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Development of the Environmental Qualification Safety Requirement Matrix for the
Containment System of In-Service CANDU Reactors

R.M. Chun1, J. Low1, A. Khelawan2 and J. Sobolewski3

ABSTRACT

Over the last several years, Ontario Hydro Nuclear (OHN) has placed increasing emphasis on
environmental qualification (EQ) at its Pickering and Bruce NGS A and B nuclear generating
stations (NGSs). The program currently underway builds upon the experience gained from the
extensive Darlington NGS EQ experience and from EQ programs conducted by other utilities.

Some of the major steps of the OHN EQ program include: defining Safety Requirement
Matrixes (SRMs), establishing environmental conditions, developing an EQ List, conducting an
EQ Assessment and maintaining Operational EQ Assurance during the plant life. The SRM
identifies safety related components, their required safety functions and their mission times for
each postulated design basis accident (DBA). This is a critical step, as the SRM defines the
equipment that requires assurance of EQ and precise requirements must be provided to ensure
a cost effective EQ program.

This paper describes the development of the SRMs for the containment system of the
Bruce NGSs. The introductory section briefly discusses how the industry has dealt with
equipment qualification as it has evolved and the role of the SRMs in the OHN EQ Program.
In Section 2, the preparation of the SRM is described along with the applicable ground rules
used. The results of the application of the SRM preparation guidelines to the containment
system are discussed in Section 3.

From a review of the analysis, design, normal and post-accident operating configurations, it was
evident that for the Bruce NGS multi-unit reactor containment, the post-accident containment
envelope cannot be defined by only considering the designated containment sub-systems. Rather,
all process (e.g., the moderator system) and safety related systems (e.g., emergency coolant
injection system) that penetrate containment directly or form an extension of the containment
envelope had to be considered, to establish the post-accident containment boundary. The
effective post-accident envelope changes with different DBAs. Furthermore, a detailed review
at the component level showed there are some components with multiple safety functions. These
components are required, for example, for initiating containment isolation in the short-term and
for post-accident monitoring in the long-term. A summary of the major findings and conclusions
are presented in the last section.
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1.0 INTRODUCTION

1.1 Plant Aging and Environmental Qualification

Ontario Hydro Nuclear (OHN) has programs in place to address plant aging and life cycle
management. These programs include the boiler tube and pressure tube inspection and
maintenance programs, as well as the environmental qualification (EQ) program. These are of
particular importance to the Pickering and Bruce Nuclear Generating Stations (NGSs), that have
been in-service since the 1970s. The purpose of these programs is to ensure all the nuclear
stations continue to perform safely, reliably and economically, as well as to optimize their service
lives.

This paper focusses on EQ, which has become an increasingly important consideration in the
design, operation and regulation of nuclear generating stations. The subject has gained
prominence in the United States, particularly after a fire at the Browns Ferry Nuclear Power
Plant in 1975 and following the Three Mile Island accident in 1979. In Canada, the 1985
inadvertent dousing incident at the Gentilly-2 reactor has focussed specific attention to EQ issues
for CANDU plants.

The EQ of safety and safety related components is the process of demonstrating that such
components, after being subjected to the station in-service conditions (i.e., normal aging) for their
design life, will perform their safety functions in the harsh environment resulting from design
basis accidents (DBAs) which are conservatively postulated to occur at the end of life conditions.

Darlington NGS was environmentally qualified during its design. For the other OHN stations,
the EQ process was not consistently and rigorously addressed via a formal program.
Documented evidence for EQ is not readily available, particularly for Bruce NGS A and
Pickering NGS A, where the requirements [References 1 and 2] for EQ were not fully developed
during the initial design stage. Nevertheless, since the 1970s, modifications to safety systems
at Bruce NGS A and Pickering NGS A have recognized the need to factor EQ into the station
design upgrades.
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The objective of OHN's in-service EQ program is to systematically: identify the safety related
components to be qualified, determine the conditions to be used for qualification, initiate EQ
analyses and/or tests, where necessary, and provide the documentation to demonstrate the
qualification is complete and can be maintained for the life of the plant.

1.2 Environmental Qualification and Reliability

Environmental qualification programs are structured to ensure safety related systems reliably
fulfil their respective safety functions when called upon under accident conditions.

The principles of redundancy and diversity are major features of the defence-in-depth philosophy
incorporated in the design of CANDU plant systems to enhance functional reliability and hence
assure the desired level of plant safety. However, failures caused by DBAs (e.g., multiple
failures attributable to a common cause) may defeat the reliability provided by the principles of
redundancy and diversity.

The purpose of environmental qualification is to provide assurance that the concepts of safety
redundancy and diversity are not circumvented in the unlikely event that harsh environmental
conditions occur. The general approach used in equipment qualification [Reference 3] is to
conduct assessments or tests on components aged to the postulated end of plant life conditions
and then subject them to the stresses of the harsh environment.

1.3 The Role of the Safety Requirement Matrix in Environmental Qualification

The major steps of the OHN EQ program are illustrated in Figure 1. The station's Nuclear
Safety Department has the responsibility of determining the design basis accident conditions and
defining the Safety Requirement Matrixes (SRMs). A station EQ Group has been set up to
prepare the Safety Related Component List (SRCL), the Harsh Environment Component List
(HECL), the Environment Qualification List (EQL), and manage the overall station EQ Program.
A central EQ Group in OHN has the responsibility of conducting and/or coordinating the
Environmental Qualification Assessment (EQA) of components on the EQL, in support of the
station EQ Program.

The SRM, which identifies essential components, their required safety functions and their
respective mission times following each postulated DBA, is a critical part of the EQ process.
The SRM defines the equipment that requires assurance of EQ. Precise requirements must be
provided to meet the safety functions (i.e., shut down, cool down, contain and post-accident
monitoring) and to ensure a cost effective EQ program.

It is not the intent of the SRM to record safety requirements for components down to the lowest
device level, such as cables, junction boxes, limit switches and actuators. These control loop
devices, associated with the parent SRM component, are provided as part of the SRCL
preparation process. Those SRCL components, located in areas that experience harsh
environmental conditions following postulated DBAs, are designated as HECL components.
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Figure 1. The In-Service Environmental Qualification Program
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A further subset of the HECL is the EQL components. The EQL is a listing of those HECL
components whose failure modes have an adverse effect on the safety function of the SRM
component following a postulated DBA. An EQA is done for the parent SRM component, as
well as its associated devices on the EQL.

This paper describes the development of the SRMs and uses the Bruce NGS containment
system to illustrate some of the concepts that were considered in defining the SRMs.

2.0 SAFETY REQUIREMENT MATRIX PREPARATION PROCESS

2.1 Ground Rules used in the Preparation of the Safety Requirement Matrix

As a general requirement, for each DBA resulting in harsh environmental conditions, the
components of the safety related systems required to perform the safety functions are identified
as part of the SRM process. These functions are reactor shut down, heat removal from the core,
containment, and post-accident monitoring.

The intent of the SRM is to capture the essential safety functions of the credited equipment. To
ensure consistency and completeness in identifying the equipment safety credits, a guideline
document has been developed for preparing the SRMs.

A set of comprehensive ground rules are established in the SRM guideline document to ensure:

(a) The SRM includes all credible operating states based on design, operating, and analysis
information. Since the Bruce NGSs are multi-unit reactors and share many common
systems, both the operating state of the accident and non-accident units are considered.

(b) Specific component inclusions and exclusions are clearly established to reflect the safety
credits and ensure correct interpretation of the SRMs in identifying devices down to the
lowest level. For example, active valves that are required to change state or retain state
following the DBA are included in the SRM, whereas passive devices that are not
required to change state are not listed.

(c) Shutdown assurance, heat sink capability, containment isolation and post-accident
monitoring are maintained following DBAs.

(d) No credit is taken for the design failure mode in the SRMs, as the fail safe state may not
be achieved due to harsh environmental effects.

(e) Unambiguous indications and alarms required for operator action are identified.

(0 The SRM does not reduce system component redundancy and hence alternate flow path
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valves and pumps are credited.

(i) The requirements to shut down, provide a heat sink and maintain the non-accident units
in a safe state are identified, for DBAs resulting in unpoising of common special safety
systems (i.e., containment, emergency coolant injection (ECI)).

(j) Consequential failures are considered as part of the SRM process. For example, a design
basis earthquake may result in a steam line break. Also, for steam line breaks, all non-
qualified electrical power supplies are assumed to fail due to the harsh environment in the
powerhouse.

2.2 Development of the Safety Requirement Matrix for Containment System

2.2.1 The SRM Package

The SRMs were prepared on a system basis, after having defined the specific system
requirements following the various DBAs. For containment, an SRM package was prepared for
each subsystem of containment. These subsystems include the Emergency Filtered Air Discharge
System, containment Pressure Relief Valves (PRVs), the Negative Pressure Containment (NPC)
Vacuum System, the Post-LOCA Hydrogen Ignition System, the Emergency Water Storage
System, the Vapour Recovery Systems, Airlocks and Transfer Chambers, the Vault and Fuelling
Duct Air Coolers and the Containment Isolation System.

Each SRM package includes a system summary section where the SRM records are attached.
A typical SRM system summary sheet includes the following:

(a) The Station/System identification.

(b) Operational flow sheet(s) used to identify the safety related components.

(c) System safety requirements which generally have a heat sink, shut down, containment,
monitoring or safety support function.

(d) The DBAs that the system or part of the system is credited to provide a safety function
and survive and/or operate during and following.

(d) System operating states prior to the accident.

(e) An Impact Statement of significant impact of the SRM records on the system design and
operation for the system under review and also related systems.

(f) Notes on any unresolved issues, assumptions and any deviation from the SRM guideline
document.
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(g) The revision history of the SRM package,

(h) Major references used.

2.2.2 The SRM Record

Consistent with the ground rules, the SRM records for containment were prepared for each
component credited following the postulated DBAs. A typical SRM record for a containment
boundary valve of the vault vapour recovery system (VVRS) is shown in Figure 2.

The SRM record uniquely identifies the component by the system classification index (SCI), the
equipment code (unit-device SCI-device code and device number) and the operational flow sheet.
In addition to the associated details on the component, the SRM record provides a multi-
dimensional matrix listing for each DBA, the specific component safety related functions
(CSRFs) and the corresponding mission times (MTs). Generally for each DBA, the short term,
intermediate and long term CSRFs and corresponding MTs are provided, where appropriate. The
DBAs, CSRFs and MTs tie in with the accident conditions (e.g., temperature, radiation, pressure),
failure mode evaluations, and the duration of harsh environmental conditions. Hence, these are
important elements for use in the EQA of the component to determine its qualification status.

Ontario Hydro. EQ SUM for Containment



Environmental Qualification Safety Requirement Matrix

Bruce NGS B

SCI Units Device Code Operational Flowsheet Channel* Support Systems*

38310 5/6/7/8 38310-DP44 NK29-FXX-38310-OO01-07

Design Basis Accident (DBA)

Design Basis Earthquake

Fuelling Machine Failures - All

All LOCAs (Large. Small. In-Core)

LP Service Water Failures

Moderator System Failures

Secondary Side Failures - All

Reference^): Design Manual NK29-3831O, Sec. 8.0. Bruce B Abnormal Incidents Manual 03600 1-6.7.1. Safety

IA EPS

Safety Function
(CSRF)

Must Close
Must Remain Closed

Must Close
Must Remain Closed

Must Close
Must Remain Closed

Must Close
Must Remain Closed

Must Close
Must Remain Closed

Must Close
Must Remain Closed

Report Sec 3.6.

Component Comments: This Damper is open to the Vault Vapour Recovery System (VVRS) during normal operation. Auto or manual (Operator Action) closure of this
activity set point is reached. Isolation is required to prevent the release of fission products into the VVRS outside containment.

Revision Number: 2
Revision Comments: 28.01.94: Rev. 2 - Issued for use.

• Information to be confirmed.
• • All passive and active sub-components of the equipment must comply to containment and/or pressure boundary (leakage) requirements where applicable

Room EQ Level

Essential

Mission Time (MT)

<= 30 Minutes after Alarm
<= 3 Months

<= 15 Minutes after Alarm
<= 3 Months

<= 15 Minutes after Alarm
<= 3 Months

<= 15 Minutes after Alarm
<= 3 Months

<= 15 Minutes after Alarm
<= 3 Months

<= 15 Minutes after Alarm
<= 3 Months

damper is required when the containment high pressure or high

Figure 2. Safety Requirement Matrix for Containment Boundary Valve
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3.0 DISCUSSION

3.1 Defining the Matrix from the Source Documents

Under-specifying the SRMs results in a reduction in the station's safety margin. Conversely,
over-specifying the SRMs can result in unwarranted economic costs.

To achieve a balance, a rigorous assessment of the design, safety analysis, licensing documents
and operating configuration is needed to ensure essential credits are identified. The sources of
information drawn upon for preparing the SRMs includes: the safety report, design manuals,
operating manuals, abnormal incidents manuals, operating policies and principles, reliability
reports, and other safety related and regulatory documents and correspondence.

As shown in Figure 2, for each component, the SRM defines the different DBAs where the
component is required to operate. Also, for each DBA, the component safety requirement
functions and its corresponding mission time following the DBA are specified. Since such a
matrix of information (for each component) is not independently available from any of the
design, analysis and operating documents, a broad integrated assessment of all relevant
documentation was necessary.

The need for this integrated assessment process is illustrated by the fact that safety analysis is
done on an accident basis (i.e., for a given DBA, systems are credited to shut down, cool down,
contain and monitor the station) while the design is done on a system basis (i.e., normal and
accident system performance requirements are specified). As such, defining the EQ SRM
required a coupling of the analysis and design information, in conjunction with the operating
procedures, so as to specify the matrix of design basis accidents, safety requirement functions and
mission times for each component.

Furthermore, the safety analysis credits are generally specified to the system level only (i.e., high
level credits), whereas for the EQ SRM, the accident requirements are defined down to the
component level. For example, in the safety report, containment isolation is credited following
a given DBA (e.g., a loss-of-coolant accident (LOCA)). This high level credit then had to be
translated to the component level (i.e., specific isolation dampers, valves), to identify the
component's safety function and mission time required after the event.

In other situations, the credit (implicit) in the safety analysis is presented as a functional
requirement. For example, following a postulated break in the heat transport pump gland seal
supply circuit, there is a requirement that the heat transport system (HTS) level be lowered to
terminate the discharge outside containment. In such situations, a qualified path has to be
established (e.g., via the maintenance cooling system (MCS) circuit) to allow lowering of the
HTS level to terminate the discharge outside containment. To be able to lower the HTS level,
the components in the MCS, (i.e., valves required to open) had to be specified as SRM
components. As well, engaging the MCS redefines the containment boundary and the
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requirement to maintain the new containment boundary (i.e., valves leaking externally) has to be
reflected in the SRM

3.2 Containment Envelope

In defining the EQ SRM for containment, it is evident that for the Bruce NGS multi-unit reactor
containment, the accident containment envelope cannot be defined by only considering the
designated containment subsystems. Rather, all process (e.g., the moderator system) and safety
related systems (e.g., ECI system) that penetrate containment directly or form an extension of the
containment envelope had to be considered to establish the post-accident containment boundary.
The post-accident containment envelope changes depending on the postulated DBAs under
consideration.

For example, the VVRS forms an extension of containment envelope during normal operation,
but is required to be isolated after an accident. On the other hand, the emergency filtered air
discharge system (EFADS) is normally isolated, but when placed in service following the
accident, it forms an extension of the containment boundary. Similarly, as shown in Section 3.1,
engaging the MCS following HTS auxiliary pipe breaks redefines the containment boundary.
This redefinition of the post-accident boundary has to be reflected in the SRM components.

For the VVRS, the SRMs reflect the requirement to isolate and maintain containment. For the
EFADS, the SRM reflects the requirements:

(a) to minimize emissions of radioiodides by ensuring that releases are limited to
monitored pathways by maintaining the containment suitably sub-atmospheric, and

(b) when not in use, to maintain post-accident isolation of the containment boundary.

3.3 Systems and Components with Multiple Safety Functions

In addition to preparing EQ SRMs for the designated containment sub-systems with explicit
containment functions, consideration has to be given to other systems (e.g., ECI, MCS, Moderator
System) that are connected directly or indirectly to the HTS circuit or containment atmosphere
following an accident. This is necessary to ensure that failures of these systems or their
components do not lead to breaches of containment.

For the emergency coolant injection system, which has an explicit heat sink function, following
LOCA events, valves within the ECI circuit are required to close and remain closed after ECI
initiation to avoid breaching the containment boundary and/or diversion of ECI coolant. This
breach is possible as the ECI circuit is connected to the HTS (which in this case is also opened
to the containment atmosphere via the LOCA break).
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In addition to systems with multiple safety functions, a detailed review at the component level
shows there are components which have multiple safety functions. For example, the component
may have a core cooling function immediately following the event, but becomes a containment
boundary concern in the longer term. This is illustrated by example in Figure 3. The valve is
required to open in the short term to allow coolant flow to the HTS and in the long-term to
reclose to maintain the containment boundary. Thus, as shown at the component level, the same
device in the short-term has a cool down requirement and in the long-term it has a containment
boundary function.

In as much as there are ECI components with a heat sink, as well as containment boundary
functions, there are containment components with a containment function, as well as other safety
requirements. For example, the Pressure Relief Valve pressure transmitters are used for initiating
containment isolation and relieving vault overpressure to the vacuum building (an explicit
containment function), also have another safety function. They are required for post-accident
monitoring to measure containment pressure and provide indication to the operator for EFADS
operation.

The recognition that there are systems and components with multiple safety functions, at different
mission times, highlights the need for as broad a perspective as possible in the EQ SRM
preparation process.

Thus, defining EQ SRMs requires a careful review and understanding of the analysis and design
information and normal and post-accident operating configurations to ensure essential components
are identified. As well, from the EQ SRM study, it is apparent the high level requirements to
shut down, cool down, contain and provide post-accident monitoring, cannot be adequately
established at the system level only (e.g., ECI for heat sinks only). Rather, at the component
level, each of the high level requirements has to be carefully evaluated for applicability to the
component under consideration. This is exemplified by the ECI components with containment
boundary functions and by the containment components with post-accident monitoring
requirements.
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Environmental Qualification Safety Requirement Matrix

Bruce NGS B

SCI Units Device Code Operational Flowsheet

34330 5/6/7/8 34330-MV7 NK29-FXX-3433O-OOO1-O8

Design Basis Accident (DBA)

Design Basis Earthquake

HT Auxiliary System Failures

All LOCAs (Large, Small. In-Core)

Maintenance Cooling System Failures

Secondary Side Failures - All

Channel* Support Systems* Room

EPS

Safety Function
(CSRF)

Must Open
Must Function

Must Open
Must Reclose

Must Open
Must Remain Open

Must Open
Must Reclose

Must Open
Must Function

References): Design Manual NK29-34330, Sec 2.3.6.11; Operating Manual 34330/34340. Sec 4.7.17; Abnormal Incidents Manual 03600.1-6.2, Safety Report Sec 3.6.

EQ Level

Essential

Mission Time (MT)

<= 72 Hours
<= 3 Months

<= 8 Hours
<= 3 Months

<= 15 Minutes after Alarm
<= 3 Months

<- 8 Hours
<= 3 Months

<= 72 Hours
<= 3 Months

Component Comments: This normally closed valve must auto open to allow timely filling of the HT system, and remain open to keep it refilled after a LOCA. The valve must be capable of opening remotely by manual means for smaller
breaks (small LOCA) and in-core LOCAs where operator action is credited to initiate ECI operation. For non-LOCA events MV7 (and MV14) are required to be opened on manual initiation for refilling of the
IITS This applies to both accident and non-accident units. In the long term, the valve must be closed to ensure containment boundary (3 months) integrity.

' Remote manual opening capability is available from MCR panel 66100 PL10A and from SCA panel 63760 PL 1904

Revision Number: 2
Revision Comments: 260194: Rev. 2 - Issued for use.

• Information to be confirmed.
•• All passive and active sub-components of the equipment must comply to containment and/or pressure boundary (leakage) requirements where applicable.

Figure 3. Safety Requirement Matrix for ECI Component with Long-Term Containment Boundary Function
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4.0 CONCLUSIONS

1. The post-accident containment boundary is dependent on:

(i) The postulated DBA and the operating state of the accident and non-accident units
at the time of the DBA.

(ii) The non-containment systems (e.g., ECI, MCS, Moderator System) that are
connected directly or indirectly via other systems to the HTS circuit or
containment atmosphere.

2. Developing the EQ SRM for containment requires a careful assessment and integration
of information presented in design documents, safety analysis, and an understanding of
the normal and accident operational configuration.

3. From the EQ SRM study, the high level requirements to shut down, cool down, contain
and provide post accident monitoring, cannot be adequately established at the system level
only (e.g., ECI specifically for cool down only). Rather, at the component level, each of
the high level requirements has to be carefully evaluated for applicability to the
component under consideration. This is exemplified by the ECI components with
containment boundary functions and by containment components with accident monitoring
requirements.
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6.0 LIST OF ACRONYMS

Acronym

CSRF

DBA

ECI

EFADS

EPS

EQ

EQA

EQD

EQL

FE

HECL

HTS

IRR

LOCA

MCR

MCS

MT

MV

NPC

NGS

OHN

PRV

SDC

SRCL

SRM

VVRS

Explanation

Component Safety Related Function

Design Basis Accident

Emergency Coolant Injection

Emergency Filtered Air Discharge System

Emergency Power Supply

Environmental Qualification

Environmental Qualification Assessment

Environmental Qualification Deficiency

Environmental Qualification List

Failure Evaluations

Harsh Environmental Component List

Heat Transport System

Internal Review Request

Loss-of-Coolant Accident

Main Control Room

Maintenance Cooling System

Mission Time

Motorized Valve

Negative Pressure Containment

Nuclear Generating Station

Ontario Hydro Nuclear

Pressure Relief Valve

Shutdown Cooling System

Safety Related Components List

Safety Requirements Matrix

Vault Vapour Recovery System
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