrumentation and measurements switched off or non-functionable;
open primary circuit; and
open containment; etc.

Extensive maintenance work together with a high number of people present due to refuelling,
preventive and corrective maintenance, modifications, surveillance testing and in-service
inspections can increase considerably the likelihood of an inadvertent event.

The most important contributors to the risk are boron dilution events and loss of residual heat
removal events due to both equipment failures and human errors.

Lack of systematic analysis of accidents occurring during reactor shutdown has been
recognized as a safety issue in the IAEA reports Safety Issues and their Ranking for WWER NPPs
[1,2]. In the same reports it was recommended among others, that an extensive study concerning
accidents during low power and shutdown conditions should be initiated as soon as possible; the
possible hazards should be evaluated using deterministic approach; measures should be taken to
solve the specific plant vulnerabilities found in the study.

As the first step to solve the issue and to assist the Member States operating WWER NPPs in
improving the shutdown safety, the IAEA convened a topical meeting in November 1995 [3], to
exchange information on relevant operational occurrences, analytical studies and countermeasures
taken for WWERs, and to define the necessity and directions of further activities. As an urgent
matter, the development of procedures for accident analysis during shutdown modes was proposed
during the topical meeting. These procedures should complement the IAEA guidelines [4], which
deal mainly with accidents during power operation conditions. These existing guidelines are not
fully applicable for shutdown conditions, e.g. due to the different list of initiating events, different
acceptance criteria, different approach to the applicability of the single failure criterion, special
features of the computer codes required, etc.

1.2. OBJECTIVES AND SCOPE OF THE PROCEDURES

The objective of the procedures is to establish a set of criteria, both conceptual as well as
formal, for performing deterministic analysis of accidents, initiated by events occurring during
shutdown modes. The criteria cover all neutronic, thermohydraulic, mechanical and radiological
aspects of the accidents. These procedures should provide a basis for assessment of the plant
vulnerability to degradation of barriers against releases of radioactivity into environment and of the
possibilities to control the risk. The report is mostly relevant for calculations made for licensing
purpose. The assessment may to a certain extent also be utilized for development, improvements or
justification of the plant limits and conditions, emergency operating procedures, operator training
programmes and probabilistic safety studies.



The procedures apply to all WWER plants which at present are in operation and/or under
construction. The procedures generally cover accidents with specific occurrence during shutdown
modes, although more attention is devoted to neutronic and thermohydraulic aspects of accidents
with more complicated methodological approach, e.g. to accidents due to degradation of the
residual heat removal from the reactor core.

Concerning the plant conditions, the procedures deal mainly with the cold shutdown and
refuelling modes. The partial limitation is supported by the fact that the remaining shutdown modes
are mostly covered by the guidelines [4]. Of course, a number of recommendations is applicable
also for other shutdown conditions.

Requirements and guidelines in the scope and contents of accident analysis were expressed in
several IAEA reports, including the NUSS Code on Design [5], Code on Governmental
Organization [6], Safety Guides 50-SG-D11 [7] and 50-SG-D2 [8]. Although not explicitly
underlined, the above-mentioned requirements to perform accident analysis also apply to the
shutdown modes. On the other hand, the indicated reports do not include recommendations specific
for shutdown accidents. Moreover, contrary to the situation with accidents occurring during power
operation, no specific relevant national standards have been developed. Generally, publications on
the analysis of accidents in shutdown modes are very rare, e.g. no relevant file has been found
under the IAEA INIS system. This situation exists inspite of the fact that several PSA studies
including risk during shutdown modes have already been elaborated [9], [10], [12].

Due to the above-mentioned reasons, the present procedures could only partially be based on
learning from current approaches adopted both in eastern or western countries involved in accident
analysis. Major source of information for these procedures was provided by the previous IAEA
meeting [3]. Guidelines for analysis of accidents during operation at power [4], were also used as
far as applicable.

1.3. STRUCTURE OF THE PROCEDURES

Section 2 of these procedures shortly summarizes the main reasons resulting in degraded
capability of the plant during shutdown modes to maintain key safety functions, which for shutdown
modes are maintaining the reactor core subcriticality, cooling the core, cooling the spent fuel pool
and confining the radioactive materials.

Section 3 characterizes the plant operational states and conditions from the point of view of
basic plant parameters, mode of the residual heat removal, availability of instrumentation and
systems important to safety. A proposal on more detailed subdivision of shutdown modes into plant
operational states (POS) is made.

Section 4 gives a procedure on the proper selection of initiating events. Examples of the most
typical events from operation of WWER-440 reactors in Bohunice, Paks and Rovno are also
provided.

Section 5 explains an approach for the specification of acceptance criteria for individual
groups of accidents.

Section 6 discusses the assumptions to be made in performing accident analysis of the
postulated event, especially for the case when analysis is required to be reasonably conservative,
i.e. to lead to results ensuring sufficient safety margin. The assumptions cover plant initial
conditions, consideration of instrumentation, availability of systems, operator actions and some
modelling assumptions.

Section 7 summarizes the recommendations on quality assurance of accident analysis,
computer code selection and application.



The present procedures do not contain any examples of analyses performed for shutdown
operation modes. Reference is, however, made to examples in guidelines [4] as a proper guidance
on methodology of performing analysis and presenting results.

2. VULNERABILITY OF KEY SAFETY FUNCTIONS IN SHUTDOWN CONDITIONS

Approximately 10-20% of total plant life is spent in the shutdown operational modes. Because
the plant is at a so-called safe shutdown state, the operating personnel may be unaware that high
risk exists under shutdown conditions. The risks associated with shutdown operations can be
attributed to:

possibility of low subcriticality margins;
reduced coolant inventory;
instrumentation and means for controlling the reactor cooling system (RCS) being of limited
scope compared to those in power operating conditions;
some safety systems being partially or totally switched out or isolated;
containment capability being reduced due to its opening;
increased possibility of human induced accident.

Based on defence in depth concept (INSAG-3, Basic Safety Principles of NPPs) during safe
shutdown conditions the following key safety functions are required to prevent the fuel cladding as
a first protective barrier against damage and consequential radioactivity release:

maintaining the reactor core subcriticality;
maintaining the reactor core cooling (coolant circulation, coolant inventory control, heat sink
availability, AC power availability, coolant system integrity); and
maintaining spent fuel pool cooling.

The integrity of the fuel cladding is especially important for situations with reactor and/or
containment open.

2.1. MAINTAINING THE REACTOR CORE SUBCRITICALITY

Maintaining the reactor core subcriticality more generally means all measures taken to avoid
core criticalities, power excursions or losses of shutdown margin and to maintain capability to
predict and to monitor core neutronic behaviour.

Before cooling down for refuelling of the WWERs, the boron concentration in the coolant is
increased up to 12-16g/kg (WWER-440) or 16g/kg (WWER-1000) and the control rods are inserted
into the core, this ensures sufficient subcriticality margin under cold shutdown/refuelling
conditions.

However, there could be some equipment failures and/or operator errors which potentially
lead to the decrease of the core subcriticality margin. The most probable cause is the so-called
boron dilution, when unborated (or highly diluted) water enter into reactor core from potential
external sources such as:

pure water remained in coolant purification ion exchangers after their backwashing;
pure water used during decontamination;
pure water from makeup charging pumps;
cooling water from leaky heat exchangers.

The general approach to decrease the boron dilution risk requires a timely isolation of the
potential sources of unborated water from the primary system.
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2.2. COOLING THE REACTOR CORE

The loss of core cooling during reactor shutdown can be initiated by a failure of a residual
heat removal (RHR) function.

Events involving extended loss of cooling that occur shortly after reactor shutdown may
quickly lead to coolant boiling and the uncovering of fuel if cooling function is not restored.

At WWER NPPs the RHR function is carried out either by the primary RHR systems
(WWER-1000) or secondary RHR systems (WWER-440). For some WWER-440 designs (Rovno
and Mochovce NPPs), both primary and secondary RHR systems are available.

The loss of core cooling function can occur due to:

reduced coolant inventory;
degradation of primary coolant circulation;
failures of RHR equipment; and
failures of support systems.

The main events which cause the loss of core cooling function due to degradation of primary
coolant circulation, resulting from manipulations during shutdown modes, are:

improper RCS draining, for example, due to erroneously opening drainage valves or by a
malfunction of the letdown line;
erroneous nitrogen injection into the RCS from nitrogen supply system or from the isolated
loops through untight main gate valves (MGVs) (for WWER-440 NPPs); and
primary depressurization following a rapid cooldown leading to a bubble formation in the
RCS.

The main events which cause the loss of core cooling function due to support system and
RHR equipment failures are:

loss of power supply during reactor shutdown conditions; it could be more likely because of
reduced number of power sources;
loss of component cooling water; it could lead to failures of some safety system components
which perform the core cooling function such as low pressure ECCS pumps, etc.;
loss of essential service water which leads to the loss of the heat exchanger cooling capability;
and
the failure of components due to RHR pump cavitation, cavitation in control valves and in the
orifices; this is more probable with the primary water level below the hot leg elevation.

For more detailed studies, the safety function cooling the reactor core can be further
subdivided into the following safety functions:

decay heat removal;
coolant inventory control; and
power availability;
primary integrity control.

Such subdivision was used e.g. in guidelines [11].
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2.3. SPENT FUEL POOL COOLING

There are two different types of fuel pool in WWER NPPs: inside or outside of the
containment. The water level in the spent fuel pool is maintained to provide sufficient cooling and
to minimize dose levels during fuel handling. The fuel in the pool is cooled by a spent fuel pool
cooling system. The sufficiently low pool coolant temperatures are maintained to prevent coolant
boiling and overheating of the stored fuel, which may cause release of radioactivity. The time until
fuel damage will occur is relatively long, depending on the water inventory and the quantity of the
spent fuel stored in the pool. The most sensitive case is when the entire reactor core is removed into
the spent fuel pool during reactor pressure vessel inspections.

Various failures may take place regarding spent fuel pool cooling during operation at power,
but in addition, the following failures may occur during reactor shutdown conditions:

loss of the spent fuel pool cooling trains when one of them is disabled for electrical and I&C
maintenance;
degradation of protective barriers in cases where the containment is open;
possibility of losing water inventory through leakages of the pool or of its cooling circuits, via
cavity and/or RCS and its interconnected systems; and
drop of heavy loads during transportation across the spent fuel pool.

It should be also stated that sufficiently high level in the spent fuel pool represents also an
essential measure for shielding of the spent fuel and thus preventing high radiation levels in the
containment or in other space above the reactor cavity. Direct radiological consequences of the
reduced spent fuel pool level should be, therefore, also taken into account.

2.4. CONFINING THE RADIOACTIVE MATERIALS

At the planned shutdown for refuelling and maintenance, the potential sources of radioactivity
releases are located in the reactor core and in the spent fuel pool, both in the fuel itself as well as in
the contaminated coolant.

The containment status is different for various shutdown modes and varies from plant to
plant. Some plants have the containments closed for conditions other than refuelling, others have
not. Moreover, for WWER-440 reactors for operational modes with the reactor pressure vessel
head removed, the reactor core is interconnected with the reactor hall, which does not belong to the
hermetic area. The operability of the containment spray system is not required during cold
shutdown and refuelling. The containment isolation instrumentation is not required to be operable.
The containment capability can therefore be degraded, while the effect on reducing the off-site
radiological consequences is obvious. The containment capability can also be degraded by an
interconnection between primary and secondary circuit via a steam generator.

For a loss of RHR with a reduced reactor coolant inventory the time for heating the core to
boiling is comparatively short depending on the WWER types. Once boiling begins, the reactor
vessel water level decreases with a possibility for uncovering the fuel assemblies. Finally, the fuel
damage may occur if the situation continues, and with the degraded containment, the radioactivity
can be released into the environment. The main contributors to the risk of a large fission product
release into environment are equipment and personnel locks of the containment. Confining the
radioactive material within the containment can be achieved by the timely closing of the
containment before an unacceptable radioactive release occurs.

3. OPERATIONAL STATES AND CONDITIONS OF THE PLANT

For WWER reactors six basic operational modes are defined which differ in operational
parameters, and in status of equipment. Generally, these modes are plant specific.
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The mode 1 (power operation) and mode 2 (zero power operation) are consistently defined
for all types of WWERs and are covered by the existing safety analyses. Sufficient IAEA guidance
exists for performing these analyses in the document [4].

The mode 3 (hot shutdown) and mode 4 (intermediate shutdown) are defined less consistently.
For the mode 3 and partially for the mode 4 the automatic signals are active for WWER-1000
plants, but for most WWER-440 plants the automatic safety signals are disabled during operation in
the mode 4. Safety analyses have not been systematically performed for these two modes, but the
physical behaviour and the consequences of the accidents during these modes are more or less
similar to those analyzed for power operation. Certain exceptions were identified, for example,
pressure tests with RCS solid.

Definition of the mode 5 (cold shutdown) is based on either brittle fracture temperature or
certain RCS temperature allowing primary RHR system operation. Such broad definition covers
various plant states which differ from the point of view of potential initiating events,
instrumentation/equipment availability, plant configuration, etc. The same problem with possibly
different plant parameters (e.g., RCS temperature) and states was identified for the mode 6
(refuelling or maintenance shutdown) as well.

A review of the requirements of existing Technical Specifications on the availability of safety
systems and instrumentation for the modes 5 and 6 reveals that the existence of only two modes
defined for operational regimes with a coolant temperature below brittle fracture temperature does
not reflect the big differences in susceptibility to initiating events and different specific requirements
concerning control and instrumentation.

As already expressed in subsection 1, 2, these guidelines are devoted to the cold shutdown
mainly and refuelling part of all shutdown modes, which correspond to the above states modes 5
and 6, respectively. For these modes it is particularly needed to define more detailed plant
operational states (POS) which have similar features, system requirements and vulnerabilities to
initiating events, and for which a common approach can be used afterwards.

Although not explicitly described in further text, containment status (isolated or open) is
important for the analysis of accidents, namely for acceptance criteria used. It is important to
underline that after containment dehermetization the full credit in its isolation can be given only
after performance of the leak tightness test.

The following characteristic POSs can be identified for WWER-440 units as submodes of the
mode 5 and 6 respectively, keeping in mind that due to lower brittle fracture temperature or
specific restrictions in using steam dump during the cool down phase, certain POSs for certain
plants may not be relevant.

POS 1 RCS temperature below brittle fracture temperature, RCS tight, RCS pressure between
the atmospheric and 3.5 MPa, heat removed by dumping steam into condenser or into
atmosphere, RCS full, nitrogen or steam blanket in pressurizer (PRZR), heatup or
cooldown.
Safety concerns: reactivity insertion, loss of inventory, cold overpressure due to mass
addition, loss of heat sink.

POS 2 RCS temperature below brittle fracture temperature, RCS tight, RCS pressure between
atmospheric and 3.5 MPa, heat removed by dumping steam into technological condenser,
RCS full, nitrogen or steam blanket in PRZR, heatup or cooldown.
Safety concerns: reactivity insertion, loss of inventory, cold overpressure due to mass
addition, loss of heat sink.
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POS 3 RCS temperature below brittle fracture temperature, RCS tight, RCS pressure between
atmospheric and 3.5 MPa, heat removed by secondary RHR system in water-water mode
or by primary RHR system, RCS full, nitrogen blanket in PRZR, heatup or cooldown.
Safety concerns: reactivity insertion, loss of inventory, cold overpressure due to mass
addition, loss of core cooling, loss of heat sink.

POS 4 RCS temperature below brittle fracture temperature, RCS tight, RCS pressure greater
than atmospheric, heat removed by secondary RHR system or by primary RHR system,
RCS water solid, leaktightness tests during start-up (0.5 MPa or 3.4 MPa).
Safety concerns: reactivity insertion, loss of inventory, cold overpressure due to energy
addition, loss of core cooling, loss of heat sink.

POS 5 RCS temperature below refuelling limit, RCS venting lines open, RCS atmospheric
pressure, heat removed by secondary RHR system or by primary RHR system, RCS
level above the reactor vessel flange.
Safety concerns: reactivity insertion, loss of inventory, cold overpressure due to mass
addition, loss of core cooling, loss of heat sink.

POS 6 RCS temperature below refuelling limit, atmospheric pressure, reactor vessel flange
unsealed or reactor vessel head is being or is removed, heat removed by secondary RHR
or by primary RHR system, RCS level below reactor vessel flange (RVF).
Safety concerns: reactivity insertion, loss of core cooling, loss of heat sink, loss of
inventory, heavy load drop.

POS 7 RCS temperature below refuelling limit, atmospheric pressure, reactor vessel head
removed, heat removed by secondary RHR system or by primary RHR system, reactor
cavity (RC) and spent fuel pool (SFP) separated, level in RC above the main vessel
flange, drainage or filling.
Safety concerns: reactivity insertion, loss of core cooling, loss of heat sink, loss of
inventory, heavy load drop, loss of spent fuel pool cooling.

POS 8 RCS temperature below refuelling limit, atmospheric pressure, heat removed by
secondary RHR system or by primary RHR system and by spent fuel cooling system,
reactor cavity and spent fuel pool interconnected, level maintained in RC and in the spent
fuel at maximum, refuelling activities.
Safety concerns: reactivity insertion, loss of core cooling, loss of heat sink, heavy load
drop, loss of spent fuel pool cooling.

POS 9 Some RCS loops isolated from reactor and drained for maintenance, heat removed by
secondary RHR system through preselected loops or by primary RHR system.
Safety concerns: reactivity insertion, loss of core cooling, loss of heat sink, loss of
inventory, heavy load drop.

POS 10 RCS temperature below refuelling limit, atmospheric pressure, all fuel removed from
reactor to spent fuel pool, heat removed by spent fuel pool cooling, reactor empty, level
in the SFP at maximum value or decreased to nominal value.
Safety concerns: loss of heat sink, heavy load drop, loss of spent fuel pool cooling.

Typical reactor coolant parameters and safety system/instrumentation availability for above
defined WWER-440 operational states are given in Table I and Table II.

Note: Brittle fracture temperature tBFT may vary in wide range of values ~60-200°C. High
temperatures are possible only for some V230 reactors vulnerable to embrittlement.
Consequently, POS 1 and 2 are applicable only for these V230 reactors.
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TABLE I. TYPICAL REACTOR COOLANT PARAMETERS AND RESIDUAL HEAT REMOVAL MODE FOR THE PLANT OPERATIONAL
STATES OF WWER-440 NPPS

POS

1

2

3

4

5

6

7

8

9

10

RCS t(avg)

t < tBFT

t < tBFT

t < tBFT

t < t B F T

1 ^ r̂efuel

* <- .̂refuel

x <• r̂efuel

i < irefuel

j. <- .̂refuel

-.

RCS pressure

patm < p<3.5MPa

Patm < p<3.5MPa

Patm < P<3.5MPa

0,5 < p < 3.5 MPa

Patm

patm, reactor open

pami, reactor open

patm, reactor open

patm, reactor open

Reactor fully unloaded and empty

RCS inventory

full, N2 or steam in pressurizer

full, N2 or steam in pressurizer

full, N2 in pressurizer

water solid

>RVF but< full

below RVF

< RC full
RC-SFP separated

RC-SFP full
and connected

some loop(s) isolated

SFP full

Heat removal (*)

steam dump

steam-water secondary RHR

water-water secondary RHR

water-water secondary RHR

water-water secondary RHR

water-water secondary RHR

water-water secondary RHR

water-water secondary RHR
SFP cooling

water-water secondary RHR

RHR only by SFP cooling

(*) For V213 reactors with primary RHR system installed, this RHR system is preferably used for POS 3 to 9.



TABLE II. TYPICAL SYSTEM AND INSTRUMENTATION AVAILABILITY FOR THE PLANT OPERATIONAL STATES OF WWER-440 NPPS

POS

1

2

3

4

5

6

7

8

9

10

in-core measurements

available

available

available

available or reduced

reduced

not available

temporary thermometer

temporary thermometer

reduced

not available

level measurements

ipRZR

'PRZR

'PRZR

' P R Z R

'PRZR

'PRZR> 'RE

ipRZRj ' R E

'PRZR' 'SFP

'pRZR

'SFP

RCPs

available

available

available

not available

not available

not available

not available

not available

not available

not available

available loops (*)

according to TS

according to TS

2

2

2

2

2

2

2

-

available safety systems

2LPI

2LPI

2LPI

2LPI

2LPI

2LPI

2LPI

2LPI

2LPI

-

(*) This information is not applicable to designs with primary RHR system installed.
In some cases, 1 loop and 1LPI operation is sufficient to remove residual heat in accordance with TS.



For WWER-1000 units the following POSs can be defined:

POS 1 RCS temperature below cold embrittlement temperature, RCS tight, pressure between the
atmospheric and 3.5 MPa, heat removed by dumping steam, RCS full, steam or nitrogen
blanket in PRZR, heatup or cooldown.
Safety concerns: reactivity insertion, loss of inventory, cold overpressure due to mass
addition.

POS 2 RCS temperature below cold embrittlement temperature, RCS tight, pressure between
atmospheric and 3.5 MPa, heat removed by RHR system, RCS full, steam or nitrogen
blanket in PRZR, heatup or cooldown.
Safety concerns: reactivity insertion, loss of inventory, cold overpressure due to mass
addition, loss of core cooling, loss of heat sink.

POS 3 RCS temperature below cold embrittlement temperature, RCS tight, pressure greater than
atmospheric, heat removed by RHR system, RCS water solid.
Safety concerns: reactivity insertion, loss of inventory, cold overpressure due to energy
addition, loss of core cooling, loss of heat sink.

POS 4 RCS temperature below refuelling limit (specific for each plant), RCS venting lines open,
RCS atmospheric pressure, heat removed by RHR system, RCS level above the reactor
vessel flange (RVF).
Safety concerns: reactivity insertion, loss of inventory, cold overpressure due to mass
addition, loss of core cooling, loss of heat sink.

POS 5 RCS temperature below refuelling limit, atmospheric pressure, reactor vessel flange
unsealed or reactor vessel head is being or is removed, heat removed by RHR system,
RCS level below main vessel flange.
Safety concerns: reactivity insertion, loss of core cooling, loss of heat sink, loss of
inventory, heavy load drop.

POS 6 RCS temperature below refuelling limit, atmospheric pressure, reactor vessel head
removed, heat removed by RHR system, RC and SFP separated, level in RC above the
main vessel flange, drainage or filling.
Safety concerns: reactivity insertion, loss of core cooling, loss of heat sink, loss of
inventory, heavy load drop.

POS 7 RCS temperature below refuelling limit, atmospheric pressure, heat removed by RHR
system and by spent fuel cooling system, RC and SFP level maintained at maximum,
refuelling activities.
Safety concerns: reactivity insertion, loss of core cooling, loss of heat sink, heavy load
drop, loss of spent fuel pool cooling.

POS 8 RCS temperature below refuelling limits, atmospheric pressure, heat removed by RHR
system, RCS level between hot and cold legs to enable RCPs or SGs maintenance.
Safety concerns: reactivity insertion, loss of core cooling, loss of heat sink, loss of
inventory, heavy load drop.

POS 9 RCS temperature below refuelling limit, atmospheric pressure, all fuel removed from
reactor to SFP, heat removed by SFP, cooling, reactor empty, level in the SFP decreased
to nominal value.
Safety concerns: reactivity insertion, loss of heat sink, heavy load drop, loss of spent fuel
pool cooling.

Typical reactor coolant parameters and safety system/instrumentation availability for the
above defined WWER-1000 operational states are given in Table III and Table IV.
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TABLE III. TYPICAL REACTOR COOLANT PARAMETERS AND RESIDUAL HEAT REMOVAL MODE FOR THE PLANT OPERATIONAL
STATES OF WWER-1000 NPPS

POS

1

2

3

4

5

6

7

8

9

RCS t(avg)

t < tBFT

t < tBFT

t<tBFT

t < refuelling limit

t < refuelling limit

t < refuelling limit

t < refuelling limit

t < refuelling limit

t < refuelling limit

RCS pressure

>?*»

>P^

>P.tm

Patm

pami, reactor open

patm, reactor open

patm, reactor open

patm, reactor open

reactor fully unloaded
and empty

RCS level

full, N2or steam in pressurizer

full, N2or steam in pressurizer

full

< full

below RVF

< RC full

RC full

maintenance or hot leg drained

SFP full

heat removal

steam dump

RHR system

RHR system

RHR system

RHR system

RHR system

RHR system and
SFP cooling system

RHR system

SFP cooling system



TABLE IV. TYPICAL REACTOR COOLANT PARAMETERS FOR THE PLANT OPERATIONAL STATES OF WWER-1000 NPPS

POS

1

2

3

4

5

6

7

8

9

in-core measurements

available

available

available

available

reduced

reduced

reduced

reduced

reduced

level measurements

1PRZR, RVLIS

1PRZR, RVLIS

1PR2R, RVLIS

1PRZR5 RVLIS

'PRZR

'PRZR

'pRZR> 'sFP

'PRZR

'SFP

RCPs

available

available

not available

not available

not available

not available

not available

not available

not available

available safety systefns

2 LPI

2 LPI

2 LPI

2 LPI

2 LPI, 2HPI

2 LPI, 2HPI

2 LPI, 2HPI

2 LPI, 2HPI

2 spray pumps

Note: Generally, 1 train of safety system is sufficient for residual heat removal, but 2 trains are required by the plant technical specifications.



4. EVENTS TO BE CONSIDERED

4.1. LIST OF INITIATING EVENTS

The term "initiating event" is understood as a case, which directly or indirectly challenges
safety functions and which requires protective actions (automatic or manual) to limit or to prevent
the undesired consequences. By limitation of consequences can be meant limitation of negative
impact to the plant equipment, plant personnel or to the environment.

The most decisive limitation is imposed on radioactivity releases, therefore potential
radioactivity sources under shutdown conditions have to be considered. These sources include
radioactivity contained mainly in the spent fuel, located either in the reactor core, or in the spent
fuel pool.

Barriers preventing release of radioactivity can be degraded or damaged due to one or by a
combination of the following reasons:

excessive heating up of the fuel;
excessive overpressurization of the RCS and systems connected to it;
mechanical impact on part of a barrier by a foreign object or by a system; and
loss of spent fuel pool coolant inventory.

The largest spectrum of scenarios has to be considered for cases with excessive heat-up. The
heat-up is resulting from an imbalance between heat production in the reactor core or in the spent
fuel pool and its removal by the RHR system or by any other backup system. For largest variety of
potential damages, the main attention is focused on the reactor core.

For shutdown conditions, with the reactor initially subcritical and decay heat from the core
removed by the RHR system, the imbalance may occur due to:

reactivity events leading to excessive heat production, due to e.g. misplaced fuel assemblies
or due to boron dilution; and
degradation of heat removal by a number of potential reasons, such as:

• reduced coolant inventory;
• closure of valves on the primary side;
• degraded cooling on the secondary side;
• loss of natural circulation by formation of steam/gas bubbles in the upper parts of the

primary circuit, etc.
• improper functioning of the RHR system

Development of a comprehensive list of all initiating events is a complicated and lengthy task
requiring iteration between PSA studies and deterministic analysis of accidents. Level of details
may vary according to individual expert opinion or according to the purpose of the list. A number
of criteria can be used for the grouping of events.

For the purpose of these guidelines, it is reasonable to group the events according to the
similar phenomenology of accident scenarios and, to a large extent, the similar methodology used
for the analysis. The corresponding list of initiating events is provided in Table V.
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TABLE V. LIST OF INITIATING EVENTS

1. Reactivity accidents
1.1. Boron dilution by injection of non-borated water by charging pumps
1.2. Incorrect connection of a non-operable loop
1.3. Boron dilution due to supply of non-borated water following back-washing of the

purification system filters
1.4. Boron dilution by injection of non-borated water from leaky heat exchangers

2. LOCA (Inadvertent loss of coolant from RCS)
2.1. Interface system LOCA (with by-pass of the containment)
2.2. Man induced LOCA (maintenance, heavy load drop, testing)
2.3. LOCA due to pipe rupture in the primary RHR system

3. Loss of loop)RHR due to degradation of primary coolant circulation
3.1. RCS overdraining
3.2. Non-condensible gases injection into the RCS (including gas leakage from an isolated

loop)
3.3. Depressurization following a rapid cooldown leading to a bubble formation in the RCS

4. Loss of RHR due to support system failures
4.1. Loss of power supply
4.2. Loss of component cooling water

5. Loss of RHR due to equipment failures
5.1. Loss of one LPI pump acting as primary RHR pump in WWER-1000 and some

WWER-440 designs
5.2. Inadvertent blockage of the flow through primary circulation loop (e.g. closure of the

main gate valve)
5.3. Loss of flow through the technological condenser for WWER-440 design (e.g. loss of

secondary RHR pumps, closure of main steam valves, etc.)
5.4. Loss of essential service water system

6. Overpressurization of the primary system
6.1. Inadvertent startup of HPI pumps
6.2. Inadvertent closure of the RCS letdown line
6.3. Inadvertent alignment of accumulators to the primary system
6.4. Inadvertent switching-on of pressurizer heaters
6.5. Energy addition to the RCS under water solid conditions due to inadvertent startup of one

main circulation pump

7. Spent fuel pool cooling events
7.1. Inadvertent opening of the spent fuel pool draining line
7.2. Leakage of the spent fuel pool
7.3. Loss of cooling of the spent fuel pool (for different modes of refuelling outages)

8. Damage of spent fuel during reloading operations
8.1. Damage to the fuel assembly by the refuelling machine
8.2. Drop of the spent fuel assembly into the reactor or into the fuel pool

9. Heavy load drop accidents
9.1. Drop of heavy load into the reactor vessel
9.2. Drop of heavy load into the spent fuel pool
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The following comments are worthwhile to be added to the list of events:

1. A list of events may develop in time due to accumulated operational experience, better
knowledge of accidents, or due to a required higher level of details. Therefore, the list of
initiating events provided in the Table V should be considered more as a list of examples than
an exhaustive list of events. Final selection of initiating events to be analysed in the safety
documentation should be decided upon by relevant national authorities.

2. Individual events are often relevant only to one of the plant operational states or only to some
specific reactor designs. Here the intent was to provide a more general list applicable for all
WWERs and for all plant operational states under consideration with the responsibility of the
analyst to decide whether a certain event is relevant or not. In many plants, some events
and/or failures are excluded by both technical and administrative measures. Examples of
potential initiating events for individual POS are given in Appendix.

3. Events with control rod withdrawals which are usually considered for zero reactor power are
not included in the Table due to the following reasons:

- manipulation with control rods is not usual during shutdown modes under consideration
- due to sufficient subcriticality of the reactor, a rod withdrawal would not need any special

action to prevent unacceptable consequences
- such events are already mostly covered by existing analysis and documentation

4. Potential for LOCAs due to high stresses under pressure (except cold overpressurization) is
considerably lower than in power operation. There is, however, higher probability of the
primary system integrity damage due to e.g. heavy load drop or different kinds of
maintenance and testing.

5. Risk due to heavy load drop accidents and damage of fuel during reload is caused mainly by
mechanical impact by foreign objects.

6. Internal events such as fires and floodings, which are mainly as precursors for common cause
failures leading to degraded residual heat removal, are not included in the list. These events
have to be covered by a comprehensive internal hazard analysis.

7. In the analysis of the spent fuel pool cooling events, it should be taken into account that
conditions are rather different for different designs, e.g. either WWER-440 with the pool
located in the reactor hall, outside the containment or WWER-1000 with the pool inside the
containment. The conditions also vary substantially according to the amount of spent fuel
removed from the core during reloading. The spent fuel pool cooling events also reasonably
cover a similar case, which is caused by the inadvertent withdrawal of the spent fuel assembly
together with the reactor internals during reloading operations.

8. External events (e.g. storms, earthquakes, airplane crashes) are not included in the Table.
Their phenomenological behaviours do not differ from the full power conditions. Only the
NPP response may be different.

9. It is not explicitly meant that all initiating events have to be analysed by detailed calculations.
It is however required that adequate consideration is given to all events.

10. It is acceptable and highly recommended that the likelihood of an event is substantially
reduced or event can be even excluded from the list by carefully selected and checked
organizational measures.
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4.2. EXAMPLES OF EVENTS AND POTENTIAL FAILURES DURING ACCIDENT
SCENARIOS

During the years of operation of the NPPs with WWER reactors, a number of incidents and
accidents have occurred during shutdown conditions. The spectrum of events is quite broad.

In Table VI some statistics for events reported by Bohunice, Paks and Rovno NPPs are given.
Events during operation of 2 WWER-440/230 reactors and 8 WWER-440/213 reactors in total with
125 reactor years of operation are reflected in the table.

Not all the cases shown in the table are initiating events in the sense of these guidelines and
not all of them occurred only during operational modes 5 and 6. Nevertheless, the table confirm
quite frequent occurrence of the events.

The most typical examples of direct causes of events occurring during shutdown conditions
are as follows (based on evaluation of Bohunice NPP events):

Loss or deterioration of natural circulation

inappropriate level measurement in reactor vessel during organized manipulations to reduce
the level below the main flange sealing plane;
leaks through a main isolation valve in a RCS loops isolated for repair into that isolated loop
with level drop below nozzles;
accumulation of air-gas bubble below reactor vessel head.

Total loss of off-site power

spurious actuation of emergency flash protection (HZO) due to a burnt indication lamp
resulting in a disconnection of unit from its startup transformer;
unidentified spurious actuation of electric protection at 6 kV bus bars supplied from startup
transformer;
closing of inadequately secured generator breaker during its maintenance, resulting in a
spurious protection signal with the opening of output breaker when the power was supplied
from the grid via auxiliary transformers, with the start-up transformer shut down due for
maintenance;
trip of a transformer in an external switching station supplying power to the unit startup
transformer, or trip of a line.

Partial loss of AC power

deenergization of 6 kV buses due to wrong manipulation;
short circuit at a non-disassembled short-circuit equipment;
wrong manipulation due to mistaken instrumentation.

Overpressurization of primary circuit

solid RCS pressurization due to leaks of manual valves at the discharge of HP safety injection
ECCS pumps during their test within load sequencer testing.

Overpressurization of SGs

overpressurization of a "solid" SG during its heat-up from RCS loop by means of a partial
opening of its main isolation valve, when SG drains and main steam line stop valves were
closed.
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Inadvertent (or potential) dilution of primary coolant

inappropriate connection of an isolated loop.

Leakage of primary coolant system

Events with RCS leakage depend on exact specification of the shutdown conditions.

improperly open valve in a line for filling-up the syphon in the tank of RCS organized leaks

with a reactor coolant leak into the special drainage;
leaks from drain flange of make-up pump;
damage of pressurizer quench tank membrane (disc);
leaks from pressure sensors;
leaks from pilot and main pressurizer relief valves;
failure to close valve in line from pressurizer into quench tank;

opening of a main pressurizer relief valve during its test.

Leakage of secondary coolant system

Events with secondary leakage also depend on exact specification of the shutdown conditions.

Water spillout into primary circuit compartments
inadequate partial opening of a main isolation valve in a RCS loop during maintenance work
at its driver so that the refueling pool become interconnected with an open SG and water
spilled out into the confinement compartment via an open manhole at the SG.

Safety systems or components unavailability

closure of extraction valves at SG and main steam header with reduced availability of reactor
protection, ESFAS and SG protection.

Spend fuel pool cooling deterioration

leak due to corrosion from a line for spent fuel pool cooling.

Anomalies during unit start-up

omission of operators to carry out a step in a startup procedure, i.e. they forgot to withdraw

all control assemblies prior to starting the dilution of boric acid concentration in reactor
coolant during approaching criticality;
inadequate determination of boric acid concentration in reactor coolant during approaching
criticality so that the criticality was attained with a larger reactivity insertion rate;
HO-III and HO-II actuation from neutron flux exceeding the set point in intermediate range
due to a lower indication of average flux due to a mispositioned chamber, with a higher value
supplied into protection circuits.

Anomalies during refuelling (refuelling errors)

mispositioning of control cables between two control assemblies found during core symmetry
test.
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TABLE VI. EVENTS DURING SHUTDOWN CONDITIONS IN NPPS WITH WWERS

1. Loss or deterioration of natural circulation

2. Total loss of off-site power

3. Partial loss of AC power

4. Overpressurization of primary circuit

5. Overpressurization of Sgs

6. Inadvertent (or potential) dilution of primary coolant

7. Leakage of primary coolant system

8. Leakage of secondary coolant system

9. Water spillout into primary circuit compartments

10. Safety systems or components unavailability

11. Spent fuel pool cooling deterioration

12. Anomalies during unit startup

13. Anomalies during refuelling (refuelling errors)

14. Others (miscellaneous)

Number of
events

5

5

12

2

2

4

9

3

13

16

1

28

18

21
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5. ACCEPTANCE CRITERIA

The accident analysis for shutdown conditions is performed to confirm that the plant is
capable of coping with the initiating event without violation of the acceptable safety limits.

Acceptance criteria are finally aimed at preventing damage of the barriers against an
uncontrolled release of radioactivity. For shutdown conditions these criteria can, however, differ
from those used for full power operation.

The barriers against the radioactivity releases are weakened during the shutdown conditions.
This fact leads to more restrictive criteria to be applied. On the other hand, the plant is normally in
power operation during most of the year and is placed in shutdown conditions for only one or two
months. Certain initiating events can occur only in specific plant operational states which, based on
the schedule of the shutdown activities, can last only several hours or several days. This may justify
somehow relaxed criteria to be applied for some cases in performing the analysis.

The results of the analyses need to be compared with the acceptance criteria to confirm that
an acceptable level of safety is ensured.

The applicable acceptance criteria for shutdown accidents can be defined as follows:

AC1. Subcriticality of the fuel in the reactor and in the spent fuel pool is maintained (in the whole
system as well as locally);

AC2. Fuel cladding temperature and oxidation are limited;

AC3. Coolable geometry of the fuel is maintained;

AC4. Acceptable limits for releases of radioactive materials, individual and collective doses are
not exceeded;

AC5. The structural limits affecting RCS boundary and connected systems are not violated;

AC6. Uncovering of the fuel in the reactor do not occur;

AC7. Coolant temperature in the core is limited or avoid coolant boiling;

AC8. Structural damage of the fuel is limited;

AC9. Uncovering of the fuel in the spent fuel pool do not occur;

AC 10. Coolant boiling in the spent fuel pool is avoided.

As already stated, selection can be made in the above given criteria for individual initiating
events depending also on other conditions. A proposal for the applicability of criteria for individual
events is shown in Table VII.

Of course, final selection of criteria as well as specification of their quantitative values shall
be the responsibility of the national regulatory body based on a proposal prepared by the designer.
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TABLE VII. APPLICABILITY OF ACCEPTANCE CRITERIA FOR INDIVIDUAL
INITIATING EVENTS

Acceptance criteria

AC 1. Subcriticality of the
fuel in the reactor
and in the spent fuel
pool is maintained
(in the whole system
as well as locally).

AC2. Fuel cladding
temperature and
oxidation are limited.

AC3. Coolable geometry
of the fuel is
maintained.

AC4. Acceptable limits for
releases of
radioactive materials
individual and
collective doses are
not exceeded.

AC5. The structural limits
affecting RCS
boundary and
connected systems
are not violated.

AC6. Uncovering of fuel
in the reactor do not
occur.

AC7. Coolant temperature
in the core is limited
or avoid boiling.

AC8. Structural damage of
the fuel is limited.

AC9. Uncovering of the
fuel in the spent fuel
pool do not occur.

AC 10. Coolant boiling in the
spent fuel pool
is avoided.

Reactor Open

containment
open

0

0

0

0

0

o

containment
close

0

o

0

o

0

o

0

Reactor Close

containment
open

o

0

0

o

0

o

0

0

containment
close

0

o

o

0

o

0

o

o

Group of
initiating
events

1

2,3,4,5

2,3,4,5,8

all

3,4,5,6

2,3,4,5

2,3,4,5

8,9

7.2

7.1,7.3
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6. ASSUMPTIONS FOR ACCIDENT ANALYSIS

In obtaining conservative results, assumptions for licensing type analysis are selected
conservatively, generally aiming at maximizing heat source, and minimizing both heat removal
capability and shutdown margin, etc. In special cases, due to contradictory requirements resulting
from individual criteria, several independent analyses with different assumptions are performed,
e.g. minimum coolant temperature is usually conservative for shutdown margins, while
conservative analysis of decay heat removal requires assumption of high temperature.

6.1. INITIAL CONDITIONS

For conservative selection, a special attention is devoted to the following initial conditions,
regarding both equipment status as well as coolant parameters.

initial magnitude of decay heat, considering refuelling pattern and time of an event after
refuelling;
initial reactor coolant system water inventory conditions;
initial reactor cavity coolant inventory;
presence of non-condensible gases in the reactor coolant system;
reactor coolant system configurations both on primary and on secondary side (e.g. number of
operable loops, vent paths opening, temporary covers or plugs installation, steam generator
collectors open, etc.)
reactor coolant system temperature and boron concentration in the coolant;
amount of water on secondary side of steam generators;
status of containment hatches and penetrations.

6.2. INSTRUMENTATION

Consideration in analysis is given to the fact - especially when relying on operator's diagnose
and response based on indications of instruments - that some of the instruments may not be operable
or may produce misleading information.

Unavailability of instruments can result from their disconnection out of the technological
process either in accordance with operating procedures or by a damage caused by an erroneous
manipulations. Another reason for unavailability of instruments can be interrupted power supply to
instruments.

Misleading or confusing information can be easily obtained if the instrument is working out of
the measurement range or under unexpected operating conditions. An example can be the
temperature difference measurement in the loop with negative natural circulation flow or with
stagnant fluid. Special attention is devoted to such instruments which are essential to monitor
residual heat removal, such as measurements of primary coolant temperature, natural circulation
flow, reactor coolant system level control as well as to source range detectors for monitoring low
neutron fluxes.

6.3. AVAILABILITY OF SYSTEMS AND COMPONENTS

During shutdown modes, likelihood of some initiating events is considerably increased and
several protective barriers against radioactivity releases are partly or fully degraded. On the other
hand, time margins to loss of safety functions are usually sufficiently long to perform recovery
actions, using redundant, alternate or diverse systems, components and methods. External
equipment (e.g. power sources) can also be considered as an option for temporary replacement of
standard component provided that measures are taken for its quick installation.
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Assumptions on availability of safety systems and components are determined by the
application of the single failure criterion. The single failure criterion requires that the system be
able to perform its required functions even if a single failure occurs within a system or component
required to mitigate the consequences of the event. Generally, the single failure applies to active
systems, those which must activate moving or mechanical parts to perform. The failure of passive
component designed, manufactured, inspected and maintained in-service to an extremely high
quality level may not need to be assumed. However, when it is assumed that a passive component
does not fail, such approach needs to be justified, taking into account the total period of time, after
the initiating events, that the component is required.

For recovery actions, such systems and components can be considered which are design to
operate under shutdown modes and which are, in accordance with procedures, either in-service or
can be placed in-service (including repair) by manual or automatic actuation within acceptable time
interval. This time interval, consisting of both diagnosis and response component, is assessed
conservatively and as such considered in the analysis. Any consideration of manual action is based
on carefully checked and verified procedures. A system under maintenance can be considered as
an option for recovery only if the maintenance time is short enough in comparison with duration of
the particular POS.

Functionality of systems and components is assured among others by post-maintenance
testing, monitoring of key parameters with the system in-service or through verification of system
alignment and administrative control by personnel. Consideration is also given to system
logic/interlocks under given conditions.

The analysis considers those failures which could occur as a consequence of the event itself
(consequential failures). If such failures can occur, they must be considered in addition to the single
failure. In case of a use of an external equipment, its installation can be considered only if storage
of the equipment is placed in such locations, which cannot be damaged by the event under
consideration.

Equipment not qualified for specific accident conditions is assumed to fail unless its normal
operation leads to more conservative results.

6.4. OPERATOR ACTIONS

Acceptable results for most of events during shutdown modes cannot be achieved without
operator intervention. A mistake or failure in performing required actions cannot be, of course,
excluded. Operator failures are in fact implicitly included as an initiation of most of the initiating
events. It is, however, acceptable to assume that when the operator takes action following the
initiating events, he takes the correct action. The effect of additional operator failures is considered
in probabilistic safety studies, which are outside the scope of these guidelines.

Consideration of the correct operator action is based on careful checking and fulfilment of the
following conditions:

sufficient information is provided to the operator by available instrumentation or by other
symptoms for unambiguous diagnosis of the event;
the required actions is clearly described by the corresponding operating procedure;
the equipment needed by the operator for restoration of the plant safe state is available;
the operator has adequate training to perform the action; and
the operator has sufficient time margin (usually at least 30 minutes) to diagnose the event and
to take proper correction action; shorter reaction time than 10 min. is not assumed.

Short reaction time is acceptable only if the action be performed from the main control room.
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6.5. MODELLING ASSUMPTIONS

To assure safety, it is required that licensing type analysis is performed in a conservative
manner. It was already discussed in chapters 6.1-6.4, how to assure fulfillment of this requirement
by a proper selection of initial and other conditions. It has to be pointed out again that conservative
analysis with respect to various acceptance criteria generally requires different set of conservative
initial and other conditions.

For usual accident analysis of events occurring during operation at reactor power, a level of
conservatism is further enlarged by adoption of additional modelling assumptions, e.g. neglect of
some physical processes, a selection of bounding rather than realistic correlations, etc. The
overconservative combination of assumptions can assure, on one side, sufficient safety margin
regarding selected acceptance criteria, but, on the other hand, may lead to completely unrealistic
course of the accident.

The above-mentioned overconservatism can be particularly contraproductive in analysis of
some accidents during shutdown modes, where a correct operator's action plays a decisive role and
time margin to perform such action often represents the main result of analysis. It is therefore
recommended that the computer codes used as well as various internal code options are preferably
of the best-estimate type. The best-estimate analysis is recommended whenever calculation is used
to provide basis for specification of adequate operator action. A reasonable uncertainty is
afterwards added to a time margin to perform required action.

7. QUALITY ASSURANCE AND COMPUTER CODES

7.1. QUALITY ASSURANCE

For detailed specification of quality assurance, reference is made to the IAEA Guidelines [4]
for accident analysis of event occurring during power operation. The important points are
summarized briefly as follows:

the responsibility of any individual working in the organization involved in the analysis needs
to be clearly specified;
the qualification of experts needs to be sufficiently high and adequately documented;
calculational notes and results are documented in the extent allowing their independent
checking by qualified reviewers;
only validated and accepted methods and tools are used;
procedures and results are independently reviewed both from technical as well as procedural
point of view; and
all discrepancies found during the review have been resolved before the final use of the
results.

7.2. COMPUTER CODES

7.2.1. Code documentation and validation

Accident analyses are usually performed by means of computer codes, which are providing
the solution of a set of equations describing the physical process under consideration.

For detailed discussion on the code documentation and validation, reference is made again to
the IAEA Guidelines [4]. The important points can be briefly summarized as follows:
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adequacy of the physical model being used to represent plant behaviour, with consideration of
WWER specific features;
clear identification of each version of the code;
availability of comprehensive documentation, including detailed user guidelines;
sufficient explanation of all models and correlations with their applicability range;
proof of stability and convergence of the numerical solution, with acceptable low function
errors;
adequacy of coupling between various computer codes used for step-by-step analysis of an
event;
sufficient validation of the code using test data, standard problems, real plant data or
intercomparison with other validated codes; tuning of the plant models should be performed
with real plant data corresponding to the shutdown conditions.

In addition, for specific shutdown conditions, the following comments are made:

simple computer codes with higher transparency can for some cases lead to more reliable
results than very complicated sophisticated ones (if not used properly);
the limitation of each code regarding to the spectrum of covered events is well defined; and
the risk for use of models and correlations outside the range of their applicability is much
higher, this is carefully checked.

7.2.2. Special code features required for analysis

Several different computer codes are used for analysis of design basis accidents (DBA)
occurring at power operational mode from full power to hot shutdown conditions. The selection of
the codes is consistent with the scope of the analyses. The extension of the use of these codes to the
analyses of initiating events occurring in cold shutdown initial states or in the transition process to
reach them is possible, but attention is paid to some new aspects of the analyses specific to these
states as described above.

Initiating events occurring in the modes 3 and 4 can be easily coped with due to their
similarity with standard DBA. Assumptions for the analysis are, however, different due to the
possible lack of protection and automatic signal, and also because safety systems can be switched
off or isolated.

From this point of view, the same computer codes to cover the above indicated group of
events may be applicable. Most physical correlations are qualified in a wide range and so can be
also used for the new foreseen initial states.

Other group of initiating events is related to cold shutdown initial states in the modes 5 and 6.
Regarding computer codes, the main problems are related to their modelling capacity and their
ability to take into account specific phenomena. The range of validity of the correlations is checked
carefully, and moreover, some improvements may be required relative to the relevant physical
phenomena. For instance:

heat exchange limits of natural circulation due to low heat residual power and adequate
modelling of SG's to this conditions;
adequate modelling of heat losses;
mixing effect of boron during its transport especially in natural circulation: weight
coefficients between loops to define boron concentration or dilution at the entrance to the core
usually have been calculated for situations when all reactor coolant pumps (RCP) are running.
Such coefficients are elaborated for mechanical non-equilibrium situations and also for low
primary mass flow rate which is typical during natural circulation; the elaboration is
preferably based on adequate experiments relevant for WWER designs;
proper consideration of changes in pressure loss coefficients due to possible changes of flow
directions;
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transport effect of water by steam at low pressure: interfacial friction correlation between
steam and water are supposed to be well known for high-pressure states in different two phase
flow regimes. Their range of validity is checked and/or extended to low pressure particularly
for water transport. Modelling of water entrainment can strongly influence time to the core
uncovery depending on size of openings in the primary circuit during some shutdown states
(e.g. results of CATHARE code for mid-loop operation in French PWRs);
accumulation of non-condensible gases in some parts of the primary circuit;
qualification of SG water reflux in WWER-1000 plants, as an emergency tool for cooling,
particularly when non-condensible gases inventory is large enough to limit heat removal by
the SG (with reference to results for French PWRs);
potential for increase of boron concentration and boron crystallisation for cases with long-
term emergency injection and only steam outflow from the primary circuit;

Examples of computer codes available at present for WWER reactors are such well-known
codes like RELAP5, TRAC-PF, CATHARE, ATHLET, DINAMICA, etc. However, for some of
them certain problems may arise from the initialization of a shutdown steady state. Among these
codes, some of them may also fail to model free water level and the natural circulation when the
reactor vessel head is removed.

In cold shutdown conditions, new models of the primary circuit may be needed due to the fact
that loops can be isolated, or openings (man way) can be intentionally opened at pressurizer or
steam generators and that the free water level exists when the vessel head is removed. Moreover, in
WWER-1000 reactors, RHR system is placed in the primary side. Therefore, intermediate water
level in hot leg may exist under shutdown conditions for those plants. For such initiating states,
detailed modelling is needed. This could possibly be done by codes with a sufficiently modular
structure. Sensitivity to the nodalization needs to be checked.

Attention is paid to input data with regard to pressure differences developing in the primary
circuit for the initial states during shutdown conditions. Pressure differences are of high importance
in determining flow rates and water levels in the loops.

The presence of non-condensible gases influences the physical process during these shutdown
modes particularly when the primary circuit is open through the venting lines. Nitrogen can
accumulate in some parts of the primary circuit and lead to unexpected repressurization. So system
computer codes should be capable of taking non-condensible gases into account. An alternative
solution is the development of simplified codes specific for certain situations (e.g. Cruise code at
Paks NPP). Such codes, however, may fail to cover some unexpected physical effects.

When analysing some special types of accidents, it is sometimes necessary to assure adequate
coupling between various computer codes used in step-by-step manner. Typical representatives of
such accidents are non-homogeneous boron dilution transients (e.g. reconnection of loop containing
diluted boron solution) or accidents which may endanger RCS structural integrity.

Proper modelling of boron dilution transients may have significant impact on the results of the
analysis (i.e. core recriticality and eventual fuel damage). The following features are very
important in such kind of accident:

overall system response;
process of diluted boron mixing in RPV (downcomer and lower plenum);
3-dimensional core kinetics;
mechanical behaviours of fuel.

In general, it is not possible to separate exactly all these phenomena. However, due to
technical reasons they are usually analysed in separate steps using different computer codes. The
results calculated by one code are later used as initial/boundary conditions in subsequent analysis
performed using another code.
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Overall response of the primary and secondary system is usually analysed using T-H
("system") codes.

The process of diluted plumes formation in RPV downcomer and lower plenum can be
analysed using fluid-fluid mixing codes. This process can be quite different in the case of forced
circulation (reactor coolant pumps are running) or when the natural circulation or flow stagnation
take place.

For regimes with natural circulation in the primary circuit, a ratio of natural circulation flow
and injection flow from the connected pipes is determining condition of mixing. In the case of flow
stagnation, it is very important for mixing process, whether the diluted slug has the same or
different temperature like the rest of the coolant in primary system. When the temperature is the
same, only diffusion takes place in the mixing process. When the temperature is different, the
buoyancy force predominates.

Three-dimensional core kinetics and analysis of mechanical behaviour are the final steps of
the analysis.

Main uncertainties in the analysis as a whole are associated with mixing process in RPV.
Experimental verification of the code and methodology used is therefore necessary. Two bounding
approaches may be applied:

ideal mixing;
no mixing.

The first approach represents "optimistic" bounding case, whereas the second one represents
"pessimistic" bounding case.

When applying the first approach, point kinetics is sufficient and all the above-mentioned
steps can be performed using T-H system code. In the second case, diluted water is directly
entering the corresponding part of the core (e.g. 1/6 for WWER-440s) and the core response is
analysed using 3-dimensional/neutron kinetics code.

Due to its complexity and coupling between different codes, this kind of calculations
represents one of the most challenging accident analysis.

Analysis of accidents which may endanger RCS integrity due to its complexity is to a certain
extent similar to non-homogeneous boron dilution accidents. However, the separation between T-H
and structural analysis is much simpler than the separation between T-H analysis and 3-D neutron
kinetics in previous paragraph.

The following steps are usually performed in the analysis of RPV integrity:

overall T-H system response;
process of cold water mixing in reactor down comer (if any);
analysis of pressure and temperature induced stresses in RPV;
analysis of RPV integrity.

All these steps are addressed in detail [12].

As for the computer codes for radiological release evaluation, containment calculations,
neutron kinetics, assessment of pressurized thermal shocks and stresses on primary and secondary
internals, further specific development for shutdown conditions is not generally needed.
Nevertheless, attention is paid to modelling for the containment with negligible pressure difference
between its internal volume and the atmosphere.
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Appendix

This appendix, as examples, illustrate the correlation between plant operational states and initiating events. The screening results indicated
in the appendix are generic, and may not be the same for a specific plant.

1. SCREENING OF INITIATING EVENTS VS PLANT OPERATIONAL STATES FOR WWER-440 UNITS (GENERIC LIST)

Plant operational state (POS)

1. Reactivity accidents

1.1. Boron dilution by injection of non-borated
water by charging pumps

1.2. Incorrect connection of a non-operable loop

1.3. Boron dilution due to supply of non-borated
water following back-washing of the
purification system filters

1.4. Boron dilution by injection of non-borated
water from (leaky heat exchangers)

2. LOCA (Inadvertent loss of coolant from RCS)

2.1. Interface system LOCA (with by-pass of the
containment)

2.2. Man induced LOCA (maintenance, heavy
load drop, testing)

2.3. LOCA due to pipe rupture in the primary
RHR system

3. Loss of RHR due to degradation of primary coolant
circulation

3.1. RCS overdrawing

3.2. Non-condensible gases injection into the
RCS (including gas leakage from an isolated
loop)

3.3. Depressurization following a rapid cooldown
leading to a bubble formation in the RCS

4. Loss of RHR due to support system failures

4.1. Loss of power supply

4.2. Loss of component cooling water

5. Loss of RHR due to equipment failures

5.1. Loss of one LPI pump acting as primary
RHR pump in WWER-I0O0 and some
WWER-440 designs

5.2. Inadvertent blockage of the flow through
primary circulation loop (e.g. by closure of
the main gate valve)

5.3. Loss of flow through the technological
condenser for WWER-440 design (e.g. loss
of secondary RHR pumps, closure of main
steam valves, etc.)

5.4. Loss of essential service water system

6. Overpressurization of the primary system
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Plant operational state (POS)

6.1. Inadvertent startup of HPI pumps

6.2. Inadvertent closure of the RCS letdown line

6.3. Inadvertent alignment of accumulators to the
primary system

6.4. Inadvertent switching-on of pressurizer
heaters

6.5. Energy addition to the RCS under water
solid conditions due to inadvertent startup of
one main circulation pump

7. Spent fuel pool cooling events

7.1. Inadvertent opening of the spent fuel pool
draining line

7.2. Leak from the spent fuel pool

7.3. Loss of cooling of the spent fuel pool (for
different modes of refuelling outages)

g. Damage of spent fuel during reloading operations

8.1. Damage to the fuel assembly by the
refuelling machine

8.2. •• Drop of the spent fuel assembly into the
reactor or into the fuel pool

9. Heavy load drop accidents

9.1. Drop of heavy load into the reactor vessel

9.2. Drop of heavy load into the spent fuel pool

I

y

y

y

y

y

y

y

y

n

n

n

n

2

y

y

y

y

y

y

y

y

n

n

n

n

3

y

y

y

n

y

y

y

y

n

n

n

n

4

y

y

y

n

y

y

y

y

n

n

n

n

5

y

y

y

n

y

y

y

y

n

n

n

n

6

n

n

n

n

n

y

y

y

n

n

y

n

7

n

n

n

n

n

y

y

y

n

n

y

n

8

n

n

n

n

n

y

y

y

y

y

y

y

9

n

n

n

n

n

y

y

y

y

y

y

y

10

n

n

n

n

n

y

y

y

n

n

n

y

y, n - Candidate of initiating event (yes or no).
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2. SCREENING OF INITIATING EVENTS VS PLANT OPERATIONAL STATES FOR WWER-1000 UNITS (GENERIC LIST)

Plant operational state (POS)

1. Reactivity accidents

1.1. Boron dilution by injection of non-borated water
by charging pumps

1.2. Incorrect connection of a non-operable loop with

1.3. Boron dilution due to supply of non-borated
water following back-washing of the purification
system filters

1.4. Boron dilution by injection of non-borated water
from leaky heat exchangers

2. LOCA (Inadvertent loss of coolant from RCS)

2.1. Interface system LOCA (with by-pass of the
containment)

2.2. Man induced LOCA (maintenance, heavy load
drop, testing)

2.3. LOCA due to pipe rupture in the primary RHR
system

3. Loss of RHR due to degradation of primary coolant
circulation

3.1. RCS overdraining

3.2. Non-condensible gases injection into the RCS
(including gas leakage from an isolated loop)

3.3. Depressurization following a rapid cool down
leading to a bubble formation in the RCS

4. Loss of RHR due to support system failures

4.1. Loss of power supply

4.2. Loss of component cooling water

5. Loss of RHR due to equipment failures

5.1. Loss of one LPI pump acting as primary RHR
pump in WWER-1000 and some WWER-440
designs

5.2. Inadvertent blockage of the flow through
primary circulation loop (e.g. by closure of the
main gate valve)

5.3. Loss of flow through the technological
condenser for WWER-440 design (e.g. loss of
secondary RHR pumps, closure of main steam
valves, etc.)

5.4. Loss of essential service water system

6. Overpressurization of the primary system

6.1. Inadvertent startup of HPI pumps
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Plant operational state (POS)

6.2. Inadvertent closure of the RCS letdown line

6.3. Inadvertent alignment of accumulators to the
primary system

6.4. Inadvertent switching-on of pressurizer heaters

6.5. Energy addition to the RCS under water solid
conditions due to inadvertent startup of one main
circulation pump

7. Spent fuel pool cooling events

7.1. Inadvertent opening of the spent fuel pool
draining line

7.2. Leak from the spent fuel pool

7.3. Loss of cooling of the spent fuel pool (for
different modes of refuelling outages)

8. Damage of spent fuel during reloading operations

8.1. Damage to the fuel assembly by the refuelling
machine

8.2. Drop of the spent fuel assembly into the reactor
or into the fuel pool

9. Heavy load drop accidents

9.1. Drop of heavy load into the reactor vessel

9.2. Drop of heavy load into the spent fuel pool
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y, n - Candidate of initiating event (yes or no).
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ABBREVIATIONS

ECCS emergency core cooling system
MGV main gate valve
POS plant operational state
PRZR pressurizer
RC reactor cavity
RCS reactor coolant system
RHR residual heat removal
RHRS residual heat removal system
RP refuelling pool
RPV reactor pressure vessel
RVF reactor vessel flange
SFP spent fuel pool
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