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-Tendances futures de la conception des réacteurs CANDU
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Résumé

Le système du réacteur CANDU s'est montré comme leader mondial en termes de
disponibilité de centrale et en coût total peu élevé par unité d'énergie.
En 1985, quatre des dix meilleures unités fonctionnantes de réacteurs
furent des réacteurs CANDU situés en Corée du Sud et au Canada.

Le travail d'ingénierie est bien en cours afin de raffiner le concept du
CANDU 600 et d'incorporer la technologie de pointe, réduisant ainsi le
coût capital et l'horaire de construction des CANDUs des années 1990.

De plus, une plus petite centrale CANDU 300 a été conçue, utilisant la
technologie et les composantes éprouvées du CANDU 600, mais possédant un
tracé de centrale innovateur, ce qui permet aux coûts de la centrale
d' être compétitifs avec ceux des centrales alimentées au charbon.

A long terme, les travaux des cycles de combustibles avancés et d'améliora-
tions majeures du système sont bien en marche afin d'assurer que les
centrales CANDU demeureront compétitives pour bien des années dand le
siècle prochain.
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ABSTRACT

The CANDU reactor system has proven itself to be a world leader in terms of
station availability and low total unit energy cost. In 1985 four of the top
ten reactor units in the world were CANDU reactors operating in South Korea
and Canada.

Engineering work is well underway to refine the design of the CANDU 600 and to
incorporate state-of-the-art technology, reducing the capital cost and
construction schedule for CANDUs of the 1990s.

In addition, a smaller CANDU 300 plant has been designed using proven CANDU
600 technology and components, but with an innovative new plant layout that
makes it cost competitive with coal-fired plants.

For the long term, work on advanced fuel cycles and major system improvements
are underway ensuring that CANDU plants will stay competitive well into the
next century.

For Presentation to
The 1990s Water Reactor Design Workshop

Sponsored by the Korean Nuclear Society
and the American Nuclear Society, Korean Section

Seoul, Korea 1986 April 19

Atomic Energy of Canada Limited
Research Company

Chalk River Nuclear Laboratories
Chalk River, Ontario KOJ 1J0

1986 March AECL-9179



Contents

Page

1. INTRODUCTION 1

2. UNIQUE FEATURES OF CANDU 1

2.1 General 1

2.2 Fue 1 3
2.3 Coolants 4
2.4 Safety 4

3. THE OPERATING RECORD 5

3.1 CANDU Capacity Factors 5
3.2 Incapability Assessment 8
3.3 Pressure Tube Replacement 8
3.4 Radiation Exposure 9

4. PLANT IMPROVEMENT 11

5. THE IMPROVED CANDU 600 12

5.1 Overview 12

5.2 Increased Plant Output 13
5.3 Reduced Capital Cost 14
5.4 Application of Advanced Technology 15
5.5 Reduced Construction Schedule 16

6. The CANDU 300 17

7. FUTURE TRENDS 21

7.1 Introduction 21

7.2 Increased Fuel Channel Output - « 21
7.3 Alternative Fuel Cycles 22
7.4 Improved Instrumentation and Control 23
7.5 Extended Plant Lifetime 24

8. SUMMARY 24

9. REFERENCES 25



1. INTRODUCTION

CANDU reactors are a family of heavy-water moderated, pressure-tube reactors
that use natural uranium fuel, but are also capable of using a wide range of
enriched uranium and plutonium fuel cycles. Because of their excellent
neutron economy, CANDU reactors are also uniquely suited to use thorium fuel
cycles.

Twenty-one CANDU units are currently operational in five countries around the
world, and a further seventeen are under construction in Canada, Romania and
India. Since their early years, CANDU units have consistently been on the
annual list of the world's ten best nuclear units.

Work is currently underway to improve the CANDU reliability, to reduce capital
cost, increase power output, reduce construction schedule and demonstrate the
use of advanced fuel cycles. In addition, work is underway on a one-circuit
CANDU 300 design using technology proven in the larger two-circuit CANDU 600
design.

This paper will describe the work underway for CANDU reactors that will go
into service in the 1990s and give an idea of developments being considered
for advanced CANDU reactors that can be committed in the 1990s.

2. UNIQUE FEATURES OF CANDU

2.1 General

The development of the CANDU reactor was based on two fundamental decisions:
the use of natural uranium and the use of heavy water. A pressure-tube
reactor design with on-power refuelling was chosen and emphasis was placed on
good neutron economy, leading to low fuelling costs, and on reliability of the
primary heat transport system components, to minimize heavy water losses. All
commercial CANDU reactors use heavy water as moderator and coolant, and have
horizontal pressure tubes with bi-directional, on-power fuelling of short
natural-uraniun fuel bundles. The CANDU design is also sufficiently flexible
to permit the use of a number of fuel variants to match changing circumstances.

As shown schematically in Figure 1, the CANDU reactor consists of a heavy-
water-filled low-pressure calandria, or moderator tank, in which are located
zirconium-alloy pressure tubes, containing the heavy water primary heat
.transport fluid and the fuel. The basic module in the CANDU reactor is the
fuel channel and these modules can be arranged to give a wide range of gross
power output. Thus, the CANDU units already in service with gross outputs of
540, 680, 826 and 845 MWe all use the same, proven, fuel channel. A CANDU 300
is currently being engineered, and a 1200 MWe CANDU has been shown to be
practicable.
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The low-pressure moderator surrounding the pressure tubes has many benefits.
The control and shutdown systems operate at low-pressure, the chemistry
control can be different from the primary heat transport system and, in the
extremely improbable event that all sources of primary coolant are lost, the
moderator acts as an ultimate heat sink.

2.2 Fuel

CANDU fuel bundles are only one-half metre in length to facilitate on- power
refuelling and there are twelve separate fuel bundles in each CANDU 600 fuel
channel. The fuel bundles are simple in design, inexpensive and easy to manu-
facture (Figure 2). Fuelling costs are typically about 10% of the total unit
energy costs. The relatively simple fuel design has enabled the successful
fabrication of CANDU fuel by other CANDU users, such as Argentina, India,
South Korea and Romania.

1 ZIRCALOY BEARING PADS
2 2IRCALOY FUEL SHEATH
3 ZIRCALOV END CAP
4 ZIRCALOV END SUPPORT PLATE
5 URANIUM DIOXIDE PELLETS
6 CANLUB GRAPHITE INTERLAYER
7 INTER ELEMENT SPACERS
8 PRESSURE TUBE

FIGURE 2. 37 ELEMENT CANDU 600 FUEL BUNDLE



For reasons originally motivated by neutron economy, CANDU fuel uses thin
cladding that collapses into contact with the uranium dioxide (UO2) fuel
pellets- This leads to better pellet-to-sheath heat transfer compared to
thick free- standing cladding, resulting in reduced fuel temperatures for a
given fuel power.

On-power refuelling is responsible for at least a 6% advantage in capacity
factor compared to batch-refuelled pressure-vessel reactors, since refuelling
downtime is eliminated. It also has a less obvious, though considerable bene-
fit in that any fuel bundle that defects during normal operation can be ident-
ified and removed with negligible economic penalty. As a result, radiation
fields due to fission products in the primary heat-transport system are low,
even though the linear power output of the fuel is high relative to other
power reactors.

2.3 Coolants

As a backup to the heavy-water-cooled CANDU reactor, AECL built a prototype
250 MWe boiling light-water-cooled CANDU at Gentilly-1, and a 40 MWt organic
cooled test reactor at the Whiteshell Nuclear Research Establishment. Both
prototypes showed some attractive features but required more development
effort. Due to the outstanding success of the first commercial heavy water
cooled CANDU reactors at Ontario Hydro's Pickering 'A1 plant, development of
the alternative systems was stopped and both reactors have now been shut down.

The CANDU reactor possesses a unique safety feature in the low-temperature
moderator surrounding the pressure tubes. This means that a large and effect-
ive heat sink is present to prevent core meltdown for depressurization
accidents involving loss of both the primary coolant and the emergency core
cooling.

A further intierent safety feature of the natural-uranium-fuelled CANDU is that
the core design is near optimum from a reactivity viewpoint. Any significant
change in core geometry would, for example, lead to a decrease in reactivity.
In addition, criticality is impossible with natural water or even diluted
heavy water in the fuel channels as would occur with emergency coolant inject-
ion. A related safety feature is the small reactivity hold-up in the control
devices, which is possible because on-power refuelling is used to maintain
long-term reactivity control. Thus, malfunction of reactivity devices can
only add small amounts of reactivity. Furthermore, should a large reactivity
disturbance occur, power transients are relatively slow because of the prompt
neutron lifetime Is over 30 times greater than for other types of reactors.

To guard against the consequences of common-cause failures (aircraft strikes,
fires, missiles, etc.), CANDU reactors have two groups of control/safety
systems, each capable of shutting down the reactor, maintaining fuel cooling
and providing plant monitoring. Group 1 systems are those primarily dedicated
to normal power production while Group 2 systems have safety functions and
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are, where necessary, seismically and environmentally qualified. Group 1 and
Group 2 systems utilise diverse principles of operation and, to the greatest
extent possible, are physically separated from each other.

CANDU reactors are designed to meet licensing requirements for both single and
dual failures. A dual-failure scenario involves a failure in any process
system together with impairment of any of the four special safety systems:
shutdown system 1, shutdown system 2, containment, or emergency core cooling.
This includes the complete unavailability of either shutdown system, or of
emergency coolant flow. For example, the design has to withstand a loss-of-
regulation accident along with failure of a shutdown system. It does this by
providing two independent shutdown systems, each of which can safely shut down
the reactor. Another example of a dual failure is a loss of coolant accident
combined with impairments in the containment subsystems, such as failure to
isolate the ventilation system.

The shutdown and emergency coolant injection systems in a CANDU plant are
designed to cope with a break size equal to twice the flow area of the largest
pipe in the primary heat-transport system. For a loss-of-coolant accident
along with failure of emergency coolant injection, the moderator provides an
effective heat sink. Since 1975 this deterministic approach to safety has
been supplemented by probablistic safety assessments. These have been
effective in putting more emphasis on the design of non-nuclear systems such
as service water and air supplies and have assisted in identifying suitable
alarms and operator actions for appropriate accident management over the
longer term.

3. THE OPERATING RECORD

3.1 CANDU Capacity Factors

CANDU reactors have been operating since 1962 when the Nuclear Power Demon-
stration Reactor (NPD) was placed in service on the Ontario Hydro power grid.
Since then, thirty-eight commercial CANDU reactors have been placed in
operation or are under construction in six countries around the world. The
operating statue of these CANDU reactors is assembled in Table 6 (at the end
of this report) and is summarized in Table 1 on the following page.

Included in Table 6 are annual capacity factors for the past five years and
lifetime capacity factors. For the Embalse and Gentilly-2 reactors, which do
not operate at base load, capability factors corrected for the grid
restrictions, are also given.

Since their early years, CANDU reactors have been on the list each year of the
ten best reactors in the world on the basis of annual capacity factors. 1985
was no exception, with four CANDU units in the top ten, as shown in Table 2.
This year we are pleased to see that South Korea is sharing the honours with
Canada.
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TABLE 1

SUMMARY OF COMMERCIAL CANDU REACTORS
as of 1986 January 31

STATUS

Construction

Commissioning

Operation

TOTAL

NUMBER OF
REACTORS

15

2

21

38

GENERATING
CAPACITY
(MWe Gross)

9 050

1 620

12 286

22 956

TABLE 2

TEN TOP REACTOR UNITS FOR 1985
LISTED BY GROSS CAPACITY FACTORS
COMPILED BY NUCLEONICS WEEK

Rank.

1
2
3
4
5
6
7
8
9
10

Capacity
Factor-%

99.90
99.01
98.51
97.38
96.16
95.98
94.35
93.93
93.01
92.96

Reactor Unit

Hunterston A-l
Hamaoka-1
Shiraane
Point Lepreau-1
Bruce-1
Grohnde A-l
Wolsung-1
Salem-1
Lovilsa-1
Pickering-7

MWe
Gross

169
540
460
680
826
1365
679
1136
465
540

Reactor Type

Magnox
BWR
BWR
CANDU 600
CANDU
PWR
CANDU 600
PWR
PWR
CANDU

Country

UK
Japan
Japan
Canada
Canada
West Germany
South Korea
USA
Finland
Canada

It is not only individual CANDU reactors that perform well; CANDU reactors as
a group also compare well to other reactor types. This is shown in Figure 3,
which compares average annual capacity factors for all reactors over 500 MWe,
by reactor type. The comparison is even more favourable when considered on a
lifetime basis, as shown in Figure 4.
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3.2 Incapability Assessment

The excellent performance of CANDU reactors has been achieved by careful
attention to all areas of the plant. This can be demonstrated by an assess-
ment of the contribution of each of the major equipment groups to plant
incapability.

Table 3 shows an incapability analysis for Ontario Hydro's first two commer-
cial nuclear generating stations, each consisting of four CANDU units [1].
Apart from the pressure tubes at Pickering, which reflect the retubing that is
presently in progress, the turbine and generator show the largest incapabil-
ity. The fact that the Bruce A turbine generator is recognized as a world
performance leader [2] serves to emphasize how low the other contributions to
lifetime incapability really are.

TABLE 3

EQUIPMENT CONTRIBUTION TO LIFETIME
INCAPABILITY TO 1984 DECEMBER 31

Incapability (%)
Pickering Bruce

Equipment Group NGS-A NGS-A

On-Power Refuelling
Fuel
Heat Transport Pumps
Pressure Tubes
Boilers (Steam Generators)
Turbine and Generators
Instrumentation and Control
Heat Exchangers
Valves
Other

Number of Units
Total Output MWe (Gross)
Unit Years
Lifetime Capacity Factor
Lifetime Incapacity Factor

3.3 Pressure Tube Replacement

In 1983 August a pressure tube failure occurred in Pickering Unit 2, leading
to a leak from the heat transport system. The operators initiated procedures
to replace the leaking heavy water and to shut the reactor down in an orderly
manner without invoking the operation of any emergency or safety system [3].
No fuel-sheath failures occurred and no significant increases in radiation
fields were observed within the reactor building, except for tritium and the
low levels of radioactivity normally found in the heat transport coolant.
None of this radioactive material, nor the heavy water, escaped from the
containment.

0.6
0.1
0.2
9.1
0.3
6.6
0.6
1.1
0.4
3.6

4
2168
50.5
77.4%
22.6%

0.6
0.0
0.5
1.2
1.7
4.8
1.3
0.1
0.2
2.8

4
3304
27.5
86.8%
13.2%
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Investigations revealed that the pressure tube failure had initiated at local
concentrations or "blisters" of solid zirconium hydride about 4 nun in diameter
and 1 mm deep on the outside of the pressure tube [4], These blisters formed
because of two unexpected events; a garter spring tube-to-tube spacer had been
displaced during construction, permitting the hot pressure tube to touch the
cooler calandria tube, and the deuterium picked up from corrosion of the
Zircaloy-2 pressure tubes was much higher than anticipated.

All CANDU reactors designed since Pickering Units 1 and 2 have used zirconium-
niobium alloy (Zr-2.5% Nb) pressure tubes. Examination of Zr-2.5X Nb pressure
tubes removed from operating units has shown very low deuterium pickup from
corrosion [5]. A decision was therefore taken to replace the Zircaloy-2 pres-
sure tubes of Pickering Units 1 and 2 with those made of Zr-2.5% Nb. This
pressure tube replacement is currently underway, and progressing well.

3.4 Radiation Exposure

Limiting occupational radiation exposure has been an important consideration in
the design and operation of CANDU plants. In a nuclear plant, workers can be
exposed to external radiation and ingestion of radioactive materials. The
sources of external radiation are principally gamma-ray emissions from activ-
ated corrosion products, where internal exposures are due primarily to inhaled
radionuclides, with tritium being the most important. Control of these sources
of exposure has been continuously improved since the first operating experience
with prototype CANDU reactors.

The methods adopted for the control of external doses were based on the realiz-
ation that activated corrosion products were the major contributors and that
the dominant isotope was cobalt-60. Cobalt wear-resistant alloys were elimin-
ated and strict controls were placed on the cobalt content of all other alloys
used in the primary heat-transport system. Fission products do not play a
significant role in radiation exposure due to the low fuel-failure rate coupled
with prompt location and removal of failed fuel bundles through the use of on-
power failed-fuel location methods and on-power refuelling.

To control internal doses, heavy-water leakage was minimized by the extensive
use of bellows-sealed valves and by a major reduction in the number of mechan-
ical connections used in the heavy-water systems, as noted in Table 4. In
addition, large air-dehumidifying driers are used in the heavy-water areas of
the plant to recover heavy water and to limit tritium levels in the air.

Table 4

REDUCTION IN MECHANICAL CONNECTIONS

Valves/Unit
Packed Stem Bellows Sealed Non-welded Joints/Unit

4800
4200
2600
2250
1800

NPD
Douglas Point
Pickering A
Bruce A
CANDU 600

1500
2000
170
75
90

0
0
570
500
300
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For the Bruce A, the CANDU 600 and other recent plants, a specific design
requirement to limit radiation dose was placed on each system. Plant designs
were then subjected to detailed man-rem* audits to ensure that cost-effective
features were incorporated to reduce potential radiation exposures. This
policy, together with improved operating practices, has yielded positive
results, as evidenced by the exposures for Pickering A and Bruce A shown in
Figure 5. These positive results continue; the operating experience with the
CANDU 600, Pickering B, and Bruce B reactors shows exposure rates comparable
to those of Bruce A. The recent increase in exposure per MW-year for
Pickering A shown in Figure 5 results from the increase in exposure being
experienced during replacement of the pressure tubes in Units 1 and 2.

Other analyses have indicated that the specific dose histories of the Japanese
PWRs range between 0.5 and 0.8 man-rems/MW-year and that, in recent years, the
average exposure per reactor for the Swedish BWRs was typically about 100 man-
rem/year[6]. These represent the best LWR results. The Japanese experience
is almost indistinguishable from the normal Pickering A record while the
Swedish data are the same as the Bruce A experience.

*1 rem = 10 msv

8.

A

Average annual valuesA.
Manrems per MW-year \

A
— B W R

/ \ A
/ A \ / \

\

\ Pickering A Average of
-Point Lepreau
Gentitly 2

' Wolsung

1969 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
rear

All Ontario Hydro data (rom Hydro tntemal reports
All LWR data (rom NUREG Publications 0713, volume I

FIGURE 5. RADIATION EXPOSURE AT LWR AND CANDU PLANTS
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The radioactive emissions from CANDU plants to the environment have been very
low, normally 1% or less of the derived release limits for each radionuclide
for each station. When the excellent record on occupational radiation
exposure is combined with the very low emission performance, it is clear that
CANDU plants are among the best in the world in maintaining low radiation
exposure.

A. PLANT IMPROVEMENT

In spite of the excellent performance of CANDU nuclear plants, it was recog-
nized that the capital cost and construction schedule had to be reduced to
compete more effectively with coal-fired plants. A plant improvement program
was therefore initiated.

To ensure that this program proceeded in the most effective manner, some time
was spent considering what principles should be applied to achieve the overall
objectives. This resulted in the adoption of the following plant improvement
principles for both the Improved CANDU 600 Program and the new CANDU 300
described in the following Sections.

(a) Increase Plant Output

Capitalize on the conservative CANDU design and identify how to increase
the plant electrical output without major changes to the building or
equipment and thereby reduce the cost per installed kW.

(b) Minimize the Number of Components

Carefully evaluate all systems and components to determine if reductions
can be made in the number of systems and their complexity, or in the
number of components. Standardize the size and design of similar compon-
ents or of components doing similar functions.

(c) Simplify Installation

Ensure that adequate attention is given at the design stage to simplify-
ing the installation and mounting requirements for equipment, to reduce
construction time and effort. Also ensure that the equipment can be
moved easily into location without interfering with other components.

(d) Maximize Construction Access

Review plant layout and construction sequences to ensure that there is
easy access to all parts of the plant for as long as possible for the
installation of components and for the ready deployment of construction
forces.
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(e) Maximize Shop Fabrication

Components can be produced more efficiently, at lower cost, and to more
reliable schedules if they are made in a shop rather than built in the
field. Congestion of construction forces can also be reduced by increased
shop fabrication. This principle can be applied to piping systems as well
as components by redesigning systems into modules or packages that can be
assembled and tested in a shop prior to installation.

(f) Reduce Interference

Reduce the number of different types of construction activities and trades
required at each location in the plant to a minimum.

(g) Improve Schedule

Review the construction and installation schedules to identify constraints
that can be removed by minor changes in design, layout or equipment
delivery.

5. THE IMPROVED CANDU 600

5.1 Overview

In the early 1970s AECL designed the single-unit CANDU 600 plant based on the
very successful Pickering and Bruce units that were used in multi-unit power
plants built by Ontario Hydro in Canada. The first four CANDU 600 units were
built in parallel; two in Canada and one each in Argentina and South Korea.
The gross electrical outputs ranged from 648 to 685 MWe. A high level of
standardization has been established for the CANDU 600 through the building of
these plants. The CANDU 600 plants have also operated very successfully and,
as noted earlier, two of them were included in the 1985 list of the ten best
nuclear plants in the world.

The CANDU 600 improvement program was initiated to achieve significant reduct-
ions in the initial cost of future plants. The major objectives of this
program were to

- increase net electrical output

- reduce capital cost, and

- reduce the construction schedule.

A number of proposals for achieving these objectives have been assessed using-
the improvement principles stated above. The challenge has been to establish
which combination of changes provide the most cost-effective ways of achieving
the objectives, while still ensuring that CANDU's high standard for reliable
operation is maintained or improved.
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The results obtained from this improvement program have been very promising.
In particular, the potential improvements in electrical output are so signifi-
cant that some of them are being offered as retrofit improvements to those
utilities who wish to increase the output of existing CANDU 600 units.

At this time a number of significant improvements have already been included
in the CANDU 600 design. Engineering and development are proceeding on other
improvements and they will be included at a later date.

5.2 Increased Plant Output

The first four CANDU 600 units were conservatively designed and, as expected,
commissioning confirmed that many systems in the plant had capacity in excess
of that needed to produce the design output. Increases in electrical power
output of up to about 10% are practical with only minor changes to existing
units. Increases up to 17% are practical in new plants at this time, which,
when combined with newer, higher efficiency turbines would give a gross elec-
trical output of about 818 MWe, Further increases to about 870 MWe gross
should be possible, but will require some additional development work.

Increases in design output have been achieved by reducing earlier allowances
for uncertainties, increasing the coolant flow and by increasing the refuelling
frequency slightly to reduce the power ripple in each fuel channel. Advantage
has also been taken of several recent technological developments that permit
increases in power output. These developments include

- the operation of CANLUB fuel at higher power,

- improved knowledge of fuel channel power at dryout, and

- evidence of significantly lower post-accident emissions of iodine
from containment than originally estimated.

(a) Increased Fuel Bundle Power Output

After early experience of some fuel failures due to power changes during
refuelling, all CANDU fuel was changed to the CANLUB design, which has a
thin coating of graphite between the fuel pellets and the sheath. Over
340 000 CANLUB fuel bundles have now been irradiated and the fuel bundle
defect rate has been reduced to less than 0.08%, equivalent to 4 bundles
per year in a CANDU 600 plant.

The fuel bundle in the CANDU 600 was originally designed to operate at a
nominal maximum power of 800 kW with an outer element linear power output
of 51 kW/m. Since that time the Bruce A reactors have been uprated by 13%
to a net electrical output of 775 MWe. Under these conditions the maximum
fuel bundle power is 1035 kW with a maximum outer element linear power
output of 65 kW/m. If the fuel bundles in the CANDU 600 reactor were
operated at the same conditions as in Bruce A, an increase in output of
11% could be achieved.
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(b) Improved Knowledge at Dryout

On existing CANDU 600 plants, the shutdown system trips are set to avoid
intermittent dryout at any point on any fuel bundle. Recent experimental
work by AECL has shown that the fuel temperature increases very little as
the power is increased beyond the onset of intermittent dryout to the
point where stable dryout starts [7]. This means that the shutdown system
trip settings can be changed to avoid the onset of stable dryout and
achieve a power increase of aproximately 5%.

(c) Reduced Post-Accident Emissions

Recent international studies, supported by AECL research [8,9], have shown
that retention of fission products by the containment will be much better
than previously assumed. This is because iodine, which is the most bio-
logically significant of the released radioisotopes, combines with other
chemical species (particularly cesium) to form water-soluble, non-
volatile compounds. These will be dissolved in the heat transport
coolant, sump water, or in water droplets suspended in the containment
atmosphere. In these forms, the iodine cannot escape from the reactor
containment. Thus, although for the higher-power operating conditions
fuel temperatures and hence fission product releases will be higher for
most of the postulated events during which fuel failures can occur, the
resulting doses to the members of the public will be lower than those
originally calculated for the first CANDU 600 units.

5.3 Reduced Capital Cost

Significant capital cost reductions can be achieved with an improved plant
layout, simplification of some systems and by standardization of piping and
components. In addition, relocation of certain plant facilities permits
optimization of major pipe, cable and duct runs.

In a number of cases it was found to be possible to either simplify the design
of the system or to consolidate its layout permitting the fabrication of
system modules. In several cases it was found to be practical to combine two
systems with similar functions, such as the reactor building ventilation
system and the vapour recovery system.

It was found that the operating conditions of some systems could be revised
permitting a simplification of the circuit and a reduction in the equipment
required. For example, test work at Pickering A he3 shown that the fuelling
machine heads actually work better if they are supplied with water at ambient
temperature instead of preheated water.
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In a detailed review of major reactor and fuel-handling equipment, it was
found that the cost of manufacture and construction could be reduced by
changes to some components. These changes include internal improvements to
the design of the calandria, the end shields and the fuel channels. They also
include a fairly significant simplification of the fuelling machine head that
was identified by careful review of the need for every function; it was found
that some functions were no longer required.

5.4 Application of Advanced Technology

AECL pioneered the use of dual, redundant, digital computers for the on-line

control of the neutron flux and process systems in CANDU reactors, starting

with the first Pickering Units. These concepts were adopted for all subsequ-

ent CANDU plants, and have now been in operation for over 14 years on

Pickering A, the first commercial CANDU station-

Successive generations of the CANDU design have seen the scope of computer

control expand to include the major plant control functions:

- reactor regulation
- fuelling machine control
- heat-transport system pressure and inventory control
- boiler pressure control
- boiler level control
- deaerator level control
- turbine run-up
- unit power regulation

Extensive use has also been made of computer-driven colour-graphic CRT dis-
plays in the main control room to provide the operators with selective
presentation of information, thus improving their ability to operate the plant
safely.

In the improved CANDU 600 design, the progressive implementation of digital
methods has been extended to computerize the safety systems, replace relay
logic and discrete analog controllers for process systems and to implement
data highway communications. The data highways and programmable multiplexer
controllers (PMCs) replace 25 kilometres of cable and 70 000 wiring termin-
ations along with the associated cable trays and junction boxes [10].

The PMCs are distributed around the plant, as close as practical to the field
devices. Whenever possible the PMCs replace junction boxes or panel terminal
strips to minimize the number of trunk cables. In the short term it is pro-
posed to use data highways outside containment. The PMCs will be located
where the control cables emerge from the reactor building. Data highways are
not used in special safety systems (Group 2 systems) at this time.

The PMCs and the control computers are interconnected by redundant coaxial-
cable data highways, designed specifically for industrial process control.
Sampled data will be transmitted serially, using a highly reliable, error-
detecting protocol.
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High-quality industrial microelectronics, combined with the use of dual-
redundant processing and communication nodules and a fault-tolerant system
design, provides a predicted mean time between failure (MTBF) for each PMC of
at least 2C0 years. To ensure uninterrupted operation, redundant modules will
operate in a hot standby mode. Automatic on-line diagnostic checking feature s
will provide fast fault, detection and location.

Not only will the use of the PMCs and data highways enhance and improve
station control, it will significantly reduce construction labour and hence
the overall construction schedule.

5.5 Reduced Construction Schedule

The CANDU 600 improvement program showed that significant savings in
construction schedule are possible. The major changes contributing to this
schedule reduction are

- open top construction of the reactor building permitting faster place-
ment of materials,

- the use of very heavy lift cranes to install the major components
through the top of the reactor building,

- shop assembly of piping system modules,

- the redesign or relocation of those items found to cause delays in the
past, and

- the use of data highways and multiplexing to reduce cabling and wiring
terminations, as discussed above.

In the present design, all construction material must enter the reactor build-
ing through either two temporary openings or the main airlock. This not only
creates a bottleneck at the entrances; it also means that there is no crane
access to the interior of the reactor building, resulting in a good deal of
rigging and rerigging to install major components. In the new approach, the
permanent top would be left off the reactor building until later in the
schedule, permitting the use of overhead cranes in the construction of the
building interior. In addition, a special very heavy lift crane could be used
to install the steam generators and other major pieces of equipment.

Some of the piping systems will be redesigned into major modules that can be
lifted into place with the overhead crane or skidded into position through the
airlock. Thesi will be complete system modules that will arrive at site
already radiographed and tested.
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All items on the critical path have been carefully reviewed and in a number of
cases significant improvements were found. One of these is the use of perm-
anent rather than temporary steel forms for the concrete reactor vault. This
will permit the continuation of construction around and above the vault while
the vault forms are being filled with concrete.

6. THE CANDU 300

AECL has determined that there is a demand for an economical nuclear power
plant in the 300 to 400 MWe range and has developed the CANDU 300 reactor,
based on proven CANDU technology, to meet this need. The design emphasis has
been on low capital cost and a short construction schedule to ease utility
financing problems and matching of new construction with load growth [11].
The objectives are to achieve a capital cost per MWe comparable with the
improved CANDU 600 and a total unit energy cost competitive with coal. A
CANDU 300 with an electrical output in the range of 380 MWe can be constructed
in 36 months from first concrete to full power.

The one-circuit CANDU 300 uses proven CANDU technology and the same key oper-
ating parameters (reactor lattice pitch, nominal maximum channel power,
primary and secondary coolant pressure, primary coolant steam quality, etc.)
as the CANDU 600. Table 5 lists some components common to both the CANDU 300
and CANDU 600.

TABLE 5

COMPONENTS COMMON TO THE CANDO 300 AND CANDU 600 DESIGNS

CANDU 300 CANDU 600

Fuel Channels 208 380
Fuelling Machines 1 2
Steam Generators 2 4
Reactor Coolant Pumps 2 4
Pressurizer 1 1

The primary method by which the CANDU 300 design will achieve its cost object-
ives is by improved station layout. The station layout and site plan of
Figures 6 and 7 show the five principal buildings and several auxiliary
structures. Distribution of equipment and services among the buildings is
primarily by function with a minimum number of connections between buildings.

Consistent with the CANDU safety philosophy discussed earlier, all process and
safety systems are separated into two independent groups. In the CANDU 300,
the services for each group are placed in two separate buildings, shown in
Figures 6 and 7 as the Group 1 and Group 2 service buildings. Since only the
Group 2 services have to be seismically qualified, the use of a separate
service building reduces the cost of seismic qualification.
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1 Rtactor building
2 Turblnt hall
3 Group 1 Htvlo building
4 Group 2 Mrvic* building
5 Malnttnann building
6 PumpnouH
7 Admlnlitratlan building
S Ptraonntl K c t u rout*

FIGURE 6.
CANDU 300 STATION LAYOUT

Q Group 1

Group 2

1 Reactor building
2 Turbine building
3 Group 1 service building
4 Group 2 service building
5 Secondary control area
6 Maintenance building
7 Administration building
8 Irradiated fuel bay
9 Main control room

FIGURE 7. CANDU 300 SITE PLAN
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The heat transport system configuration is the standard CANDU figure-of-eight
pattern where the coolant makes two core passes in series per cycle, as shown
in Figure 8, but the two passes are in the same direction, facilitating single-
ended fuelling. It also permits the steam generators and associated piping to
be located at only one end of the reactor with the pumps being located at the
opposite end, as shown in Figure 9.

- Steam to turbine

Steam generator 1

— Feedwater

r
Outlet
header

L

Reactor
(208 fuel
channels)

1
Inlet

header

J

Steam to turbine

1
Steam generator 2

— Feedwater

FIGURE 8. CANDU 300 HEAT TRANSPORT SYSTEM FLOW DIAGRAM

The station layout, with five separate principal buildings, permits the
construction schedule of each building to be modified independently to suit
supply, contractural and construction conditions. Flexibility in equipment
installation sequences is provided by the open access to all buildings.

With single-ended fuelling, the fuel channel inlet end fitting can be reduced
in diameter to pass through the calandria tube. This permits shop assembly of
the complete fuel channel and greatly reduces the time needed for installat-
ion.

With the two steam generators located adjacent to each other, support
structures, shielding, steam and feedwater piping and supports, and all other
steam generator-specific functions are localized reducing interference between
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and spray nozzles

Reactor H
building
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Steam generator

Steel containment bulkhead
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Connecting
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FIGURE 9. CANDU 300 REACTOR BUILDING SECTION

different construction trades. Similarly, with the heat transport pumps
located next to each other, cooling water, electrical, instrumentation and
other services are localized. Restricting the outlet to one end of the
reactor enables the fuelling machine and fuel handling facilities to be
located at one end of the reactor only. Channel temperature, radioactivity
monitoring and most other functions are also localized.

In conclusion, standardization and improved station layout are the principal
themes of the CANDU 300 design which, as a result, promises a unique
combination of high capacity factor and low capital cost. CANDU 300 stations
will appeal to utilities that have small or subdivided grid systems, that want
to optimize cash flow, or that want to develop a nuclear infrastructure with a
minimum capital investment.



7. FUTURE TRENDS

7.1 Introduction

AECL has an on-going commitment to research and development aimed at improving
the CANDU pressurized heavy-water reactor. Some of the areas in which signif-
icant advances are expected to be ready for application during the 1990s are
described below.

In the longer terra, the versatile nature of the CANDU reactor concept will
allow consideration of major improvements in a number of other areas. These
will result from the continuing AECL research program and may come as a result
of advances in reactor structural materials, use of advanced fuel cycles, and/
or the use of different coolant options.

7.2 Increased Fuel Channel Output

Future designs present an opportunity to re-optimlze the primary heat trans-
port system, and uprate channel power to a greater extent than Is possible
with the existing CANDU 600 design, thereby creating the opportunity to
further reduce specific capital costs.

The factors that must be considered include the following:

a) The ability of the fuel to operate at higher powers.

As noted earlier, CANDU fuel Is being successfully operated in the
Bruce A reactors with a maximum outer element linear power output of
about 65 kW/m with a very low bundle defect rate. Since operation at
powers significantly above the Bruce A level is of interest, further
bundle subdivision is being considered to help keep fuel temperatures
low. Grading the element sizes (larger diameter elements on the inside,
smaller diameter elements in the outside rings) is another possibility
that would minimize the linear power output of the individual fuel
elements while maximizing the power output of each bundle.

When designing a fuel for higher power outputs or for higher burnup, one
must take into account the resulting higher fission-product gas pressure
within the fuel element. An AECL fuel design known as 'graphite disc
fuel' has shown markedly superior performance to conventional pelletized
fuel and may find an application here [12].

(b) Margin to Dryout

During normal operation of a CANDU reactor, there is a very large margin
between the maximum operating power and the onset of stable dryout. This
margin will not be significantly reduced in CANDU 600 plants by the
change in the setting of the shutdown system overpower trips described
In Section 5.2(b).
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Further increases in overpower trip settings are expected to be possible
as more knowledge is gained on post-dryout fuel channel behaviour. Work
to date has shown that with the current fuel bundle design, sheath
temperature increases are quite modest even at power levels 15% beyond
dryout [13]. With advanced fuel bundle designs it should be possible to
significantly increase the power level at which stable dryout occurs as
well as improving the post-dryout performance of the fuel bundle.

(c) Radioactive emissions during a loss-of-coolant accident (LOCA)

Fuel elements operating at higher linear power ratings have higher
fission-product gas pressures and will reach higher temperatures during
a loss-of-coolant accident. Thus, more fuel damage could be expected,
producing larger releases of fission products to the coolant. However,
improvements in emergency coolant injection, so that the break location is
detected and the appropriate injection point is selected, have the
potential to reduce fuel temperatures, and thereby prevent fission product
release in the event of a LOCA.

As discussed in Section 5.2, international studies of fission product
behaviour have shown that earlier methods over-estimated radioactive
release during accidents. Work is in progress to produce verified methods
to predict fission-product release from the fuel channel to the
containment and from the containment to the environment. We expect that
this will show that fission product retention in the heat transport system
and in containment is very much greater than previously assumed, and
therefore that the higher emissions expected from an uprated fuel channel
during an accident are well within the regulatory requirements.

7.3 Alternative Fuel Cycles

CANDU is pre-eminent among the world's thermal reactor systems in the amount
of useful energy generated per tonne of uranium mined. This emphasis on
neutron economy results in a versatile reactor system that can be adapted to a
wide variety of fuel cycles. In one variant of the thorium-based fuel cycle,
a CANDU reactor can even challenge the fast breeder reactor for efficient use
of uranium resources.

Each of the fuel cycles discussed has potential advantages. The decision to
change from one fuel cycle to another can be made in response to unforeseen
events, such as a sudden rise in the price of uranium or the unavailability of
enriched uranium. Use of some of these alternative fuel cycles is possible in
the existing CANDU 600 reactors without design changes. In future CANDU plants,
minor changes can be made to ensure that an even wider range of fuel cycle
options is possible.

For an existing CANDU 600 reactor, the easiest transition is from a natural to
a Slightly Enriched Uranium (SEU) fuel cycle. An enrichment of 1.2% 235O in
total uranium raises the discharge burnup to about 20 000 MW.i/'te U, approxi-
mately a factor of 3 increase over natural uranium (UO2), with resulting
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decreases In fuelling and Irradiated fuel storage and disposal costs. The
fuel design Is similar to that for natural-uranium fuelled reactors, and a
fuelling scheme known as 'checkerboard fuelling1 enables present CANDU 600
reactors to be fuelled with enriched fuel [14]. In this scheme, alternate
channels are fuelled with either 2 or 6 bundles at a time to maintain the
power distribution that is achieved with natural uranium.

Plutonium can be added to natural or depleted uranium enabling burnups of over
20 000 MWd/te H.E.* to be reached. This leads to an improvement in uranium
utilization of approximately a factor of 2. A variant of this is to use
uranium and (possibly) plutonium arising from reprocessing spent LWR fuel,
suitably blended with extra natural or depleted uranium feed. Burnups of up
to 27 000 MWd/te (approximately a factor of 4 over natural UO2) are probably
achievable. This cycle can significantly extend the burnup of LWR fuel.

A wide range of thorium-based cycles are also possible, extending the utiliz-
ation of natural uranium many times [15]. Development and demonstration of
ThO2-based fuels is less advanced than for UO2 or (U, Pu)02, but there
is no fundamental reason why performance under the anticipated operating
conditions should not be fully satisfactory.

In summary, studies have shown that there are no great technical problems to
replacing natural UO2 fuel with enriched U02, (U, Pu)02 or ThO2-based
fuels in a CANDU reactor. Current work at AECL is directed towards the full-
scale demonstration of the use of slightly enriched uranium fuel in CANDU
reactors by the 1990s.

7.4 Improved Instrumentation and Control

AECL has maintained a leading position in the evolution of digital computer
control methods for nuclear reactors, [16] a position that it pioneered in the
first commercial CANDU reactors. In the last decade, the fields of data
gathering and transfer via data highways and data base management have changed
dramatically. This is expected to continue and to be enhanced by rapid
advances in artificial intelligence.

As the technology advances, CANDU will continue to remain in the forefront by
applying advantageous developments. In particular, AECL expects

- improvements in process instruments and sensors,

- continued advances in data transfer and handling methods, and

- operator assistance by expert systems.

* HE • heavy element; i.e. uranium, plutonium and/or thorium
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Increased emphasis is being placed worldwide on improving the man/machine
Interface, and by presenting the operator with a manageable amount of
meaningful data rather than with excessive uncoordinated detail. The use of
rule-based expert systems to analyse and integrate data will aid in decision-
making. One very promising application is to monitor system conditions during
a loss-of-coolant accident to determine the location of the break. This
information would enable the appropriate course of action to be taken. For
example, emergency coolant injection could be directed to that part of the
system remote from the break.

Other station activities are also expected to benefit from advanced analysis
systems. For example, expert assistance programs can be used to shorten
station outages through diagnostic and procedural aids to planners and
maintainers.

7.5 Extended Plant Lifetime

The CANDU system lends itself to easy replacement of reactor core components.
For example, the replacement of the Zircaloy-2 pressure tubes in the Pickering
Units 1 and 2 has shown the importance of designing replaceable pressure tubes,
and has demonstrated the CANDU potential for retrofit and upgrading. It has
also shown that methods and procedures improve with experience and result in
significant time savings. Incorporating this experience into new designs will
result in further improvement of core component replacement.

The extension of plant lifetime beyond the present design life of 30-40 years
can lead to considerable economic benefit. However, this economic benefit is
realized only when extended lifetime is achieved without significant increase
in initial plant cost. The solution is to design for long life only those
parts that cannot be easily replaced, and to design other components for easy
replacement at convenient intervals. This approach also has the added benefit
of combatting obsolescence since improved components can be installed as
required. With this approach CANDU plants can be operated well beyond their
initial design life.

8. SUMMARY

The CANDU reactor system has proven itself a world leader in terms of station
availability and low total unit energy cost. It is cost competitive with
other nuclear power systems and, in eastern and central Canada, CANDU reactors
produce electricity at half the cost of that from stations using imported
coal.

The modular nature of the reactor system and simplicity of most components
facilitates transfer of reactor design and construction technology to client
countries along with the technology required to manufacture the natural
uraniun fuel.
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The CANDU heavy water moderated and cooled pressure Cube reactor concept is
also extremely versatile in its potential for the use of various fuel cycles
such as slightly enriched uranium, plutonium recycle, or thorium, in addition
to the established use of natural uranium.

CANDU incorporates several unique safety features such as the ability to with-
stand any dual accident, including simultaneous failure of any process system
or major pipe along with failure of a shutdown system or the emergency cooling
system.

Radiation fields and personnel doses in the plant are very low, in part
because of the good leak-tightness necessitated by the use of heavy water and
in part because of low primary circuit contamination levels, achieved by on-
power removal of defected fuel.

Engineering work is underway to produce improved CANDU 600 plants with signif-
icantly higher electrical output, and a new CANDU 300 plant. The cost of
these CANDU units will be significantly reduced by measures such as

- increased power output per fuel channel,

- maximized shop fabrication,

- optimized construction methods,

- simplification of systems and components, and

- the use of advanced technology.

Work has been initiated to investigate new opportunities that are being opened
up by advances in technology and by the changing economics of fuel supply. By
the mid-1990s, many of these advanced designs will be ready for incorporation
into CANDU plants.
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