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1. INTRODUCTION

This report reviews development with CANDU reactors

over the period 1967-1975, including at the same time a

brief historical record of the development of the nuclear

industry in Canada, and the success of the CANDU concept

of nuclear power generation on the world scene.

In April 1967, T.A. Rafter was a member of the Australian-

New Zealand Nuclear Power Mission to Canada. As a result of

this visit he wrote a report - INS-R-^1 - "A Preliminary

Study of the Nuclear Industry in Canada".

This report described briefly the mining and processing

of uranium minerals up to the production of U0_; the

fabrication of liU2 pellets into reactor fuel bundles for

the CANDU nuclear power reactor and the production of heavy

water by the HpS-HDO isotope exchange reaction.

Having the fuel and the moderator for a nuclear power

station, the various concepts of the CANDU reactor then in

operation or under construction were discussed; as were

costs involved and manpower and training programmes recommended

for the operation of CANDU stations.

Now, some eight years later, the Canadian nuclear

industry has overcome most of the problems that beset the

beginning of any large industry. The CANDU reactors have a

proven record of reliability and flexibility for the

generation of electricity at a cost competitive with other

fuels.

A brief description of the CANDU principle is given in

. Appendix I.

2. HISTORICAL - CANADIAN EXPERIMENTAL REACTORS

The Canadian programme had its origin in the Second

World War when Canada was assigned the task of developing the

heavy water moderated reactor system as a method of plutonium

production.

CAXDU is short for CANadian Deuterium Uranium
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In the early 1950s when a prototype power station was

being considered in Canada, it was natural that the heavy

water system should be considered first. The system chosen

exploited the merits of heavy water as moderator; the use of

pressure tubes in place of pressure vessels for the primary

coolant matched the Canadian manufacturing capability; and

the use of natural uranium as a fuel allowed the direct use

of the national resources of uranium.

These conditions led to the commitment to build a small

prototype station - the Nuclear Power Demonstration Station

(NPD) of 20 MW. While the construction of this station was

going ahead, studies were undertaken by the Atomic Energy of

Canada Limited (AECL) and industrial groups to determine the

major steps to be taken in establishing a national nuclear

power programme.

At the time AECL had the estimate of costs for the

enriched light water reactors from the USAEC. These

estimates indicated that the enriched system could be built

for less than the natural uranium fuelled system, but the

fuel costs would be two or three times as much. This general

picture still holds, and even today the CANDU-system unit
( 1 2)energy costs are quite competitive} ' '

CANDU-PHW(Pressurised Heavy Water)

NPD demonstrated the technical feasibility of the CANDU-

PHW reactor, the safety of the concept, fuel performance and

on-power re-fuelling. After 11 years of operation NPD gives

(3)
no indication of any limitation to its operating life.

The Douglas Poirt Nuclear Power Station (200 MW(e))*was

similar in design to NPD though it had many improved

features. It was the first full-scale prototype of the CANDU

system and was brought into operation in 1967. It was

intended to demonstrate the acceptability of heavy water

*MW(e) = megawatts of electrical power. For a CANDU-PHW
reactor this is about 30$ of the thermal power output MW(th).
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maintenance costs and plant reliability,but failed to do so

initially due to equipment performance. Performance of tho

fuel is satisfactory as fewer than ¥$ of the bundles have
(2)failed and this only after 70$ of the design burn-up} '

CANDU-BLW (Boiling Light Water)

At Gentilly in Quebec, a 250 Mtf power reactor has been

operating using ordinary boiling water as a coolant with

natural uranium as fuel since early 1971. Although, this

version of CANDU has operated at full 250 MW(e) rating there

are control limitations as the size increases to 750 MW(e)

or larger; ' '

CANPU-OCR (Organic Cooled Reactor)

Another CANDU system, the OCR,has been studied in some

depth and a fuel design and cost estimate for a 500 MW(e)

unit was completed in 1972. This system has some real

attractions - a high-temperature coolant (̂ 00 C) leading to

a much improved cycle efficiency and a-much reduced cooling-

water requirement,and a non-radioactive primary coolant,

offering ease of maintenance. It appears to offer some

savings in unit capital costs' and even in unit energy costs.

The organic cooled research reactor WR-1 (1*0 MW(th)) at

the Whiteshell Nuclear Research Establishment will continue

to operate. A new fuelling programme using uranium carbide

in place of U0 is planned: ' A recent AECL report (hhk\)

indicates that AECL will not proceed with the 500 MW(e) OCR

prototype. '

CANDU-BLW (PB) (Boiling Light Water Plutonium Burner)

As a double-barrelled approach to CANDU-BLW, a design

and cost study has been started on a reactor called CANDU-

BLW (PB) with plutonium added to the uranium fuel. This

should eliminate the control difficulties in the large-size

units and offer one route for utilising the plutonium produced

in all CANDU reactor fuels. Two sizes are being studied -

600 MW(e) and 1200 J^
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3. CANADIAN NUCLEAR POWER REACTORS

CANDU-PHW (pressurised Heavy Water)

The CANDU heavy water moderated and cooled pressure

tube system fuelled with natural uranium is one of the

basic nuclear power systems that are technically proven and

economically viable in electrical utility systems. The earlier-

established systems (x^ght-water reactors (LWRs) and gas-cooled

reactors (GCRs)) have shared most of the electricity generation

by nuclear means. The cumulative nuclear generation in the

western world to June 19?6 was distributed approximately as

follows: LWRs 68.5%, GCRs 24.8$, heavy-water reactors 6.7%.

Canada's best known CANDU-PHlv* nuclear power station is

Ontario Hydro's Pickering Generating Station. This is one of

the largest operating nuclear power stations in the world with

an installed capacity of 2160 MW(e). The first 5UO MW(e)

unit at Pickering produced its first electricity on k April

1971> and reached its full power output thirteen and a half

weeks after the first reactor start-up. Pickering Unit-4

reached full power only 12 days after the first reactor

operation. The performance of Pickering units has been

unsurpassed by any nuclear plant in the world.^ ' '

Early in 1976 Pickering caught up to Dresden Station (USA)

and has now generated more electrical energy than any other

nuclear station.

The confidence that Ontario Hydro has in CANDU-PHW

reactors is shown in its plans for 8000 MW(e), such power

reactors to be in operation in the early 1980s. Units for

the mid- and late-198Os are likely to be larger than the

750 MW(e) units planned for Bruce.

Design refinements for the next scale-up of CANDU units

to 1200 MW(e) are now being studied> ' Reduction in the

quantity of in-core material is aimed at by pressurising the

gas annulus surrounding each pressure tube. This should cut

down neutron absorption and improve CANDU's neutron fuel

economy.



k. CANDU POWER REACTORS IN OPERATION, UNDER CONSTRUCTION.

OR COMMITTED

The following table from a paper by Dr J.L. Gray, lists

CANDU power reactors in operation, under construction or
(7)

committed^ The international market is starting to appre-

ciate the CANDU system and AECL has been requested to submit

bids in competition with the LWRs. AECL was selected for

600 MW(e) units in Argentina and South Korea, and Romania

and Mexico are at the negotiation stage.

The Atomic Energy Control Board (AECB) licenced the

New Brunswick Electric Power Commission to locate up to two

CANDU 600 MW(e) units at Point Lepreau on the Bay of Fundy,

and the first unit is under construction.

Iran has requested AECL for a proposal for a 2x600 MW(e)

CANDU station, and Japan has discussed licensing arrangements

vhereby Japan could build CANDU reactors. Ireland has also

made approaches to AECL for single unit, stations. Denmark

has shown interest in CANDU, and India is presently manu-

facturing CANDU units itself for home use and it is believed

for possible export.

Canada does not always place tenders alone; in the

recent bids called for by Argentina, AECL and Italimpianti

negotiated the supply cf a CANDU PHW reactor to be located

in the Buenos Aires regional area. In twelve months the

cost has more than doubled for the same unit for Korea -

600 MW(e). Provisions for a second 600 MW(e) unit for Korea

have been entered into.

5. DISTINGUISHING FEATURES OF CANDU REACTORS

(1) The use of natural uranium fuel and heavy water as

moderator.

(2) For a given amount of mined uranium a CANDU reactor

produces about ijO$& more electrical energy than a light water

reactor (LWR)without uranium re-cycle, and 20c/c more even if

the uranium is re-cycledl '



TADLE I« CANDU Power Roactors in Operation, under Construction or Committed (Updated froni Ref.l)

Namo or
Location

NPD Rolphton

Douglas Point

KANUPP

RAPP 1

KAPP 2

Gentilly 1

Pickering

i Bruce A

Gentilly 2

Rio Tercero-

Pickering B

Bruce B+

Darlington

Korea (Wolsung l)

Point Lepreau

+ Planned

Type

PHW

PHW

PHW

PHW

PHW

BLW

PHW

PHW

PHW

PHW

PHW

PHW

PHW ;

PHW
PHW

Power
MW(e)
Net

22

208

125

203

203

250

k x 514

k x 7^3

600

600

*• x 600

4 x 750

k x 800

1 x 600

1 x 600

Nuclear
Designer

AECL & CGE

ASCL

CGE

AECL

AECL

AECL

AECL

AECL

AECL

AECL

. AECL

AECL

AECL

AECL
AECL

Utility

Ontario Hydro

Ontario Hydro

Karachi Electric
Corp., W.Pakistan

DAE India

DAE India

Hydro-Quebec

Ontario Hydro

Ontario Hydro

Hydro-Quebec

Comision Nacional
.Energda Atomica,
Argentina

Ontario Hydro

Ontario Hydro

Ontario Hydro

Korea Electric Co.

New Brunswick Power

i

Date of
First Power

1962

1967

Supply "'971

1972_

197^
1971

1971-73

1976-79

1979

do 1980

1981-83

1983-86

1986-88 •

1981

Commission 1979
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(3) It is less sensitive to increasing uranium prices.

CANDU fuel cycle cost is about half that of LVRs.

(4) For a given output of electrical energy, a CANDU

produces about 50 i° more plr.tonium than an LWE, though the

concentration in spent fuel is lower (0.3-0. h"/o against 0.9-

1%). This plutonium could be re-cycled through CANBU

reactors to reduce their uranium requirement by about 50$ or

mixed with thorium to start a thorium breeding cycle; an

alternative would be to sell the plutonium for use in fast

breeders.

(5) CANDU reactors, without major changes, can be

optimised for fuels produced in more complex fuel cycles.

In this way uranium consumption could be greatly reduced,

but new facilities would be needed for reprocessing of spent

fuel and fabrication of toxic or highly radioactive fuel.

(6) CANDU reactors could utilise the 2-)2Th-2"J3U thermal

breeding cycle (see Sect.8 and refs 16-19). It is probable

that this route will be more economic and suffer fewer

difficulties than the development of fast breeders utilising
238 239

the U- Pu cycle. In any event, the two approaches are

complementary as they start with different fertile materials.

(7) Each new CANDU reactor requires a charge of up to

0.9 megagrams of D_0 per megawatt installed.

(8) The main engineering characteristic of the CANDU

system is the use of pressure tubes rather than a pressure

vessel to contain the fuel and primary coolant.

(9) The fuel can be changed at any time, including at

full power. Re-fuelling at full power at Pickering has met

the reactivity needs while causing only 2-£$£ of the total

lost production. Continuous re-fuelling assists in high

availability of the nuclear supply and very good capacity

factors.

* 1 megagram (Mg) = 1000 kg = 1 tonne
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(10) CANDU plants use standardised designs to construct

plants with generating capacities in the range 300 MW(e) to

1200 MW(e).

(11) The capital cost of a CANDU plant (without the

charge of heavy water) is about the same as an LWR. In

operation they should be highly competitive because heavy

water losses can be kept low and the cost of fuel is small

and relatively stable'2 '

(12) Fuel design is simple and reliable in service, and

fuel fabrication facilities are relatively inexpensive. For

a comprehensive treatment of the development of CANDU fuel

bundles, projected bundle power and cost see ref.20.

(13) As CANDU fuel is natural uranium oxide no enrichment

plants ox- associated facilities are required. The spent fuel

contains only O.Xy/o U-235i hence re-cycling of the uranium is

not required to make nuclear power economic, and no repro-

cessing plant has been built in Canada. All fission products

are therefore still contained in the spent fuel, which is at

present stored in water-filled bays at the reactor sites.

Proposed methods for further interim storage and geological

disposal are described in section 9.

In the latest CANDU designs the cool heavy water

moderator is surrounded by a large shield tank of light water,

both of which are available to absorb heat energy in the event

of loss of coolant. In the Douglas Point and Pickering reactors

in which moderator dump is a backup shutdown technique the

moderator is sprayed back into the calandria through numerous

nozzles, so that the cooling function is maintained. Later

CANDU reactors use moderator poison rather than moderator dump.

(15) Defective fuel rlements can be identified and

removed from the system without shut down and without

difficulty, thus minimising the dispersal of radioactive

products from failed fuel into the primary circuit. Techniques

for locating failed fuel are described in (2l) and (22).



(l6) With on-power fuelling, the reactor is kept in a

condition where there is only a small surplus of reactivity

in the core; this is a definite contribution to safety if

the control system fails.

6. SUPPORTING INDUSTRIES TO NUCLEAR POWER

URANIUM RESOURCES

Estimates of reasonably assured uranium resources were

released by the IAEA and the OECD's Nuclear Energy Agency in

March 1976, and are quoted in (37)- Of the world total of

1.1 million tonnes available at less than $15/lb U_Og, Canada

has about 13$. The estimate of 730,000 tonnes of world

reserves in the range $15-3O/lb must be very conservative,

because Australia, Canada and South Africa have not troubled

to investigate such deposits. The predicted price for uranium

in 197*1 dollars in future contracts is expected to be $20/lb} '

Ref.(10), pp 73-79, discusses the procedures involved in

0*0

production of UO for CANDU fuel.

Australian reserves amount to about 240,000 tonnes.

Estimates of cumulative demand in the non-communist world

are in the range 1.5-2,000,000 tonnes by 1990, and 3-4,000,000

tonnes by the year 2000.

Zirconium Alloy

Zircaloy-2, a zirconium alloy,has a low neutron capture

cross—section and a high resistance to corrosion. Ref.(10),

pp 69-73» discusses the fuel manufacturing industries in

Canada. More recently, Eldorado Nuclear has installed an

$8-million plant for the production of nuclear-grade zirconium

alloy; ' while Westinghouse which produces seam-welded

calandria tubes has won the contract for the calandria tubing

for the Bruce nuclear stations.

Canadian General Electric at Peterboro and Combustion

Engineering at Sherbrooke, Quebec, also do fuel fabrication.
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Heavy Water Production

Heavy water is an essential component of the CANDU

nuclear power reactor. Heavy water is produced by the Girdler-

Sulphide (GS) process, the basis of which depends upon small

differences in reaction rates between isotopic species as in

the isotopic equilibrium reaction

H2S + HDO =̂* HDS + H20

Rof.(10), pp 98-106, describes details of the heavy water

production process. In 1971 a feasibility study for a heavy

water extraction plant in New Zealand was carried out by

NZED engineers.

Canada has had considerable experience and overcame many

difficulties in establishing its heavy water industry. Each

CANDU reactor requires about 0.8 Mg (tonne) of D^O per MW(e),

or about 800 Mg for a 1000 MW(e) power plant. Consumption is

small - less than 156/year. The cost of an 800 Mg/year plant

is about half the cost of a 1000 MW(e) nuclear plant and it

would be capable of supplying heavy water for one new 1000 MW(e)

power plant per year.

The trend in Canada is to locate heavy water production

plants at nuclear power sites to utilise the low-cost and

nearly inflation-proof fuel of CANDU reactors to produce

process steam. The Douglas Point reactor provides steam at

the Bruce site and the Bruce-A station will do likewise.

While J20/lb for D.,0 in I966 was considered a generous

price, today's world price is $^4/lb.

The first heavy water plant in Canada was built at Glace

Bay in Nova Scotia by an American consultant. Due to corrosion

and operating problems no heavy water was ever produced. AECL

took over the plant and had it completely rebuilt; operation

recommenced in 1976 and the first barrel of heavy water was

ready on 15 June 1976. The plant was soon working at 60$ of

design capacity > ' A second plant at Port Hawkesbury was

built by private industry but is now owned by AECL. It has
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a capacity of ijOO tons per year, as does each, of the two units

of the Bruce A heavy water plant, owned by Ontario Hydro. A

similar plant, Bruce B, is under construction, but shortage

of capital has recently forced cancellation of the planned

Bruce C plant. A similar two-unit plant of 800 tons per year

capacity is under construction at Gentilly, Quebec, for AECL

to supply reactors outside Ontario. This plant will use

steam from the reactors on the site.

7. PLUTONIUM

Of the commercial thermal reactors, CANDU-PHW produces

the most plutonium per unit of energy generated, although

the concentration in the spent fuel is less. A wide range

of figures has been published but the following seem repre-

sentatives (in each case energy production of 1000 MW(e)year

is assumed)-

A light water reactor produces about 296 kg plut_nium

in 37-5 Mg of spent fuel, or 0-79$ by weight'25'

A CANDU would produce about 450 kg of plutonium in 168 Mg

of spent fuel, or 0.27% by weight} '

Hence the CANDU produces about 1-5 times as much plutonium

per unit of electrical energy as the LWR, but the concentration

in the spent fuel is lower by about a factor 3-

This plutonium could be re-cycled in uranium fuel (which

would reduce uranium demand by 5O°/o^ ), mixed with thorium

to begin the thermal breeder cycle (sect.8), or sold to other

countries building fast breeders.

By 1981, Canada's plutonium inventory in discharged fuel

from Douglas Point, Pickering and Bruce reactors will be

about 8,600 kg, and the annual production rate about 1,600 kg.
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8. BREEDERS AND BREEDING

Prototype fast breeders have been built in several

countries and their commercial prospects are under inves-

tigation. They will be necessary if uranium is to be

utilised more efficiently than at present. The Canadian plan

for the future does not include fast breeders, but is instead

based on a fuel cycle in which Th-232 is converted in CANDU

reactors into thermally fissile U-233. The use of thorium

(which is more abundant than uranium) is therefore

complementary to a fast breeder programme dependent on

uranium supplies.

In any reactor system, the energy comes from the splitting

of a fissile atom. In the first instance, it is U-235. the

only naturally occurring fissile atom. When U-238 captures

a neutron, a series of nuclear reactions takes place over

some time, which result in the eventual creation of Pu-239,

a man-made fissile atom and nuclear fuel,

U-238 + n > Pu-239-

Similarly, when thorium-232 absorbs a neutron, eventually

the fissile atom U-233 is created,

Th-232 + n > U-233.

For every 100 atoms of U-235 which, undergo fission in

a CANDU-PHW reactor between 80 and 90 atoms of Pu-239 are

formed. This is called "converting" rather than "breeding"

which has been given a special meaning - for a reactor to

"breed" it must produce at least 100 atoms of new fissile

material for each 100 atoms fissioned, i.e. make more fuel

than it consumes.

Nearly half the energy from a CANDU reactor is derived

from fissioning of plutonium atoms generated in the reactor,

hence this reactor is an efficient "converter". Some plutonium

survives in the spent fuel and by reprocessing the fuel it

should be practicable to double the energy produced per kg

of mined uranium* '
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Thorium in i t s natural state has no fissile isotope and

alone cannot be used as a fuel in a reactor. However, if Z"k

of U-235, U-233, or Pu-239 is added i t becomes a nuclear

fuel with good thermal and chemical properties.

Because of the importance of the "converter" and "breeder"

principle in the overall CANDU evaluation study, further

explanation is provided in Appendix I I .

A 1000 MW(e) fast breeder requires something like k.5

tonnes of Pu-239 for i t s ini t ial core before i t can breed,

and one of the most efficient vays of supplying this i s from

the used fuel cf 10 years operation of a 1000 Mtf(e) CANDU

plant.

9. RADIOACTIVE WASTES

A dis t inguish ing feature of a CANDU reac tor i s t h a t

economic operation does not en ta i l fuel reprocessing and safe

storage of separated f i ss ion products . The U-235 content of

spent fuel , about 0.15$, i s less than tha t i n d i f fus ion plant

t a i l i n g s , and a t the present time plutonium recovery i s not

economic. It is likely that a, pilot plant for testing

separation methods will be started in a few years. A pilot

line for making uranium fuel with an admixture of about 0.5%

plutonium is being commissioned at Chalk River, so that

irradiation testing of such "mixed oxide" fuel can begin.

*

Spent fuel from Gentilly, Pickering and Douglas Point is

stored on site in water-filled bays about 8 metres deep.

There is sufficient capacity in these ponds to store all fuel

from ten years1 operation. It is estimated that by 1980,

8OOm3 will have accumulated at these sites, and by the year 1990»

300 m>.

A storage facility for spent fuel which has already cooled

for say five years in a reactor pond is to be built on the

Bruce site. Two possibilities are under consideration: long

water-filled bays which would be covered over as filling

progresses, or storage above ground in sealed concrete
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canisters. The canister concept, which was developed at

Whiteshell Nuclear Research Establishment and is under test

there, is described by Dyne. ' ' Each canister is 5 m

high and 3 m in diameter, with walls 0.8 m thick, and will

contain 220 fuel bundles inside a steel can with a lid welded

on by an automatic machine. The concrete plug to the canister

is also welded in place. A conceptual design study of a

facility in which these canisters are made, filled and stored,

has been preparec. '

Once a reprocessing plant had been built the fuel would

be retrieved for treatment. At this stage the fission

products would be separated from the uranium but would then

be incorporated into borosilicate glass, using techniques

which were worked out at Chalk River many years ago.

There is a plan to dispose of the fission wastes in

geological formations, in cavities 300 to 2000 m below the

surface. An active programme is under way to identify
(3i\

suitable sites, and it is proposed* ' that a shaft be con-

structed by 1985 so that trial emplacements could begin. It

is estimated T-Iiat by 2000 the facility would be ready to

receive wastes on an operational basis. Management of radio-
(32)

active wastes in the long term is discussed by Lewis.

Canadian experience in managing low-level wastes is
(33)described by Morrison} ' though newer techniques - controlled

incineration, reverse osmosis for water purification, and

encapsulation of solid wastes in bitumen - are soon to be

introduced}3**'

10. FUEL COSTS. AND COST COMPARISON

Because of the capital-intensive nature of all nuclear

plants, low fuelling costs and high production levels are

essential to economy. The simple low-cost fuel cycle of the

CANDU-PHW has led to the very low fuel cost of about 1 mill/kWh

with no plutonium credit. It is stated that not only will the

fuel costs remain lower than the fuel costs of other nuclear

*1 mill (m$) = 0.1 cent.
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fuel cycles, but the difference will steadily increase with

time in favour of CANDU. If the price of uranium doubles,

the increase in electricity cost will only be 5$.

According to Dr J.L. Gray, for a CANDU plant ordered

early in 197*1 for operation in 1979, the capital cost could

be between $U00 and $700/kW. The higher figure includes

interest during construction, escalation and warranty allowances,

training and start-up costs and also the first charge of fuel

and heavy water. A multi-unit station such as Pickering or

Bruce is less expensive per unit of output. Capital costs

per kilowatt are known or estimated for the following
(23)stations. '

Station Output
(MWe)

Pickering-A 2160

i'ir-Vering-B 2^00

Bruce-A 3160

Bruce-B 3160

Darlington 3*iO0

Other stations to be built by Ontario Hydro include Wesleyville

(2295 MWe oil-fired, completion 1983), at $4l6/kW, and an

extension to the Thunder Bay coal-fired station, completion

date 1981, which will cost $1150/kW.

The capital cost of a CANDU reactor is very close to

that of a corresponding LWR in the USA without fuel or heavy

water. If initial fuel and heavy water are included, the

capital cost is something like 10$ more for the Canadian plant

which must be offset by lower fuel costs to keep CANDU

romputitive.

Ontario Hydro published the results of comparison of

costs of the Pickering station with the Lambton coal-fired

station, of similar capacity and age. The 197*1 comparison^'

showed a cost advantage of 13$ to Pickering, but this

increased dramatically in 1975 to 230$' as shown in Table II.

Completion
date

1973
1983 (?)

1979
1985. (?)
1988 (?)

Cost per
kilowatt

*
»

3̂ 5
835
505
8U5

9^0
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TABLE II. - Ontario Hydro Comparison (Refs 3 and 15)

Parameters

Capacity

Life

Interest rate

Capital cost

Capacity factor

r

Unit enerfry cost

Capital

Operation and maintenance

Heavy water up—keep

Fuel

Pickering
(nuclear)

4 x 514 MV

30 years

8$

$7W M
80%

1974 1975

m$/kWh

4.60 4.60

0.54 1.10

0.20 0.35

O.88 0.98

6.22 7.03

Lambton
(coal)

4 x 495 MW

30 years

8%

$264 M

80$

1974 1975

m$/kWh

I.69 1.70

0.53 0.96

-

4.82 13.52

7.04 16.18

The sudden change in unit energy cost for the Lambton

station arose from increased coal prices in 1975> a*"1

illustrates the importance of the relatively stable price of

CANDU fuel. It is estimated'1^'that Pickering station will

have paid for itself by the end of 1978 in the saving of coal

it makes possible.

In early 1975, ' base prices for uranium deliveries

over the next 10-12 years were reported in the range US$9-

10/pound for 1974/75. rising to $19-20 in 1984/85. These

are in 1973 dollars and escalation will be applied.

11. SAFETY ASPECTS

The problems associated with, the loss of coolant accident

are more easily solved with the pressure tube reactor such

as CANDU than with the pressure vessel light water reactor.

The CANDU core has almost ten times the volume of a light

water reactor core of equal power and its channels are in-

dividually surrounded by hundreds of tons of cool moderator
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and hundreds more tons of cool light water in the reactor

shield. The relative pressure drops resulting from flow in

the individual feeders ensure that no part of the fuel will

be by-passed under emergency cooling conditions. The

calandria is not pressurised, so that there is no possibility

that a control rod will be ejected. Shut-off rods drop in

when the holding clutch is de-energised, though in recent

designs they are assisted by springs.

With on-power fuelling, the reactor is normally in a

condition where there is only a small surplus of reactivity

in the core, which is a decided safety advantage if the

reactor control system fails. Defective fuel elements (which
(21 22 }

are extremely rare) can be identified*• ' ' and removed

from the core without shut-down, thus minimising the dis-

persal of radioactive products into the primary coolant

circuit.

The safety analysis of a CANDU reactor is outlined by

SainsburyJ •* who discusses barriers' to release of fission

products, the safety requirements of the Atomic Energy Control

Board, loss-of-coolant accidents, emergency core cooling and

containment. The Canadian safety philosophy requires that

each system in the plant is regarded as either a process

system (essential for normal operation) or a safety system

(to limit release of radioactivity following failure of a

process system). A "single failure" is the serious failure

of one process system, while a "double failure" is a single

failure followed by the failure of one of the safety systems.

Table III summarises this separation of function and the

release limits and reliabilities which the designer and operator

must demonstrate.
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TABLE III - Canadian Safety Philosophy

Process Systems

Heat transport

Control system

Moderator system

Electrical supply

Fuel handling system

Safety Systems

Shut-down system No.l

Shut-down system No.2

Emergency core cooling

Dousing spray

Containment, etc.

Release limits

Single failure

Double failure

Combined frequency of serious

failures should not exceed

one in three years.

(Triplicated)

(Triplicated)

Unreliability of each system to

be less than 10 ,i.e. not more

thrji one failure in 1OOO demands.

0-5 rem at boundary of plant,

10 man—rem

25 rem at boundary, 10 man-rem.

12. FLEXIBILITY

A pressure tube with its associated end fittings,

fuelling machine and standardised fuel design,constitutes a

building block that can be used without significant change

for reactors at least in the range 300 MW(e) to 1200 MW(e).

There is ample opportunity to standardise equipment items

and increased power simply requires more tube as shown in

the following table.

TABLE IV - Reactor Size Comparison (Ref-3)

Station

Karachi

Douglas Point

Pickering

Gentilly 2

Bruce

Output
MW(e)

125

208

51^
600

732

No. of fuel
channels

208 ( 83 mm)

306 ( 83 mm)
390 (102 mm)

380 (102 mm)

W 0 (102 mm)
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13. STRESS CRACKS IN PRESSURE TTOES

The reliability of the Pickering station was extremely

good until August 197^ • when unit 3 had to be shut down for

repairs. Leakage of heavy water into the gas annulus between

pressure and calandria tubes was detected during start-up,

following a scheduled maintenance shut-down. "it was found

that 17 of the 390 pressure tubes had developed small cracks

near the rolled joint that connected the tube to the end-fitting.

In the succeeding eight months techniques were developed to

replace the damaged tubes and non-destructively test all the

others, which were of a zirconium-niobium alloy, different

from the zircalloy used in units 1 and 2.

It was shown that the cracks, which were up to 1.2 cm

long, were a result of incorrect installation procedure,

which left a small portion of the tube highly stressed and

susceptible to corrosion cracking when the reactor was cold.

Changes in design of the end-fitting and to the installation

procedure have been made, which should ensure that this

problem will not occur again, (in the year following start-up

after the repairs unit 3 has had a capacity factor of

In May 1975 unit k was shown to have similar cracks,

this time in 55 tubes, and repairs -were not completed till

April 1976. The tubes in Bruce A unit 1 and 2 had already

been installed, so they were stress-relieved by heating the

stressed areas to 500°C for 30 minutes.

(36 )
A fascinating reportv ' describes all aspects of the

investigations and repairs, including the shielding developed

to protect the workmen. Pressure tests to destruction on the

cracked tubes showed that reactor safety had never been

compromised.

Though the problem of stres cracks was at first a

serious blow to the Canadian programme, it has paradoxically

led to increase in confidence in the CANDU system. The

resources of AECL researchers and industry were rapidly
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mobilised to attack successfully an unexpected problem, with

a resulting increase in understanding of these special alloys.

It is also clear that, if the need arose, a reactor could be

completely re-tubed and its working life extended beyond that

previously envisaged.

14. CANDU PROSPECTS

The main aim for CANDU reactors is a reduction in overall

cost of power with emphasis en initial capital cost reduction.

A move towards fewer but larger components, elimination of

non-welded joints, and reduction of the number of valves in

the reactor system indicates the trend in the newer Canadian

designs (see Table V).

TABLE V - Evolution of Heat Transport System Design (Ref. 7)

Douglas Pickering Bruce Gentilly 2
' Point

Net reactor power MW(e) 203 514 732 600

Main pumps per reactor 10x930 l6xl4OO 4x8200 4x5300
No. X kW

Boilers per reactor 8xl4O 12x245 8x525 4x857
No. X Mg/h
(evaporation rate)

Percent of channels 100$ 5$ 5j£ 5%
with flow measured

Approx. number of non-
welded joints per 3000 1000 25O 250
reactor, excluding fuel
channel closure seals

Approx.number of valves
per reactor
- packed stem 2000 170 75 74
- bellows sealed - 570 500 308

There is considerable scope for improved fuel design and

AECL's latest 600 MW(e) employs a new fuel bundle design.

This will increase channel rating, reduce reactor size and

substantially reduce heavy water requirements per MW(e) at the

expense of some fuel burn-up.

The CANDU-PHW does not seem to have a limit in reactor size.

A design study and cost estimate is being made for a four-unit
(7)4800 MW(e) station, using the standard pressure tube design:
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SUMMARY

The CANDU-PHW reactor is commercially viable under many

conditions and it is technically acceptable. The simple

construction using pressure tubes and the simple, low cost

fuel cycle, are attractive features. The performance of

the 2000 MW(e) Pickering station has demonstrated many of

the claims for the CANDU system and the large Canadian

programme ensures adequate support. A review of AECL and

its recent achievements, as seen by an outside observer, has
("8)been published. '

The simple fuel cycle of the CANDU-PHW followed by the

use of plutonium in any of the CANDU systems, and later

followed by the Th/U-233 cycle in CANDU reactors, ensures

that fuel costs will remain competitive even with the fast

reactors and much lower than those of LWRs.
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APPENDIX I

Description of the Canadian Deuterium Ur.inium (CANDU)

Reactor Principle

The CANDU reactor uses natural uranium oxide as fuel,

heavy water as moderator and coolant, and the heat produced

is used to convert ordinary water to steam. The NPD (nuclear

power demonstration) reactor is an aluminium tank (the

calandria) 15 m long and 17 m in diameter, through which run

132 horizontal tubes into which are inserted zirconium alloy

pressure tubes, that contain the UOp fuel rods. When enough

heavy water is pumped into the calandria, the chain reaction

takes place in the fuel rods. Heavy water "coolant" is pumped

through the pressure tubes to carry heat from the fuel rods

to a steam generator, or"boiler". ' The heavy water, at high

pressure and temperature is forced through metal tubes which

are immersed in ordinary (or "light") water. Sufficient heat

passes through the tube walls to boil the light water, and

the steam is led off to drive the turbine.

The reactor is controlled by varying the amount of heavy

water (the "moderator") in the reactor tank. To slow the

reactor some heavy water is drained into the dump tank. To

shut down the reactor quickly, the helium pressure which

keeps the heavy water in the reactor tank is released and the

heavy water drains rapidly into the dump tank.

There is a fuelling machine operated from above at each

end of the reactor. When one machine pushes a new fuel rod

into a pressure tube, a used rod is pushed out the other end

of the tube into the other fuel machine.

The fuel for NPD is about 20 Mg of natural UOg. This

consists of 1188 fuel rods, each containing about 15 kg

of l)02- Each fuel rod consists of an assembly ("bundle") of

zirconium alloy tubes containing pellets of VO^ that have

been pressed, sintered and ground and inserted in the zirc-

aloy-2 tubing.
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In the larger reactors which followed NPD some changes

were made in the methods for reactor control and fast shut-

down ("reactor trip")- In each Pickering unit control is

achieved by positioning 18 cobalt adjuster rods which pass

vertically through the lattice and are driven from above the

calandria. The main shut-down system is a set of 11 shut-off

rods made of cadmium and stainless steel, which drop into the

calandria under gravitational forces only. If shut-down

does not occur quickly enough there is an automatic moderator

dump, as described above. In the Bruce and Standard 600

designs the controi. and shut-off rods have been retained, but

the backup technique is to "poison" the moderator, by injecting

into it from pressurised tanks a solution of gadolinium

nitrate. If this were ever required the moderator would be

later purified by ion-exchange resins.

A simplified station flow diagram is shown in the attached

insert from AECL-2558 of the Pickering generating station.

Station data, Pickering unit

Net efficiency 29.1% overall

Fuel Natural VO

Moderator and reflector Heavy water

Coolant Pressurised heavy water

Type Horizontal pressure tubes

Moderator temperature Maximum temperature - 68 CQ

Temperature rise - 22.2 C
Primary coolant Inlet temperature

Outlet temperature - 293"C
Outlet pressure - 8.9 MPa*

Boilers Steam pressure at drum -4.1 MPa
Steam temperature at drum - 251QC
Feed-water temperature - 171 C

1 MPa (Megapascal) = 145 p.s.i. approximately.
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APPENDIX II

The "Breeding" Principle

Because of the importance of thorium as a fertile

nuclear fuol and its prospects in the CANDU system, a clearer

understanding of the principle of "breeding" is desirable.

In order to breed,any practical reactor must produce at

least 2.2 neutrons per fission, allowing for the unavoidable

loss of about 0.2 neutrons. The following table gives typical

values for the ratio of neutrons emitted/neutrons absorbed

for the three fissionable atoms, U-235, U-233 and Pu-239, for

both thermal and fast reactor systems.

Typical Values of Neutrons Emitted/Neutrons Absorbed

Isotope Thermal
Reactor

Fast
Reactor

U-235

U-233

Pu-239

2.01

2.25

1.88

1.93

2-31

This table shows that the greatest margin for breeding

lies in the use of plutonium fuel in a fast reactor, arranged

so that excess neutrons are captured in a "blanket" of

fertile U-238 to produce more plutonium.

To understand the reason for Dr Lewis stating that fast

breeders are not necessary, at least not the "fast" part, it

is necessary to refer to the following diagram which shows

the ratio of neutrons emitted/neutrons absorbed as a function

of neutron energy in electron volts (eV).

77-values of fissile isotopes (Ref. k)
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It is the characteristics of the three fissile atoms,

U-235, Pu-239 and U-233, shown in the above figure when they

undergo fission, that set the main parameters for nuclear

reactors. The 2.2 value of 7[ (neutrons emitted divided by-

neutrons absorbed in fission), the "effective breeding

threshold", is represented by the horizontal line in the

figure. The neutron energy regions of the bulk of the

neutrons in the thermal reactors and the fast reactors are

indicated by the shaded areas.

If we examine the area near the breeding line of Z[ = 2. 2

in the fast region, it can be seen that breeding is not

possible with U-235- It is quite possible for Pu-239, and

the conditions are best towards the higher neutron energies.

For U-233 there is the prospect of some breeding gain over a

fairly wide range in the fast reactor spectrum.

In the energy region of the thermal reactors, it can be

seen that U-235 and Pu-239 are about equal and neither offers

the chance of breeding. U-233 on the other hand does offer

the possibility of breeding, and it is this characteristic

that marks thorium (the fertile material for U-233) as a

significant future energy resource.

Thorium in a thermal reactor, where l£ = 2.2, can theore-

tically just breed with a Th/U-233 fuel cycle in a well-

designed CANDU system. The LWRs will probably miss breeding

with the best design primarily due to optimisation of costs

in the fuel cycle. In theory at least a well-designed fast

reactor using either Pu-239 or U-233 will achieve a much

better breeding gain than a thermal reactor. However, fast

breeders still have several system generations to go before

their real characteristics and real performance will be known.

Canadians believe that with the simple fuel cycle of

CANDU-PHW followed by the use of Pu-239 in any of the CANDU

systems, and later followed by the Th/U-233 cycle in CANDU

reactors, their fuel costs will remain competitive even with

the fast reactors and much lower than those of the LWRs.
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