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ABSTRACT

Atomic Energy of Canada, Limited (AECL) and its subsidiary in the United States, are
considering submitting the CANDU 3 design for standard design certification under 10 CFR Part 52.
CANDU reactors are pressurized heavy water power reactors. They have some substantially
different safety responses and safety systems than the LWRs that the commercial power reactor
licensing regulations of the U.S. Nuclear Regulatory Commission (NRC) have been developed to
deal with. In this report, the authors discuss the basic design characteristics of CANDU reactors,
specifically of the CANDU 3 where possible, and some safety-related consequences of these
characteristics. The authors also discuss the Canadian regulatory provisions, and the CANDU safety
systems that have evolved to satisfy the Canadian regulatory requirements as of December 1992.
Finally, the authors identify NRC regulations, mainly in 10 CFR Parts 50 and 100, with issues for
CANDU 3 reactor designs. In all, eleven such regulatory issues are identified. They are: (1) the
ATWS rule (§50.62), (2) station blackout (§50.63), (3) conformance with Standard Review Plan
(SRP), (4) appropriateness of the source term (§50 34(f) & §100.11), (5) applicability of reactor
coolant pressure boundary (RCPB) requirements (§50.55a, etc), (6) ECCS acceptance criteria
(§50.46(b), (7) combustible gas control (§50 44, etc), (8) power coefficient of reactivity (GDC 11),
(9) seismic design (Part 100); (10) environmental impacts of the fuel cycle (§51.51), and (11)
(standards §50.55a).
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CANDU REACTORS, THEIR REGULATION IN CANADA, AND THE
IDENTIFICATION OF RELEVANT NRC SAFETY ISSUES

1. DESIGN CHARACTERISTICS OF CANDU REACTORS

1.1 Introduction

CANDU (Canadian Deuterium Uranium) reactors are Canadian-designed pressurized heavy
water power reactors (PHWRs) that are operating or under construction in Argentina, India, Korea,
Pakistan, and Romania, as well as in Canada. The reactors operating in the Province of Ontario are
in multi-unit stations (Pickering, Bruce, and Darlington) and have power ratings that range from 515
MWe to 881 MWe. Elsewhere in Canada and in Argentina, Korea, and Romania, there are single-
unit 600 MWe CANDU 6 plants (the CANDU reactors in India and Pakistan were built in the early
1970s and are smaller). The multi-unit stations and single-unit stations employ different
containment systems. The multi-unit stations have a single integrated containment system
employing negative pressures, dousing water pressure suppression, and 1 vacuum building. The
containment at the single-unit stations includes dousing water pressure s ippression systems and
filtered air discharge (Morison, et al , 1987).

Atomic Energy of Canada Limited (AECL), the designer of CANDU reactors, and its
subsidiary in the United States, are considering submitting a 450-MWe design for standard design
certification under 10 CFR Part 52. This design ic known as the CANDU 3. The U.S. Nuclear
Regulatory Commission's (INRC) regulations for licensing of commercial power reactors are
contained primarily in 10 CFR Parts 50 and 100 and were developed for light-water reactors (LWRs)
in the United States. These regulations address safety concerns of LWRs and frequently refer to
LWRs, boiling water reactors (BWRs), or pressurized water reactors (PWRs). Because of
differences in design, CANDU reactors have different safety-related characteristics than LWRs.
Therefore, phenomena that are safety concerns for LWRS that should be addressed in regulations
may not occur or be safety concerns for CANDU reactors.  Similarly, phenomena that are safety
concerns for CANDU reactors that should be addressed in regulations may not occur or be safety
concerns for LWRs.

One objective of this report is to review the design characteristics of CANDU reactors and
their regulation in Canada. Another objective is to identify the Canadian regulatory requirements,
policies, and guidance that are specific to CANDU reactors. As only CANDU reactors have been
licensed in Canada, it may not possible to distinguish Canadian regulatory philosophy from
CANDU-specific requirements except for requirements thai apply to components that are CANDU-
specific. The last objective is to identify some NRC (i.e., LWR) issues relevant to CANDU reactors.

This report is organized as follows. The remainder of this section discusses the general
design characteristics of CANDU reactors and some safety-related consequences resulting from
these charactenistics. When the design characteristics differ among models of CANDU reactors, the
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characteristics of CANDU 3 reactors will be described, if possible. The safety systems used in
CANDU reactors evolved in response to the safety requirements imposed by the Canadian
regulatory agency, the Atomic Energy Control Board (AECB). As the AECB has had years of
experience in dealing with the safety of CANDU reactors and as the CANDU 3 design that may be
submitted for standard design certification in the United States will have gone through (or will be
going through) a similar process in Canada, the Canadian licensing framework and safety
requirements which will have shaped the CANDU design, are relevant, and are discussed in
Section 2. Those Canadian requirements that appear to be specific to the CANDU reactor design
are also discussed in Section 2. The safety systems that have evolved to meet the Canadian
regulatory requirements are discussed in Section 3. In Section 4, NRC issues relevant to CANDU
reactors are identified

1.2 Design Characteristics

A CANDU reactor is fuelled by natural uranium dioxide (UO,), and cooled and moderated
by heavy water. Fuel bundles and heavy water coolant are contained within horizontal pressure
tubes In the CANDU 3, there are 37 zirconium-alloy-clad fuel elements in a fuel bundle, 12
bundles per pressure tube, and 232 pressure tubes in the reactor. Each pressure tube is isolated and
insulated from the moderator by a concentric calandria tube The space between a pressure tube and
a calandria tube is filled with a gas (frequently dry CO,) Figure 1-1 illustrates a fuel lattice. A
heavy water moderator-reflector is contained within a horizontal, cylindrical vessel, called the
calandria The calandria tubes can be thought of as internal surfaces of the calandria. Because of
the separation afforded by the pressure tube concept, the coolant is hot and pressurized, and the
moderator is cool and at essentially atmospheric pressure.  This arrangement is illustrated in
Figure 1-2

On-power fuelling is used in CANDU reactors to compensate for reduction in reactivity from
fuel burnup Because of the use of natural uranium as the fuel, a CANDU reactor has very little
excess reactivity, small reactivity coefficients, and low fuel burnup relative to LWRs. The limited
excess reactivity is accommodated by the use of on-power fuelling. Associated with each pressure
tube is a fuel channel for fuelling purposes. Approximately 12 fuel bundles per day will be replaced
in the CANDU 3. To maintain appropriate power shapes, these bundles would not be from a single
fuel channel, but rather from three or four fuel channels. Most CANDU reactors use two fuelling
machines, one to insert fresh fuel bundles at one end of the fuel channel, the other to remove spent
fuel bundles at the opposite end of the fuel channel. However, the CANDU 3 is being designed for
use with only one fuelling machine, and would be fuelled from only one side of the reactor.

The pressure tube design coupled with on-power fuelling permits rapid removal of a
defective fuel bundle that is leaking fission product activity into the coolant. Such defective fuel
is first detected by a gaseous fission product monitoring system, which analyzes flowing samples
of the coolant. Then a delayed neutron monitor can be used to identify those fue! channels that
contain the defective fuel bundle, which can then be removed during power operation by the fuelling
machine (Kugler, 1980)
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Figure 1-1 37-Element Fuel Bundle
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Figure 1-2 CANDU Reactor Assembly
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The terminology that has evolved divides equipment and systems used in a CANDU design
into two groups: (1) process systems, and (2) special safety systems. Process systems are those
systems used in the normal operations of the plant. Examples of process systems important for
safety are' the heat transport system that transports heat from the reactor fuel to where it can
generate steam for electricity production or be rejected to the environment, and the reactivity
regulating system that controls the power level and distribution throughout the core. If there is an
event or process malfunction that creates a safety problem beyond the capability of the process
systems, then one or more of the special safety systems are called upon to function. In the absence
of such conditions, special safety svstems are not in use. Special safety systems are: (1) shutdown
system 1 (SDS 1), (2) shutdown system 2 (SDS 2), the emergency core cooling system (ECCS), and
(4) the containment system.

CANDU 1=actors are faced with the same general safety requirements as LWRs. There must
be the capability: ‘o shut down the reactor, to limit overpressure in the heat transport system, to
remove decay hezt, and to limit the release of radioactive materials to the environment. Similarly
CANDU reactors have the same types of protective barriers to the re'euse of fission products as
LWRs: a ceramic fuel with a high melting point, zirconium alloy clad, a reactor coolant pressure
boundary; and a containment system.  Therefore, the special safety systems serve the same purposes
as safety systems for LWRs: shutdown systems, emergency core cooiing systems (ECCSs), and
containment systems. The regulatory requirements that these systems must meet in Canada are
described in Section 2. The systems that have evoived to meet these requirements and their
separation and independence are described in Section 3.

1.3  Some Safety-Related Consequences of Design Characteristics

CANDU reactors have regative fuel temperature coefficients from the Doppler effect and
positive coolant void coefficien < {a #~grease in coolant density results in an increase in reactivity).
For small vanations about nomina. ~perating conditions, the power coefficient (i.e., the combination
of the reactivity coefficients from changes in fuel temperature, coolant density, and moderator
density) is slightly negative but close to zero (AECL, 1989). However, for small variations at
powers somewhat above nominal operating conditions , the power coefficient may be slightly
positive. It has been estimated that because of the onset of exit boiling, the power coefficient for
the CANDU 3 would turn positive between 105% and 115% of nominal full power (i.e., go from -
0.009 mk/% power increase to a small positive power coefficient).

Because of the positive void coefficient, a loss of coolant accident (LOCA) would cause an
increase in reactivity that the shutdown systems are designed to handle Mitigating the size of the
power pulse following such a transient is the fact that reactivity-insertion-transients tend to be
slower in CANDU reactors than in other reactors. This is because the prompt neutron lifetime is
relatively long (0.9 ms) and because the delayed neutron fraction is enhanced by delayed
photoneutrons from the dissociation of the deuteron by gamma rays from the decay of fission
products. Also, as noted above, the available excess reactivity is limited, another factor in limiting
the consequences of reactivity insertion transients



A CANDU core is larger than an LWR core generating the same power. This leads to the
possibility of unstable xenon power oscillations that could cause some fuel to overheat. The reactor
regulating system in CANDU reactors, which is conirolied by computers, contains a number of
regulating components. These may include: cobalt or stainless steel adjuster rods, liquid zone
controllers in which the level of light water can be varied, mechanical zone controllers;, cadmium
control absorbers, which may be positioned outside of the core, moderator poison, or even booster
rods of enriched uranium (Bruce A). When the reactor regulating system includes liquid zone
controllers, xenon instability can be controlled by differentially filing or draining individual zone
controllers. For simplicity, mechanical zone control units, rather thar liquid zone control units, are
used as the primary means of regulating the power distribution in the CANDU 3 design (Hedges,
1990).

Separation of the moderator and coolant has several advantages. Reactivity devices, both
regulating and shutdown, are located in the low-pressure moderator where they are iess subject to
damage in the event of a LOCA than are reactivity devices in an LWR. The negative moderator
temperature coefficient introduces a positive reactivity following an accidental cooldown in an
LWR. In a CANDU reactor, reactivity is not sensitive to rapid cooldown accidents. Also, inthe
event of a LOCA and loss of the ECCS, the moderator can act as a heat sink to provide further
assurance that a coolable core configuration is maintained

Because of the use of heavy water, tritium is formed from neutron capture by the deuteron,
and tritium inventories are larger than in LWRs Because of the use of natural uranium, fuel burnup
and fission product inventories are relatively low compared with LWRs.

2. REGULATION AND LICENSING OF CANDU REACTORS IN CANADA

This section discusses safety aspects of regulation and licensing of CANDU reactor plants
in Canada. Most aspects of regulation and licensing are within the jurisdiction of the Atomic Energy
Control Board (AECB or Board). The Board, a body with five members one of whom is appointed
President and Chief Executive, was created by the Atomic Energy Control Act of 1946 (Chap. A-19,
Revised Statutes of Canada) and was empowered to make regulations governing all aspects of the
development and applicaiion of atomic energy. In 1954, the Act was amended to transfer
responsibility for research and exploitation of atomic energy tc a designated minister and to
transform the Board into a strictly regulatory agency. Atomic Energy of Canada, Limited (AECL),
a government-owned company that had been formed in 1952, carries out the research and
exploitation duties ana is responsible to the designated minister

Canada is comprised of 10 provinces and two territories, each province has authority in
rertain areas relating to nuclear reactors. They have jurisdiction over occupational health and safety
matters, except for radiation protection, which is a responsibility of the AECB. Provincial
inspectors have the power to inspect all pressure vessels, including the pressure tubes of CANDU
reactors. Offsite radiological emergency planning is also a provincial responsibility in Canada. A
province may interpret this responsibility broadly. For example, the Province of Ontario has
requested and Ontario Hydro has agreed that provincial concurrence is required for any action that
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could have offsite effects, e g, venting radioactive gases (Ahearne, 1989). The provincial ministry
with jurisdiction over radiological emergency planning in Ontario is the Ministry of the Solicitor
General (Ontario, 1986).

Permeating the Canadian regulatory framework is the fundamental principle that the
applicant/licensee bears the basic responsibility for safety, with the AECB primarily setting safety
objectives and some performance requirements, and auditing the licensee's performance (Atchison,
etal, 1983). There are few formal regulatory requirements, and these are of the nature of numerical
safety goals and objectives, rather than prescriptive design or operational rules. Safety requirements
sufficiently detailed for design purposes are developed during the licensing process through
negotiations between the applicant and the AECB

2.1  Regulations and Regulatory Instruments

The AECB has issued regulations, known as Atomic Energy Control Regulations. These are
formally equivalent to NRC's regulations in Title 10 of the Code of Federal Regulations (all
references to 10 CFR are to the January 1, 1991 edition). The AECB has also issued "Regulatory
Policy Statements" that contain safety requirements for CANDU reactors and "Consultative
Documents" that contain regulatory proposals that are published to solicit comments.

2.1.1 Atomic Energy Control Regulations

The AECB promulgated formal regulations, known as Atomic Energy Control Regulations,
that were consolidated as of December 31, 1977 (CRC, 1978), and which have been amended
several times since. Part Il which pertains to "Nuclear Facilities" and which is only two pages in
length, contains broadly stated requirements for a license for a nuclear facility. The only
quantitative requirement is that measures be taken to reduce doses to persons from operation of a
nuclear facility below certain maximum permissible levels, the latest version of which is given in
Table 2-1 (SOR, 1985). These maximum permissible doses are similar to those promulgated by the
NRC in 10 CFR Part 20 in §20.101 and §20.105 prior to the recent comprehensive revision of 10
CFR Part 20 (NRC, 1991).

2.1.2 Regulatory Policy Statements

Regulatory Policy Statements are used to define safety requirements for CANDU reactors.
They do not have the force of law, as do the Atomic Energy Control Regulations, but they seem to
have more weight than NRC's Regulatory Guides. As stated in prefaces, Regulatory Policy
Statements are described as "firm expressions that particular 'requirements’ not expressed as
Regulations or License Conditions be complied with or that any requirements be met in a particular
manner but where the AECB retains the discretion to allow deviations or to consider alternative
means of attaining the same objectives where a satisfactory case is made." There are five Regulatory
Policy Statements relating to reactor safety, four of which impose requirements on special safety
systems (emergency core cooling system, shutdown systems, and containment). These are
commonly referred to as: R-7 (AECB, 1991a) relating to containment systems, R-8 (AECB, 1991b)

7



Table 2-1 Maximum Permissible Doses Imposed by Atomic Energy Control Regulations®

Atomic Energy Worker Any Other Person

Organ or Tissue Rem/year

Whole body, gonads, bone marrow

[ Bone, skin, thyroid 15 30 3

Any tissue of the hand, forearms, feet, 38 75 75
and ankles

Lungs and other single organs or tissue

*In Consultative Document C-83 (AECB, 1986), the AECB is proposing to change the maximum
permissible doses to bring them into better conformance with the recommendations of the ICRP.

Source: SOR, 1985

and R-10 (AECB, 1977) relating to shutdown systems, and R-9 (AECB, 1991c) relating to
emergency core cooling systems (ECCSs). The fifth, R-77 (AECB, 1987a), addresses overpressure
protection for primary heat transport systems. These Regulatory Policy Statements have, in effect,
codified basic long-standing Canadian regulatory practice (Hurst and Boyd, 1972).

The subject matter of Regulatory Policy Statements is not restricted to nuclear reactor safety,
but rather covers the full range of the AECB's jurisdiction. Other subjects include regulatory
objectives, requirements, and guidelines for the disposal of radioactive waste (R-104) and policy on
monitoring and dose recording for the individual (R-91). Comprehensive listings of Regulatory
Policy Statements, Consultative Documents, and other AECB reports and documents are contained
in a catalogue (see Appendix A). Some of the major safety requirements contained in these
documents will now be described.

Classes of Failures

Traditionally, the events for which the Board has required analysis have been divided into
two classes In both classes, there is a serious process system failure. This is defined in R-10
(AECB, 1977) as any failure of process equipment or procedure which could lead to a significant
release of radioactive material from the station in the absence of special safety system action. A
significant release is one which would result in individual or population doses in excess of those in
Table 2-2 (Table 1 of R-10) for Class | failures.

InaClass 1 failure, there is a serious process failure and no impairment of the special safety
systems, i e , one of the shutdown systems operates as designed and both the containment and the

8



Table 2-2 Reference Dose Limits for Postulated Failure Conditions

Maximum Total
Meteorology to be Maximum Individual Population Dose
Used in Calculations _Dose Limits Limits*

Situation

Class 1 Failure Either worst weather 0.5 rem whole body 10* person-rem
existing at most 10%
of time or Pasquill F or
condition if local data
incomplete. 3 rem to thyroid® 10* thyroid-rem
Class 2 Failure | Either worst weather 25 rem whole body 10° person-rem
existing at most 10%
of time or Pasquill F or

condition if local data
incomplete 250 rem to thyroid®

10® thyroid-rem

*For purposes of the safety analysis, population dose is integrated from the station boundary out
to a distance where the individual dose is 1% of the dose to an individual at the boundary.

*For other organs, use 1/10 ICRP occupational value.

‘For other organs use 5 time ICRP annual occupational dose.

Source: AECB, 1977

ECCS operate as designed. In a Class 2 failure, there is a serious process failure, one shutdown
system operates as designed, and either the containment operates as designec and the ECCS is
unavailable, or the ECCS operates as designed and the containment is impaired.

!! .]!! [s IS'E S' s

Regulatory Policy Statements R-7 through R-10 (AECB, 1977, 1991a-c) require that each
special safety system (containment, ECCY each shutdown system) be designed so that it can be
demonstrated that its unavailability to meet a'l its minimum allowable performance standards is less
than 10? years per year, or approximately 8 houss per year.

Regulatory documents do not address the frequency of serious process failures. However,
it is established Canadian practice that in the aggregate the frequency of serious process failures
should not exceed one in every three reactor years (Atchison, et. al, 1983) The rationale for this
frequency is that a claim by a licensee that the incidence of serious process failures will not exceed
this frequency can be validated from a few years of operation of the jlant (Laurence, 1965).



Ref Dose Limi

Regulatory Policy Statement R-10 requires that an applicant for an operating license show
by analysis, adequately supportcd by experimental evidence, that the reference doses given in
Table 2-2 are not exceeded if a Class 1 failure or a Class 2 failure were to occur. It should be noted
that the dose to the maximally exposed offsite individual for Class | failures in Table 2-2 is the
maximum permissible dose for normal operations to other than atomic radiation workers from the
Atomic Energy Control Regulations (see Table 2-1). Also, the population dose limit for Class 1
accidents is the annual population dose limit for normal operations in Canadian licensing practice
(Boyd, 1967). Because the Pickering Station is in densely populated metropolitan Toronto, the
AECB imposed limits on collective dose. The rationale for using the same dose limits for normal
operations and Class 1 failures is that the limiting frequency of serious process failures is so high
that they can be regarded as a feature of normal operations, and doses to the public from such
failures can be treated as part of the doses from normal operations (Laurence, 1965).

For coincident serious process and special safety system failures (Class 2), the individual
dose limits were chosen to be values at the lower limit of possible early somatic damage. The
population dose limits were chosen to result in about 10 cases of leukemia or 30 cases of thyroid
carcinoma over a number of years. These incidences of leukemia and thyroid carcinoma were
considered comparable to the normal incidence in a population of a million (Boyd, 1965). Because
the estimated frequency of a Class 2 failure is less than 10/yr, it was felt that these limiting doses
would not result in inordinate risk to the public

Regulatory Policy Statements R-7 through R-9 impose certain performance requirements on
each special safety system. Each must be capable of limiting dose to the public to reference dose
limits for certain specified events involving serious process failures with and without coincident
faillures of special safety systems The events are listed in tables in the respective Regulatory Policy
Statements and may differ among special safety systems. Each special safety system is required to
meet certain performance requirements associated with its function when the specified events occur.

Each shutdown system should be designed such that it is able to render the reactor subcritical
and maintain it subcritical, and to ensure that any fuel failure mechanism does not result in a loss
of primary heat transport system integrity (AECB, 1991b). The ECCS should ensure, except for
failures associated with the initiating event, that for the specificd events: fuel in the reactor shall not
fail because of inadequate cooling, and all fuel in the reactor and all fuel channels shall be kept in
a configuration such that continued removal by the ECCS of the decay heat produced by the fuel can
be maintained Also, the ECCS shall be capable of continuing to supply sufficient cooling flow for
as long as required to prevent further damage to the fuel (AECB, 1991¢). For the containment
system, there are requirements that the specified events not cause loss of structural integrity, damage
to the containment structure, or the positive design pressure of each part of the containment envelope
being exceeded (AECB, 1991a)

10



Regulatory Policy Statement R-77 (AECB, 1987a) clarifies the requirement of R-10 that each
shutdown system should incorporate two diverse trip parameters for serious process failures
requiring shutdown action. The shutdown systems are viewed as part of an integrated shutdown
overpressure protection system so that it is necessary to define appropriate service limits for events
and failures which lead to overpressure and which occur coincidently with various shutdown system
impairments. R-77 specifies service limits associated with the trip of the shutdown systems for the
particular event under consideration. These service limits, which are defined in the general
requirements section under Section 111 of the Boiler and Pressure Vessel Code of the American
Society of Mechanical Engineers (ASME “ode), are dependent on the frequency of the event or
failure and whether the shutdown system is the first or second shutdown system to trip.

Envi | Requi

Each special safety system and its components that may be required to operate, or to continue
to cperate, in response to the specified events, are required to be designed to meet all necessary
performance requirements while being subjected to the most severe environmental conditions that
could be present when or before such equipment is required. Qualification is to consist, where
practicable, of tests that demonstrate that the equipment can operate under conditions similar to
those occurring if the events happened. If such tests are impracticable, then analysis is required to
demonstrate that the environmental requirement is met.

The specified events are described in Tables in R-7 through R-9. The events include failure
of components that found in CANDU reactors but not in LWRs, such as pressure tubes, calandria
tubes, and of fuelling machines.

Separation and Independence

Regulatory Policy Statements R-7 through R-9 require that, to the extent practicable, each
special safety system shall be physically and operationally independent from process systems and
from other special safety systems. The two shutdown systems should be of diverse designs, and
should be able to meet their performance requirements effectively independent of the correct
functioning of process systems and other special safety systems. This basic principle of separation
and independence of safety system is attributed to the recognition after a serious accident at the

NRX research reactor in 1952 that even well-designed and well-built systems fail (Atchison, et al,
1983).

Seismic Oualificati

Each special safety system, and its support systems, are required to be seismically qualified.
Each shutdown system and the containment system are required to perform their function following
a design basis earthquake (DBE), which is a counterpart to the safe shutdown earthquake in the
United States. In addition, there must be a seismically qualified area from which each shutdown
system can be manually activated following a DBE. The emergency core cooling system is required
to continue fuel cooling following a site design earthquake that occurred after cooling had been re-
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established following a LOCA. The site design earthquake is a much weaker earthquake than the
DBE. The design basis earthquake is not assumed to induce a LOCA in the Canadian safety
analysis. Numerous systems, including the primary heat transport system (PHTS), are designed to
retain structural integrity following a DBE

2.1.3 Consultative Documents

Another type of regulatory document is the Consultative Document, which is published by
the AECB to solicit comments from the nuclear industry and the public on a regulatory proposal.
In certain cases, after the public comment period, a Consultative Document may have trial use to
gain practical experience. Following the period of trial use, a revised document is reissued for
further public comment prior to release in final form The process of accepting a Consultative
Document as a Regulatory Policy Statement is deliberate. For example, it took over a decade for
the Consultative Documents with requirements for the special safety systems (C-7 through C-9) to
be issued as Regulatory Policy Statements R-7 through R-9.

Consultative Document C-6 addresses the content of safety analyses (AECB, 1980). It has
been used on a trial basis in the licensing of Ontario Hydro's Darlington Station (Marchildon, 1985)
and is expected to be issued as a Regulatory Policy Statement in modified form. Consultative
Document C-6 specifies certain events that should be analyzed in a Safety Report and provides the
ground rules for the analysis. In contrast to R-10, which divides events into two classes (serious
process failures and special safety system failures coincident with serious process failures), C-6
divides events into five classes and requires that the dose to the maximally exposed offsite individual
for a period up to at least 30 days afier the worst case of the event not exceed certain reference
doses. C-6 not only contains a table with events that are required to be analyzed in a safety anaiysis
and their class, but requires the applicant to analyze additional events that a review of the plant
design, operational procedures, and potential external influences identify, and which may pose a
comparable or greater risk to the public than the events specified in the table. Aithough, C-6 does
not specify the basis for the division of events into classes, as C-6 was applied for the Darlington
licensing process the expected frequency of the event was the basis for the specification of classes
(Ontario Hydro, 1988). Table 2-3 shows the licensing criteria used for Darlington.

Consultative Document C-6 is being used in the Standard Plant Design Approval (SPDA)
process (the SPDA is the Canadian counterpart to NRC's Standard Design Certification) that the
CANDU 3 design is currently undergoing  AECL, the applicant in the SPDA process, responded
to the use of C-6 by developing what it calls the Systematic Plant Review and Analysis Process
(SPRAP) for identifying potential events in a systematic way, The SPRAP has the following steps
(Jaitly, 1991):

(1)  Systems containing radionuclides are identified,

(2)  Using computer aided design techniques and flow sheets, systems interfacing with those
containing radionuclides are identified,
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Table 2-3 Radiation Dose Limits Based on Consultative Document C-6 Used in Licensing
the Darlington Station

Individual Dose
Limit

Expected Whole

Qualitative Event Frequency Frequency Body
Criteria (per reactor-yr)

1 Greater than 50% chance of f>107? 0.05 05
occurring in the Lifetime of a
single reactor, or more frequent
than twice in the lifetime of a
four-unit station.

2 About once in the lifetime of an 102> f£> 107 05 5
eight-unit station.

3 Low probability postulated 107 >f> 10" 3 30
failure.

4 Very low probability postulated 104>£>10* 10 100
accident

5 Extremely low probability f<10* 25 250
Eostulated failure |

*Expected frequency ranges are not part of Consultative Document C-6 (AECB, 1980), they
were used by Ontario Hydro to classify events needing analysis that are not listed in C-6.

Source: Ontario Hydro, 1988, Table 1-3
(3)  Systems that are adjacent to those containing radionuclides are identified,

(4)  Consequences of failures of individual components or combinations of components of
systems containing radionuclides are examined,

(5)  Consequences of failures of systems interfacing with or adjacent to each system containing
radionuclides are examined,

(6)  Failure modes that have similar plant responses are combined into a dominant event,

(7)  The plant response to a dominant event is examined by a Probabilistic Safety Analysis,
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(8)  Consequence analysis requirements are defined from event tree analysis, and

(9)  Consequence analyses with containment impairments considered, as appropriate, are
performed.

Consultative Document C-6 would also require that the consequences of certain serious
process failures combined with massive containment impairments that could result in very large
releases of radioactive material from containment be analyzed These events would be of interest
to fully assess the risk to the public posed by a nuclear station, although they are not design basis
events because of their low frequency of occurrence.

A number of the events that C-6 requires be analyzed invoive failure of pressure tubes and
calandna tubes or involve the on-power fuelling machine, design features that are particular to
CANDU reactors, or at least are not applicable to LWRs. For example, Class [V events are next to
the most severe class of events. One set of Class [V events involves a fuelling machine backing off
the reactor without the fuel channel assembly closure piug being replaced; another set of Class IV
events involves failure of a fuelling machine when off reactor and containing a full complement of
irradiated fuel

Two other Consultative Documents are relevant, C-83 and C-98. Consultative Document
C-83 (AECB, 1986) contains proposals for general amendments to the Atomic Energy Control
Regulations. The proposed amendments for Nuclear Facilities would increase the scope of the
AECB's control to include environmentally significant site preparation work, decommissioning, and
abandonment. They would also codify the general requirements for a constructiou license. They
would generally add the requirement that an applicant for a license address p-otection of the
environment, so that the AECB could better implement a requirement for an environmental
assessment. The scope of the environmental assessment would be limited to the site and the nuclear
facility. There is no requirement to consider the environmental effects of the nuclear fuel cycle,
such as in 10 CFR §51. 51 The proposed amendments for Radiation Protection would make some
changes in the maximum permissible doses to bring them into better conformance with
recommendations of the International Commission on Radiological Protection.

Consultative Document C-98 (AECB, 1987b) is a proposed Regulatory Policy Statement that
addresses the reliability of safety-related systems in nuclear reactors. It identifies general
requirements for a reliability analysis for such systems.

2.2 The Licensing Process

There are no regulatory documents that specify the steps in the licensing process. However,
there are reports that document the process (Boyd, 1966, Joyce, 1979). There are three phases in
the traditional licensing process: (1) Site Acceptance, (2) Construction Approval, and (3) Operating
License The trend in licensing in Canada is toward a process similar to standard design certification
under 10 CFR Part 52 Since March 1989, the CANDU 3 has been in the process of obtaining a
Standard Plant Design Approval (SPDA). The SPDA means ratification of a design such that a
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combined construction permit and provisional operating license viill be issued for plants using the
design, without further review except for site specific aspects (Hedges, et al, 1990). The scheduled
date for the CANDU 3 to receive the SPDA as of January 1992 was April 1996. From the
experience of licensing Gentilly-2 in Quebec and Point Lepreau in New Brunswick, it was learned
that a larger proportion of the required licensing documentation could be submitted at an early stage
of the licensing process (Marchildon, 1985). The Standard Plant Design Approval process continues
this trend.

2.2.1 Site Acceptance

There are two objectives of this phase: (1) to establish the conceptual design, and (2) to
determine the feasibility of designing, constructing, and operating on the site a facility that meets
the AFCB's safety requirements. The applicant is required to submit a Site Evaluation Report with
its application fo. site acceptance. The content of the Site Evaluation Report should address these
two objectives. It should contain sufficient information on the conceptual design and operation
together with such preliminary safety analysis as may be necessary so that the site's acceptability
for the particular design can be judged (Joyce, 1979).

The site acceptance process includes at least one public meeting in the vicinity of the site.
If requested by the applicant, the AECB will give the Site Evaluation Report a preliminary review
to identify any major obstacles to site acceptance. Eventually, the applicant will submit the final
Site Evaluation Report. The AECB staff reviews this final report and prepares a report that is
reviewed by the Board in reaching a decision on site acceptance.

2.2.2 Construction Approval

The primary concern of the AECB during the construction approval phase is to ensure that
the design meets the AECB safety requirements. To do this, the design should be sufficiently
advanced that events specified in Regulatory Policy Statements can be analyzed. Construction will
be authorized only when the design and safety analysis programs have advanced such that the AECB
can make a judgment that no further significant design changes will occur (Joyce, 1979). A
significant design change appears to be one that would change results in the safety analysis.

The construction approval phase begins with a meeting of the AECB and applicant staff to
reach agreement on the procedures for obtaining a construction approval. This meeting sets the
ground rules and ensures that the applicant understands the AECB's basic safety requirements.
Based on this understanding, the applicant prepares a set of documents called Nuclear Safety Design
Guides. The Nuclear Safety Design Guides are detailed sets of instructions that inform the facility
designers of the particular requirements and standards that the safety-related systems must meet.
Draft Nuclear Safety Design Guides are reviewed by the AECB staff for compliance with AECB
requirements and to ensure that the entire series of documents is sufficiently comprehensive.
Usually, a few iterations are needed before the documents are acceptable. The number of Nuclear
Safety Design Guides and the subjects addressed in each vary from station to station. For the
Darlington Station, nine were used (Ontario Hydro, 1988); for the CANDU 3, there are 12. There
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be operated. When it is approved, it becomes a condition of the operating license. Ontario Hydro
stations have Abnormal Incidents Manuals (AIMs) to assist operations personne! take appropriate
actions following a process system failure, a special safety system impairment, or 2 common mode
event. It provides an operator with procedures for achieving a safe condition based on a wide sample
of postulated accidents (Ontario Hydro, 1988). Operating Policies and Principles and Abnormal
Incidents Manuals play the same role as technical specifications and emergency operating
procedures (EOPs), respectively, in the United States.

2.2.4 License Renewals

Operating licenses in Canada are for relatively short terms. They are at most for two years,
but can be for as short a period as six months. There are several reasons why the licenses have such
short terms. The AECB assigns resident station representatives to do monitoring and surveillance
of the operations, maintenance, and performance of the reactor plants. These resident station
representatives generally have somewhat more authority than NRC inspectors, especially regarding
recommendations for changes in license conditions. From the performance of a station, it might be
appropriate to drop some license conditions, retain others, and possibly add new conditions. Short
license terms are convenient for changing performance-based license conditions in response to
resident station representative recommendations. If a unit's performance is good, license renewal
1$ @ routine matter.

The types of performance characteristics with which resident station representatives are
concerned include exposure to workers and other persons. Ontario Hydro's reports compare
measured and projected exposures to target exposures that have taken on regulatory significance.
If target exposures are exceeded, the utility and the AECB would consider there to be a problem that
should be corrected. For persons other than atomic radiation workers, the target exposure is 1% of
the maximum permissible dose set by the Atomic Energy Control Regulations, or § mrem. This 5-
mrem target is consistent with the ALARA limits in Appendix I to 10 CFR Part 50

Licensees are required to update their safety analysis for a plant as specified in the license.
Changes in the safety analysis or the subject of generic letters issued by the AECB may suggest
modification of license conditions, and a short license term facilitates getting the requirements of
generic letters and the results of updated safety analyses incorporated in license conditions. Also
a short license term facilitates getting the results of research programs (e g , the research into the
design of pressure tubes) incorporated in license conditions

2.3  Emergency Planning

OfTsite emergency planning in Canada is a provincial responsibility. There is no federal
agency involvement equivalent to that of the Federal Emergency Management Agency (FEMA) in
the United States. The AECB has jurisdiction over onsite emergency planning and makes decisions
concerning major safety areas, however, it will not issue a license unless safety arrangements are
acceptable to provincial authorities. The Province of Ontario, where all but two of Canada's reactors
are located, has developed emergency plans that are similar in structure to, but generally less
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detailed than, the State and local plans in the United States. It has a master plan (Ontario. 1986) and
station-dependent supplements such as for the Pickering Station (Ontaro, 1990), however, it
generally adheres to United States practice for plants that are located in the United States near the
Canadian border (e,g, the Fermi 2 Plant in Newport, Mich )

There are several differences between Ontario's master plan and NRC requirements. For
example, the plume exposure emergency planning zone (EPZ) and ingestion EPZ for CANDU plants
have radii of 10 km and 50 km, respectively, rather than 10 mi and 50 mi, as in the United States
Also, there are only three emergency classification levels (called "notification categories”) rather
than four as in the United States. However, generally, the differences in offsite emergency planning
are not based on differences in technology between CANDU reactors and LWRs. For example, the
10 km radius for the plume exposure EPZ was arrived at by assuming a Class 2 Failure resulting in
a dose of 25 rem at the plant boundary to the maximally exposed individual (the reference dose lirmat
set by the AECB), assuming that dose rate is reduced with distance according to (distance)”’, and
calculating the distance at which the province's threshold dose for evacuation (1 rem) would not be
exceeded (Ontario, 1984)

The Ontario Provincial Working Group #8 has recommended (Ontario, 1988) that there be
planning for two types of accidents: the Maximum Planning Accident (MPA) and the Worst
Credible Radiation Emission (WCRE). The Maximum Planning Accident would give the maximum
consequences of any accident whose probability is above a predetermined value (10 *to 10®/reactor-
year). It would be the highest consequence accident of the kinds that are currently considered in
safety analysis The MPA would then form the basis for the type of emergency planning and
preparedness currently being done in Ontario

The Worst Credible Radiation Emission (WCRE) is defined as the maximum consequences
possible from any nuclear disaster within the limits of physical and chemical realities. It would
typically involve a triple failure: a serious process failure; a failure of shutdown, or shutdown and
ECCS: and a containment failure Its frequency would then be less than 0.1% of that of the MPA
Full and detailed emergency planning and preparedness would not be required for the WCRE; rather
only planning and preparedness to mitigate early morbidity and mortality in the event of a WCRE
would be required. The WCRE defined by Ontario Working Group #8 is not the same accident as
the beyond-design-basis accidents described in the AECB's Consultative Document C-6, which
involves serious process failures and massive containment failure, but not concurrent failures of the
shutdown systems and the ECCS. Concern with the V/CRE represents how provinces in Canada
may get involved in safety areas that states in the United States do not

2.4 CANDU-Specific Regulatory Requirements

The CANDU reactor is the only design of power reactor that has been submitted to the
AECB for licensing Therefore it not possible to separate definitely those safety aspects of the
Canadian regulatory framework that represent the AECB's regulatory philosophy from safety
requirements that are specific to CANDU reactors. One can, however, examine the safety
requirements in the Regulatory Policy Statements and the Consultative Documents and ask whether
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it is likely that a requirement would be applicable to another type of reactor such as an LWR. From
an examination of R-6 through R-10, R-77, and C-6, it appears that all of the general requirements
could apply to LWRs. However, some of the events that would require operation of special safety
systems by R-6 through R-9 and some of the event that C-6 would require be analyzed involve
components or equipment that are specific to CANDU reactors.

3. CANDU SAFETY SYSTEMS

in this section, CANDU safety systems are discussed. These include special safety systems
and other safety-related systems.

3.1  Special Safety Systems

The AECB's Regulatory Policy Statements require that there be four special safety systems:
two shutdown systems; an emergency core cooling system (ECCS), and a containment system
(AECB, 1991a-c). The requirements imposed on these systems were discussed in Section 2.1.2.
Special safety systems that evolved to meet the AECB's requirements are now discussed.

3.1.1 Shutdown Systems

The requirement for two shutdown systems originated in the early 1970s because of
difficulty in analyzing an anticipated transient without scram (ATWS) accident (Atchison, et al,
1983). It was felt that the analysis of ATWS was too speculative to be relied upon, and that the
problem could be circumvented by requiring two diverse shutdown systems, each with high
availability.

The two shutdown systems are denoted as SDS1 (ShutDown System 1) and SDS2
(ShutDown System 2). Each shutdown system has sensing circuits that monitor the status of a range
of parameters and if these parameters indicate potentially unsafe operation, trip logic initiates a
shutdown action. For each type of process failure, there is a primary trip parameter (e g., high
neutron power) and an alternate trip parameter (e g., high heat transport system pressure). SDS1
employs a number of cadmium-loaded rods. These rods, normally held above the reactor by electro-
magnetic clutches, fall under gravity into the moderator when the clutches are deenergized upon
receipt of a trip signal (or loss of power). Inthe CANDU 3 design, there are 24 rods in SDS1. To
provide further redundancy, the rods are divided into two groups of 12 rods each. Each of the
groups has separate, diverse trip signals and sufficient poison to shut down the reactor.

The second shutdown system, SDS2, uses rapid injection of a liquid poison (gadolinium
nitrate dissolved in heavy water) through horizontal injector nozzles into the moderator. The liquid
poison is held in tanks. Upon receipt of the trip signal, fast-acting helium pressure valves are
opened causing the liquid poison to be injected into the moderator. There are six liquid poison
injector nozzles in the CANDU 3 design. In safety analyses, the less effective shutdown system is
credited This is usually SDS1, with two stuck rods. When SDS2 is credited, one of the six
injection nozzles is assumed not to function. The shutdown systems SDS1 and SDS2 meet the
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regulatory requirement that they be of diverse designs and physically and operationally independent
from each other (AECB, 1991b). Figure 3-1 is a schematic representation of the two shutdown
systems.

3.1.2 Emergency Core Cooling System (ECCS)

The emergency core cooling system (ECCS) is activated if the loss of normal coolant cannot
be made up by the normal process systems (a loss of coolant accident or LOCA). It has a high
pressure stage and a low pressure stage in the CANDU 3 design. The high pressure stage uses gas
pressure to inject light water from water tanks into the headers of the primary heat transport system.
Although some of the water injected by the high pressure injection system will pass directly out of
the break, the remainder will pass through the core before discharging from the break. The low
pressure stage, which is used for the long term, first pumps water from a low pressure storage tank
that has collected in the reactor building sump area and returns it to the reactor core via the
emergency core cooling heat exchanger

2.1.2 Containment System

The containment for the CANDU 3 is a large, dry reinforced concrete structure with a steel
liner, which is designed to accommodate, within design pressure, the largest pipe breaks in the heat
transport system (Hedges, 1990). The containment system includes air coolers to maintain long-
term cooling and hydrogen igniters. AECL believes there is sufficient natural circulation within the
containment building to provide mixing of hydrogen gas with the building's atmosphere. The
containment system has the capability for filtered discharge, however, this has not been credited in
the safety analysis being reviewed by the AECB.

The containment system for the CANDU 3 is a departure from the containment systems for
other CANDU reactors which used dousing systems for pressure suppression. In a CANDU 6 single
unit station, the containment system has a plastic-lined, concrete containment building with a
dousing system and operational air coolers, a filtered discharge system, access air locks, and for
those system lines which may be open during normal operations, an automatically initiated
containment closure system. For multiunit stations, a vacuum building, connected to each unit
reactor by a duct, contains the dousing system (Kugler, 1980). Elimination of the housing system
simplifies the containment system by eliminating the required structures, piping, valves, and
controls. The ECCS of earlier CANDU designs has a medium pressure stage that supplies dousing
tank water. The ECCS of the CANDU 3 does not have this medium pressure stage because the
containment dousing system has been eliminated.

3.1.4 Separation and Independence
AECB regulatory policy requires that special safety systems be physically and operationally

independent from each other, and as far as practicable, from all process systems. Such separation
and independence help ensure that safety functions can be performed if there is a common mode



Figure 3-1 CANDU Reactor Shutdown Systems
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event (e g, fire or earthquake) that can affect more than one major component of a system or more
than one system.

In CANDU reactors, systems are separated into two groups. The systems in one group are,
to the extent practicable, physically and operationally separate and independent of the systems in
the oiher group. The systems in each group should be capable of performing three basic safety
functions: (1) to shut down the reactor, (2) to cool the fuel (residual heat removal and emergency
core cooling), and (3) to monitor key plant parameters during and after an accident. In the CANDU
3 design that AECL has proposed, process systems are in Group 1 and special safety systems are in
Group 2. All Group 2 systems and specified Group 1 safety-related systems are qualified to the
design basis earthquake (DBE). Within Group 2, the special safety systems are totally separated
from each other.

The planned station layout for the CANDU 3 reflects the separation required by the two
group concept. Buildings containing equipment, systems, and activities associated with normal
operations are considered to be part of Group 1. The Group | buildings include: the reactor
auxiliary building, the Group 1 service building, the turbine building, and the maintenance building.
The reactor building contains both Group 1 and Group 2 systems, and the Group 2 service building
contains the parts of the Group 2 systems not in the reactor building. Figure 3-2 illustrates this
separation.

3.2 Systems Performing Basic Safety Functions
The systems for performing each basic safety function within each group are now described.
3.2.1 Reactor Shutdown Capability

The reactor regulating system in Group 1 can shut down the reactor for normal operations
and plant upsets In the CANDU 3, the regulating system relies on mechanical zone control units,
adjusting (power level) rods, and mechanical control absorber rods. The zone control units are used
primarily for changing the flux distribution to control xenon oscillations and for adjusting for the
effects of fuel loading. In Group 2 are the two shutdown systems: gravity rod insertion (SDS1), and
pressurized liquid poison injection into the moderator (SDS2). The two shutdown systems, being
separate and independent, are in different subgroups of Group 2 (SDS1 is in Group 2A and SDS2
is in Group 2B, which also includes containment).

3.2.2 Residual Heat Removal Systems

There are two systems for residual heat removal in each group, one for the short term and
the other for the long term. CANDU reactors have a system called the Shutdown Cooling System
(SDCS) to cool the fuel and the primary heat transport system (PHTS) after the reactor is shut down
and to maintain low temperature for an indefinite period. It consists essentially of a pump and a heat
exchanger at each end of the reactor connected between the inlet and outlet headers of the heat
transport circuits. The SDCS can be used under normal conditions at reduced PHTS pressure or
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Figure 3-2 CANDU 3 Layout Illustrating Physical Separation
Source: Hedges, et al, 1990
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4. CANDU SAFETY ISSUES VIS-A-VIS NRC REGULATIONS

In this section, we discuss several safety-related issues associated with CANDU reactors for
which there exist relevant U S. Nuclear Regulatory Commission regulations. For the purpose of this
section, NRC regulations are taken to be those regulations and criteria contained in Title 10 of the
Code of Federal Regulations (10 CFR), January 1, 1991 edition.

The listing of issues should not be considered all-inclusive, but rather is a compilation of
items that generally have potential safety importance and in some cases have consumed substantial
NRC effort in licensing of LWRs over the years. Each of the items is discussed separately below,
although not in any order of importance.

4.1 Anticipated Transients without Scram (ATWS)

For more than a decade, the NRC studied reactor transients in which an anticipated
operational occurrence (e.g , loss of feedwater flow to the steam generator) is accompanied by a
failure of the reactor trip system to shut down (i e , scram) the reactor. Such an event became known
as "anticipated transient without scram” or ATWS . Initial assessments concluded that the reliaLility
of shutdown systems, although seemingly high, was not high enough to limit the probability of an
ATWS event to a pre-determined numerical value considered acceptable (NRC, 1978a). Later,
however, the NRC deemphasized its reliance on numerical safety goals, and instead used
quantitative risk assessment as one input into an engineering evaluation of the ATWS for LWRs
(NRC, 1978b).

The ATWS rule (10 CFR §50 62), which is LWR- and design-specific, requires, inter alia,
that certain PWRs add a "diverse scram system," by which is meant there must be diversity in the
devices necessary to transform a trip-sensor output into the removal of electric power from the
control rods used to scram the reactor. The notion of diversity as applied in the rule does not require
diversity in the reactivity-control portion of the shutdown system. The ATWS rule evolved over
several years and focused exclusively on LWRs designed in the United States. The required
modifications are prescriptive;, they do not establish performance goals to determine whether the
modifications should be accomplished However, permeating the NRC work is the concern about
common-mode failures that could increase the likelihood of an ATWS event.

CANDU reactors are provided with two completely redundant and diverse shutdown
systems, as described above in Section 3. The diversity extends even to the poison portion of each
system, unlike the common shutdown rods used in most PWRs. In addition, the ongoing safety
analyses of the CANDU 3 are following the accident prescriptions of Consultative Document C-6
(AECB, 1980), so that a number of anticipated operational occurrences , such as those considered
by the NRC in the ATWS rulemaking process, are within the design bases for the shutdown systems.
Another requirement of the ATWS rule is that the reactor's auxiliary (or emergency) feedwater
system be activated by a device that is "diverse"” from the reactor trip system. In CANDU 3, the
emergency feedwater system is referred to as Group 2 feedwater. This system is incorporated in the
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Group 2A special safety system block. That block includes one of the shutdown systems (SDS1).
The other shutdown system (5DS2) is in the Group 2B block, completely separate from the Group
2A block. Therefore, there is at least one level of "diversity" between the feedwater system
actuation and the reactor trip system.

4.2 Station Blackout

Station blackout refers to the complete loss of AC electrical power to the essential and
nonessential buses of a nuclear power plant (see 10 CFR §50.2 for a complete definition). The
Reactor Safety Study (NRC, 1975) identified a station blackout occurrence as a potentially important
contributor to the total risk from LWR accidents. Subsequently, the NRC designated station
blackout as Unresolved Safety Issue A-44 (NRC, 1979). The effort leading to resolution of this
issue culminated in a report containing technical findings (NRC, 1985), and subsequently in the
publication of the final rule (10 CFR §50.63).

The essence of the station blackout rule is either: (1) that the reactor be able to survive a
station blackout for a period of time to be determined on a case-by-case basis (termed "coping"), or
(2) that an alternative AC power source as defined in 10 CFR §50.2 be available to supplement the
normal AC power. If the latter option is selected, the coping analysis of the first option is required
only if the alternative AC source is not available for more than 10 minutes.

The CANDU 3 safety analysis undergoing review by the AECB does not include
conformance to a station blackout design requirement. The reason for this seems to be that the on-
site AC power systems are believed to have higher reliability than is typical for US. LWRs,
primarily because of the incorporation of two standby power generators (not safety-grade) in
addition to the usual two safety-grade emergency generators. AECL cites an overall probability of
a station blackout event for the CANDU 3 design, including the reliability of the offsite power grid,
as <10%/yr.

4.3 Conformance with Standard Review Plan

Section 50.34(g) requires that applicants for LWR operating licenses evaluate their facility
designs against the NRC Standard Review Plan (SRP). However, the SRP is LWR-specific (NRC,
1981). There is no SRP specific to the CANDU reactor.

4.4 Source Term

A basic requirement in the analysis of the consequences of reactor accidents is the
development of appropriate source terms, which are then used to estimate consequences to the
public, and in some cases to plant personnel. For almost three decades, the NRC has provided
guidance to license applicants on determining t' acceptability of a particular site. That guidance,
contained in 10 CFR §100.11, refers to TID-14844 (DiNunno et al, 1962) as a document that "may
be used as a point of departure” for this determination. TID-14844 contains a source term that has
since been universally adopted in LWR safety analyses in the United States. (The NRC is
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considering updating the source term to include knowledge about severe LWR accidents and the
resulting behavior of the released fission products that has been acquired over the past 30 years
[Soffer, et al., 1992]). In addition to the siting application, 10 CFR §50.34, which contains TMI-
related requirements, specifically cites the TID-14844 source term in certain requirements (e g, in
evaluating control room habitability under accident conditions).

The CANDU 3 design features that are relevant in the determination of appropriate source
terms resulting from a spectrum of accidents are significantly different from those of the PWR used
in the TID-14844 assessment. CANDU safety analyses are purported to use appropriate source
terms developed on mechanistic rather than deterministic grounds.

4.5  Reactor Coolant Pressure Boundary

The basic concept of the CANDU 3 reactor coolant pressure boundary (RCPB) is unlike that
of LWRs currently licensed in the United States. Primarily, the PWR pressure vessel is replaced in
a CANDU reactor with hundreds of individual pressure tubes. Each pressure tube is essentially a
pipe containing a single fuel channel, fuel bundles, and the high-pressure reactor coolant. The
pressure tubes are arrayed inside a low-pressure calandria vessel filled with D,0 moderator, with
each pressure tube isolated from the moderator by a calandria tube. The pressure tubes are
fabricated of a zirconium-niobium alloy. One essential difference between CANDU pressure tubes
and PWR pressure vessels is that the former are replaceable, and, indeed, a retubing program is in
progress for several Ontario Hydro reactors. Also, the mobile fuelling machine used for on-power
removal and replacement of fuel bundles is frequently a part of the RCPB. These basic
characteristics raise design issues that are not covered by the ASME Boiler and Pressure Vessel
Code, which is mandated by 10 CFPR. §50.55a. However, such CANDU components as the pressure
tube are designed in accordance with Canadian Standards Association standards, which themselves
frequently invoke applicable ASME requirements.

Several pressure-tube failures witi benign consequences have been reported at the Pickering
and Bruce stations (Ontario Hydro, 1988, Hare, 1988). Of these, only two resulted in heavy water
leakage outside the confines of the primary cooling system. The first of these occurred at the
Pickering station and resulted in heavy water leakage into the containment building. The second
caused the failure of the calandria tube, with prim: y system heavy water entering the calandria tank
and mixing with the moderator. The first failure occurred in a Zircaloy-2 tube and the second in a
zrconium-niobium alloy tube, similar in material and design to the tubes proposed for the CANDU-
3 pressure tubes. Tube cracking has been attributed to delayed hydride cracking in the presence of
high tensile stress concentrations in surface flaws resulting in progressive crack growth and
ultimately failure. Nevertheless, it is noted that AECB regulations (AECB, 1980, 1991c¢) require
that pressure-tube failures be considered in a safety analysis since such failures would result in a
small-break LOCA. Furthermore, the failure of a single pressure tube is not expected to propagate
to other fuel channels.



4.6 ECCS Acceptance Criteria

The Canadian requirements for emergency core cooling systems (ECCSs) are contained in
Regulatory Document R-9 (AECB, 1991c¢). There, two classes of accidents are specified for which
an ECCS is mandated: the first comprises events for which no fuel failures are allowed, and the
second comprises events for which such failures are expected In the former case, the applicant must
show by analysis that fuel failures do not occur. In the latter case, the basic acceptance criterion is
that the calculated accident doses must be within the reference dose limits discussed in Section 2.1.2
above. Fuel-failure criteria are not specified by the AECB. On the other hand, the NRC's
deterministic rules contained in 10 CFR §50 46(b) specify criteria to be used in judging the efficacy
of the ECCS. The safety analyses of CANDU reactors have typically followed a mechanistic
approach, that is, simplifying assumptions regarding physical phenomena are made, or empirical
models are used, only when an appropriate physical model cannot be developed and/or analyzed
Ihe Canadian analytical models purport to be capable of generating DBA-specific source terms from

the mechanistic fuel temperature/failure calculations
4.7 Combustible Gas Control

Following a LOCA, hydrogen gas may be generated by the chemical reaction of very hot
cladding material with heavy water coolant. Canadian regulations require that, in such event,
hydrogen deflagration or explosion be prevented by physical means or else shown to be impossible
(AECB. 1991a) NRC regulations, contained primanly mn 10 CFR §50.34(H)(1)(xn),
ation. Each approach

8§50 34(f2)(ix), and §50 44, are far more prescriptive than the AECB's regu
is consistent with its corresponding approach on ECCS acceptance criteria (see Section 4.6 above),
since the hydrogen source term computation is related to the more general issue of whether

deterministic models and data should be required when there is a (validated) mechanistic analysis

based on specifics of the reactor system available
4.8 Power CoefMicient of Reactivity

General Design Criterion 11 (GDC 11) of Appendix A to 10 CFR Part 50 requires that "in
he power operating range the net effect of the prompt inherent feedback characteristics tends to
compensate for a rapid increase in reactivity." If the phrase "power operating range” means any
power up to and including a trip setting for the shutdown system, then the CANDU 3 mught not meet
this criterion. It is predicted that at some power above 105% of the normal operating power the
CANDU 3 will exhibit a positive power coefficient of reactivity, although CANDU reactors have
operated for twenty years or more without any indication of an uncontrollable reactor instability
assoclated with this characteristic.  The NRC staff considers GDC 11 to be satisfied if this

coefficient is negative and there is a negative Doppler coefficient of reactivity (NRC 1981)
4.9 Seismic Design

I'he Canadian approach to seismic design, as proposed in the CANDU 3 design, differs in

ts from U S reqi

several respects quirements  First, 10 CFR Part 100, App. A, defines a safe shutdown




earthquake (SSE) and an operating basis earthquake (OBE). (However, a proposed change to 10
CFR Part 100, Appendix A, would eliminate the OBE from consideration in advanced LWR design.)
The Canadians define a design basis earthquake (DBE) which is analogous to the SSE. (A footnote
to 10 CFR Part 100, App. A recognizes this interchangeable nomenclature.) However, there is no
AECB equivalent of the OBE. Rather, a site design earthquake (SDE) is defined; the SDE is an
earthquake with a 100-y return period Its application is discussed below

Second, because the primary heat transport system is designed to survive a DBE, a DBE-
induced LOCA is not considered a design basis event in the Canadian approach. This means that
the emergency core cooling system (ECCS) is not designed or qualified to cope with a LOCA
simultaneous with a DBE. However, the ECCS and its backup moderator cooling system are
designed to maintain their structural integrity following a DBE and remain functional in a SDE
which 1s assumed to occur 24 hours after a LOCA

The NRC rules that govern this latter situation are 10 CFR 100, App. A and GDC 35. The
first requires that the ECCS "remain functional” following the SSE (or DBE). This is interpreted
to mean functional in all aspects, e g, coolant injection, recirculation, and the like. GDC 35
requircs that the ECCS function "following any loss of reactor coolant " Taken together, these
citations appear to require the ECCS to function following a DBE concurrent with a LOCA

In addition, it is unclear whether the CANDU spent fuel storage and cooling system is DBE-
qualified according to NRC requirements. Although the pool itself is DBE-qualified, the pool
cooling system is not. The NRC staff interpretation of GDC 2 in this regard is that either the cooling
system should be seismically qualified or the pool makeup water system, including its water source,
should be so qualified (NRC, 1981)

Finally, the Canadian rules for containment design (AECB, 1991) and their corresponding
implementation in CANDU, require, inter alia, that the containment (1) limit releases of radioactive
material following a LOCA and (2) remain functional following a DBE when the containment is
credited in the safety analysis following such an event. Since, as noted above, a simultaneous
LOCA and DBE is not a design basis event, the containment is not designed for that condition
NRC requirements for LWR concrete containment design are mainly covered by 10 CFR 50,
Appendix A, and General Design Criteria 1, 2, 4, 16, and 50. The NRC staff considers GDC | to
be met if the containment is designed according to the requirements of the ASME Boiler and
Pressure Vessel Code, Section III, Division 2 (ASME 1989). That code enumerates a number of
load combinations required to be accommodated by the structure, among which is the loading due
to thermal and mechanical forces from a LOCA acting simultaneously with loads generated by the
SSE (or DBE)

4.19 Environmental Impacts of Uranium Fuel Cycle

Environmental reports (ERs) filed pursuant to 10 CFR Part 51 as part of a reactor
construction permit application are currently required to include data on the environmental impacts

1

of the uranium fuel cycle. The use of Table S-3 (10 CFR 8§51 51) in the ER for the environmental
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impacts is mandated for the LWR fuel cycle. Because of the use of natural uranium (no earichment)
and heavy water, the CANDU fuel cycle is different from the LWR fuel cycle that is implicitly
defined in Table S-3.

4,11 Caaadian Standards

In several key areas of design, the CANDU 3 design utilizes Canadian standards instead of
the standards required of applicants by the NRC. In addition to the NRC requirements discussed
above in Sections 4.5 and 4.9, standards of the Canadian Standards Association (CSA) are also used
as follows:

| Subject | CSA Standard

| Safety system I&C IEEE standards cited in
10 CFR 50 55a and endorsed |
in NRC 1981

| QA N286 series 10 CFR 50, App. B

Inservice inspection N285.4, N285.5 ASME B&PV Code, Section
XI, cited in 10 CFR 50.55a

The equivalence of the Canadian and U S. requirements has not been assessed in this work.

Table 4-1 contains a summary of the issues discussed above.
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Table 4-1 Issues in NRC Regulations for CANDU Reactors

10 CFR Citation

Relevant CANDU Issues

Anticipated transient 50.62 CANDU reactors have two diverse
without scram (ATWS) and redundant shutdown systems.
Station blackout 50.63 Estimated reliability of CANDU AC
power systems exceeds that used to
determine need for coping.
Conformance with 50.34(g) No SRP exists for PHWRs.
Standard Review Plan
(SRP)
il
Source term 50.34(f),100.11 Source term for CANDU reactors ’

developed mechanistically.

Reactor coolant pressure
boundary (RCPB)

50.55a, 50.60, 5061,
App. G& H, GDC 14

Canadian Standards Association
standards used for CANDU reactors.

CANDU criteria not prescriptive. I

ECCS acceptance criteria 50.46(b)
Combustible gas control 550.44, 50.34(f)(1)(xii), | CANDU approach is mechanistic.
50.34()(2)(ix)
Power coefficient of GDC 11 CANDU reactors may have slightly
reactivity positive coefficient under certain
operating conditions.

Seismic design Part 100, App. A, CANDU safety analyses do not

GDC 1, GDC 2, require consideration of DBE-

GDC 4, GDC 16, induced LOCA.

GDC 35, GDC 50 |

51.51 CANDU fuel cycle different from |

I Environmental impacts of
fuel cycle

LWR fuel cycle.

Reactor design and QA
standards

50.55a, Part 50 App
B
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APPENDIX A

Table A-1 Other Regulatory Policy Statements Issued by the AECB

Source:

Tritium Gas

AECB, 1991d
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Deep Geological Disposal of Nuclear Fuel Waste: Background 01/29/85
Information and Regulatory Requirements Regarding the

Concept Assessment Phase

Atomic Energy Control Board Tolicy and Procedures on 05/17/83
Representations and Appearr.ices

Policy on the Decommissioning of Nuclear Facilities 08/22/88
Policy on Monitoring and Dose Recording for the Individual 03/01/90
Default Values 08/27/87
The Determination of Effective Doses from the Intake of 08/27/87
Tritiated Water

Regulatory Objectives, Requirements and Guidelines for the 06/05/87
Disposal of Radioactive Waste

The Determination of Radiation Doses from the Intake of 10/13/88




Table A-2 Other Consultative Documents Issued by the AECB

C-1 Long Term Aspects of Uranium Tailings Management H3/81

C-11 Atomic Energy Control Regulations: Amendments Concerning 07/10/81
Inspectors, Nuclear Facility Licensing, and Procedural
Safeguards

C-22 Quality Assurance Programs for Nuclear Facilities 12/20/82

C-36 A Guide to the Licensing of Uranium and Thorium Mine and 06/02/86
Mill Waste Management Systems

C-47 Atomic Energy Control Regulations: Amendments Relating to 11/14/83
the Limitations of Exposure to lonizing Radiation

C-70 The Use of Fault Trees in Licensing Submissions 05/31/83

C-78 Limitation of Exposure to Ionizing Radiation - Explanatory 11/14/83
Notes Relating to a Proposed Amendment of the Atomic Energy
Control Regulations

C-79 Review of the Nuclear Liability Act 03/09/84

C-83 Proposed General Amendments to the Atomic Energy Control 04/28/86
Regulations

I C-85 The Basis for exempting the Disposal of Certain Radioactive 05/06/85

materials from Licensing

C-90 Policy on the Decommissioning of Nuclear Facilities 10/15/85 I

C-92 Dosimetry Services for Internal and External Radiation Sources 03/19/86 I

C-95 Policy Statement on Maximum Acceptable Levels of 10/30/86

Contamination on Equipment and Materials Leaving Uranium
Mine Facilities
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Table A-2 Other Consultative Documents Issued by the AECB (Cont.)

C-96 Input to the AECB Licensing Process from Unions and 10-30-86

Worker Representatives

C-98 Requirements for Reliability Analysis of Safety-Related 04/14/87
Systems in Nuclear Reactors

C-106 Technical & Quality Assurance Specifications for 04/17/89

Dosimetry Services

C-110 Implementation of a Program to Recover The Atomic 03/03/89
Energy Control Board's Operating Costs

C-117 Requirements for Gamma Radiation Survey Meter 11/28/90
Calibration

I C-120 A Guide for Aeeroval of

Source: AECB, 1991d

"alt Teletherapy Installation 12/18/90 §
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design characteristics of CANDU reactors, specifically of the CANDU 3 where possible, and some safety-
related consequences of these characteristics. The authors also discuss the Canadian regulatory provisions,
and the CANDU safety systems that have evolved to satisfy the Canadian regulatory requirements as of
December 1992, Finally, the authors identify NRC regulations, mainly in 10 CFR Parts 50 and 100, with
1ssues for CANDU 3 reactor designs. In all, eleven such regulatory issues are identified. They are: (1) the
ATWS rule (§50.62); (2) station blackout (§50.63), (3) conformance with Standard Review Plan (SRP), (4)
appropriateness of the source term (§50.34(f) & §100.11), (5) applicability of reactor coolant pressure
boundary (RCPB) requirements (§50.55a, etc), (6) ECCS acceptance criteria (§50.46(b); (7) combustible gas
control (§50.44, etc), (8) power coefficient of reactivity (GDC 11); (9) seismic design (Part 100); (10)
environmental impacts of the fuel cycle (§51 51), and (11) (standards §50.55a)
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