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The Present Status and Future Development
of Heavy-Water Reactors in Canada1

by

J.L. Gray and I.N. MacKay

SUMMARY

Ten years ago the first Canadian-designed nuclear power plant, generating 22 MWe, commenced
operation. There are now 15 units, totalling some 6800 MWe, operating or under construction,
with more planned. The performance of the first three fully commercial units at Pickering has
been exceptionally good. A severe heavy-water shortage caused by the failure td operate of the
first heavy-water plant should end by about 1974. One new plant is in production and a third, of
double the capacity, is in the commissioning stage. The increasing cost of new hydro development
and of fossil fuels requires a r?oid increase in nuclear power development in most parts of Canada.

Development work intended to reduce the cost of power from reactors moderated and cooled
by heavy water, without sacrificing reliability, is being actively pursued. Much of this can be
applied to existing .eactors, principally to reduce fuel cycle costs. Two new cooling systems are
being investigated. The boiling light-water system is in operation in the 250 MWe plant at Gentilly,
Quebec and a preliminary design for an organic-cooled prototype is being prepared. At this stage
each system appears to have unique advantages. Improved methods of producing heavy water are
also under development.
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Etat actuel et developpement futur des
reacteurs a eau lourde au Canada1

par

J.L. Gray et I.N. MacKay

Resume

La premiere centrale nucleaire de conception canadienne produisant 22 MWe a commence de
fonctionner il y a dix ans. II existe maintenant quinze centrales totalisant environ 6 800 MWe en
service ou en construction et d'autres sont prevues. La performance des trois premieres unites
commerciales de Pickering a ete exceptinnnellement bonne. La grave penurie actuelle d'eau lourde,
due a I'impossibilite de fonctionnenient de la premiere usine d'eau lourde, devrait prendre fin vers
1974. Une autre usine a commence de produire de ''eau lourde et une troisieme, dont la capacite
sera deux fois plus grande, est actuellement mise en service. Le cout grandissant des nouveaux
developpements hydrauliques et des centrales a combustible fossile exige une augmentation rapide
des developpemonts electronuoleaires dans la plupart des regions du Canada.

Les travaux de developpement ayant pour but de reduire le cout de Pelectricite provenant de
reacteurs moderes et refroidis par eau lource, sans porter prejudice a la fiabilite, sont poursuivis
activement. Une grande partie de ces travaux aura des applications dans les reacteurs exist ants,
principalement pour reduire le cout des cycles de combustible. Deux nouveaux systemes de
ccloporta£e font actuellement l'objet d'une etude. Le systeme a eau legere bouillante est deja
employe dans la centrale Gentilly de 250 MWe au Quebec et l'etude preliminaire d'un prototype a
caloporteur organique est en bonne voie. A l'heure actuelle, ces deux systemes semblent
prometteurs. Par ailleurs, on s'efforce actuellement de mettre au point des methodes ameliorees
pour fabriquer l'eau lourde.
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The Present Status and Future Development
of Heavy-Water Reactors in Canada

by

J.L. Gray and I.N. MacKay

Present Status

The production of nuclear electric power in
Canada commenced with the operation of the 22
MWe NPD (Nuclear Power Demonstration) station a
little over ten years ago. Most of the basic concepts of
reactor design and operation employed in our latest
nuclear stations, which are among the largest in the
world, were first proved out in NPD.

Canadian-designed nuclear power plants operating
cr under construction in Canada. India and Pakistan
will provide some 6800 MWe. Our most populous
province, Ontario, which operates one of the three
largest electrical power utilities on our continent, will
generate over 25% of its total power from nuclear
energy in 1990. Canada is currently among the first
half dozen users of nuclear power, and we have about
a quarter of the world's reasonably assured uranium
reserves—so we have a significant programme aid a
significant stake in nuclear development that is
generally recognized as important.

In 1966 a plant similar to NPD but larger (200
MWe), was started up at Douglas Point. The first
three of four fully commercial 500 MWe units are

now operating at Pickering, near Toronto; their
performance has been conspicuously troublefiee. The
fourth unit will come into operation in 1973. The
station is shown ;„ Figure 1. Four units of 750 MWe
each are under construction at the Bruce Generating
Station near Douglas Point, and initial start-up is
scheduled for 1975. Figure 2 shows the Bruce
Generating Station with the first of four reactor
assemblies arriving by barge. A 125 MWe plant is
operating near Karachi, Pakistan (Fig. 3), and the first
of two 300 MWe units commenced operation in
August, 1972, at Rajasthan, India (Fig. 4). The
Indians are independently building two more units of
the same design, with an 80% domestic content
When India bought its first experimental reactor from
Canada in 1956, it was certainly a "developing
nation"; with respect to nuclear power, at least, it
would now appear to have passed this stage.

In the Hydro-Quebec system, at Gentilly, we have
in operation a 250 MWe pressure tube, heavy-water-
moderated prototype plant, using boiling light water
as the coolant (Canada Deuterium Uranium: CANDU-

Figure 1 — Aerial view of the
Pickering Generating Station
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BLVV), whereby the steam produced in the reactor is
supplied directly to the turbine. This reactor is being
used to provide operational data, particularly with
respect to fuel performance when cooled by boiling
water and steam with qualities of up to 40%, using
natural uranium fuel as the normal fuel, although
enriched fuel experiments will be considered. Studies
are proceeding on an advanced design of BLW, which
will probably be optimized for plutonium enrich-
ment. In the meantime, because we want to obtain
more operational experience before committing a
full-sized station of this type, Hydro-Quebec has
committed the construction of a 600 MWe unit
generally similar to those at Pickering to provide
base-load power, starting in 1979. It will be built at
the site of the Gentilly BLW plant and is known as
Gentilly Two.

The performance of the Pickering units has been
most gratifying. This is indicated in the graph in
Figure 5, which shows the successively shorter
periods from first going critical to the achievement of
full power. The data are from the time of start-up
until the end of June, 1972, when a strike of
operators caused the nuclear plant to be shut down
for several months.

The first unit of Pickering reached full power a
little over three months after first going critical,
during which time many type tests and other experi-
ments were carried out. Certain minor modifications
were also found to be necessary and were promptly
applied to the subsequent units. The second unit
required 53 days and the third, 18 days, or 77 days
less than Unit 1. The value of the power produced by

Figure 2 — Bruce Generating Station.
Arrival of the core structure for
No. 1 Unit

Figure 3 — Karachi Nuclear Power
Plant — general view.
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Unit 3 during these 77 days would be nearly $6
million at 6 mills per kWh.

During the 12 months ended June 30, 1972, the
average capacity factor of Douglas Point reactor was
41%. In the last year or two, it has been used to
provide important statistical data on the performance
of fuel, including the effects of patterns of loading,
power variations, and fuel bundle design. With a low
failure rate of about 1%, data on the performance of
a large number of fuel elements are necessary to
prove out changes in design or operational modes.
Operation of the plant is now considered routine and
it will soon be a regular operating unit in the Ontario
Hydro system.

HAT MM Ml

Figure 4 — Rajasthan Atomic Power
Plant - general view. Photo: DAE.
India

Figure 5 — Pickering Generating Station capacity
factors to June, 1972

The NPD power plant is used primarily for training
operators during most of the year but is operated on
base load during the periods of highest demand,
generally the months of December, January and
February. During the last five winter runs, its average
capacity factor has been over 96%. It was converted
to boiling coolant in 1969 in order to gain expertenttt
with the effects of boiling water in horizontal
channels. The experiment was successfully completed
and the plant has since been converted back to its
original cooling system, pressurized heavy water. New
fuelling machines were installed in 1969. They have
proved highly satisfactory, and their design features
offer an attractive alternative to the Douglas Point
and Pickering fuelling machines. NPD has provided
extensive and valuable information on fuel perfor-
mance, coolant chemistry (boiling as well as non-
boiling), radiation effects on pressure lubes and
heavy-water conservation, to name only a Tew areas.

Our most urgent problem is the supply of taavy
water. The first attempt by private industry to build a
large-scale plant in Canada, that of Deuterium of
Canada Limited at Glace Bay, Nova Scotia, ended in
fai'ure after the expenditure of some $75 million.
The lack of its projected production of 400 tons of
heavy water a year has caused us severe embarrass-
ment. However, a second plant with similar rated
capacity, built by the Canadian General Electric
Company at Port Hawkesbury, Nova .Scotia, is now in
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production. This, together with the generous co-
operation of the United States Atomic Energy
Commission and its counterparts in Argentina,
Russia, Sweden and Britain in selling or lending us
whatever heavy water could be spared, is helping to
tide us over until domestic production meets our
requirements. In addition to the operative CGE plant,
AECL has built an 800-ton-per-year plant near
Douglas Point which is now in the process of starting
up. AECL has also undertaken the rehabilitation of
the Glace Bay plant, so that by the mid-1970s Canada
should have a production capacity of about 1600
tons of hea"y water per year.

Future of Nuclear Power in Canada

Canada is well endowed with fossil fuel deposits
but their location precludes their economic use in the
most highly industrialized areas of the country,
Ontario and Quebec. We also have large quantities of
undeveloped hydro power, but some of the sites are
either too far from the present load centres to be
economical, in spite of improvements in very high
voltage transmission, or pose environmental problems
that will delay or even prevent their development.

Major Canadian utilities, particularly Ontario
Hydro, are facing the necessity of importing
increasing quantities of fossil fuels, with their
associated problems, or turning to nuclear power for
additional energy. A strong and increasing nuclear
power programme based on sound economics and
national independence for fuel supply is clearly
assured.

The primary objective of this programme is to
provide economical nuclear power for use in Canada.
Export orders for nuclear power plant would provide
work for Canadian industries, and the increased
production load would tend to reduce our manu-
facturing costs. However, our major programme is in
Canada and it is becoming large enough to give us a
good load distribution in our design offices and
related industries. Canada, particularly Ontario, has
strong electric inter ties with U.S. utilities and has
been a net exporter of power for some years. The
construction of nuclear plants in Canada primarily to
export power to the U.S. is receiving serious
consideration.

We now know that heavy-water-moderated pres-
sure tube reactors meet Canadian needs ideally today
and for the foreseeable future. We expect that when
the performance of the Pickering plant is really

understood, along with the potential of the system
for development, and when our offers on the world
market for similar plant are accurately analyzed and
compared with alternatives, foreign utility operators
will realize that these reactors offer them an attrac-
tive alternative to other energy sources.

The Indian Atomic Energy Commission has
demonstrated that it is possible, even for a "deve-
loping nation", to build the major portion of its own
pressure tube heavy-water-moderated reactors. We are
not planning for a large or continuing export market
for complete reactors to any particular utility or
country where reasonable industrial competence
exists. We would expect a continuing participation in
the export field for specialty items of equipment,
some materials such as heavy water, and, for a limited
period, nuclear fuel for the CANDU-type reactor
system. We have entered into agreements to exchange
technology with several countries in the belief that
each will gain from the other's experience. Countries
with which we are co-operating to various extents
include Britain, France, India, Italy, Japan and the
United States.

We believe more firmly than ever that the use of
heavy water, associated with natural or very slightly
enriched uranium, provides us with the route to the
lowest costs in nuclear power and the most efficient
use of our uranium — and later thorium — reserves. In
international competitions we have seen that our
all-inclusive capital costs were only a few per cent
higher than the lowest, which leads us to conclude
that they could match any other, given increased
rates of production. Heavy water is an important item
of cost and we expect to lower the amount per kWe
in future designs. We, of course, must offset the cost
of heavy water in our system by lower fuel costs to
remain competitive. Our fuel cycle costs are approxi-
mately one-half those of conventional enriched-fuel
reactors. I will discuss briefly later why we do not
think we will require fast reactors for a long time, if
ever.

Development Programme

Most of the development activities concerning
pressurized, heavy-water-cooled reactors — (PHW) our
main line — are aimed at reducing the overall cost of
power. This includes statistical studies of the perfor-
mance of many hundreds of components to deter-
mine where maintenance costs are excessive and
improvements are indicated. In the past, we have put
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great effort into the control of heavy-water leakage,
the improvement of shaft seals for the main pumps,
and ol the reliability of fuel handling systems. We can
safely say that the bulk of this work is now behind
us, and that we have arrived at satisfactory design and
operational philosophies in these areas. The chart in
Figure 6 shows heavy-water leakage rates for
Pickering Units 1 and 2. A rate of loss of heavy water
of 1 kg/h represents less than 2% of the value of the
power generated.

In the maintenance of any reactor it is necessary
that certain operators be exposed to low radiation
fields for times which are strictly limited by regu-
lations and closely controlled and monitored. The
cost of a man-rem is considered to be in the order of
$5000. This has led to the analysis of the mainte-
nance operations associated with new reactor layouts
with respect to a "man-rem budget". The layout and
equipment can then be designed so that the total
exposure of the operators is kept to a minimum, and
balanced with respect to the value of the work
accomplished.

The high neutron efficiencies of heavy-water-
moderated reactors and the flexibility of their
fuelling systems have provided us with an oppor-
tunity of examining the application of new fuelling
programme concepts to existing reactors. We are
studying the interaction of fuel construction and fuel
cycles; high power density, by itself, leads to cheaper
reactors, and high sheath temperatures provide the
opportunity to increase thermal efficiencies. But the
production of fuel to withstand this higher duty is
likely to require design changes which may affect the
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cost. In the last couple of years the Douglas Point
reactor has been used to obtain statistical data on the
effects on fuel performance of many of these
variables. We now know the conditions under which
some fuel sheath failures may be expected and
fortunately have developed fuel designs to circumvent
such failures.

We are carrying out a study of the design and costs
of a station with multiple 1200 MWe units. The use
of a standard design of pressure tube, which is nearly
optimum over a very wide range of reactor sizes,
enables us to do this study with a high degree of
confidence, but with relatively little new engineering
or development work. If the larger units appear
significantly more economical than the 750 MWe
units under construction at the Bruce plant, they will
be considered first by Ontario Hydro for the early
1980s. The reactor does not appear to limit the
maximum size of these units. We have also taken a
preliminary look, with very encouraging results, at
the ability of 200 MWe units to compete with
fossil-fuelled generating stations in Canada and over-
seas. The competitive economics of such units depend
in part on the successive construction of several units
of the same size and design.

Although much of the development programme
for the PHW is directly applicable to the BLW, since
both are water-cooled reactors, we do have a
programme related solely to the light-water-cooled
pressure tube system.

The BLW at Gentilly provides better steam condi-
tions and hence somewhat higher thermal efficiencies
than our PHW reactors, because of the elimination of
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Figure 6 - Trends in heavy-water losses - Pickering Units 1 and 2 (3 month average)
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the heat exchangers. In its light-water-moderated
counterpart, common in other parts of the world, the
savings from the elimination of heat exchangers are
largely balanced by the additional cost of a consi-
derably larger pressure vessel; there is no corres-
ponding additional cost in heavy-water reactors.
However, the operation of a BLW with natural
uranium introduces control stability problems, which
have been overcome with the Gentilly plant at some
additional expense. The use of enrichment with a
reduced lattice pitch reduces these problems at some
cost in neutron economy and reduces the capital cost
of the plant; this type of reactor may turn out to be
particularly well adapted for recycling plutonium.
This is, of course, the Japanese approach and is
similar to the CIRENE reactor. The British SGHWR
(Steam Generating Heavy-Water Reactor) is another
version whose good control characteristics are
obtained by sacrificing neutron economy. In the
meantime, Gentilly, which has now had several
months of very successful operation at full power,
will be used to provide statistical data on such
quantities as acceptable limits to power density and
steam quality, and to investigate various aspects of
the control systems over the next two or three years.

We have no experience, or even reliable estimates,
of the costs of producing plutonium-enriched fuel on
a commercial scale. We know the extreme toxicity
must increase costs, but whether this increase will be
sufficient to preclude the economical recycling of
plutonium we do not know. Recycling plutonium is a
more urgent economic problem for other reactor
systems, and there is no incentive for us to take the
lead in this area. However, we are maintaining a
limited plutonium fuel development programme.

Organic coolants introduce a new set of advantages
and problems. The organic-cooled experimental
reactor, WR-1, at Whiteshell has been operating with
remarkable availability. Its operation has demon-
strated not so much the absence of problems, but to a
great extent the ease with which these have been
solved. An early example was the use of a
"temporary" coolant, HB-40, which was considered
to have desirable properties for commissioning the
coolant system, but to be unlikely to have satis-
factory properties under radiation. It is much cheaper
than the coolant originally proposed and has turned
out to have excellent propertiea It is now considered
quite satisfactory for a full-scale power reactor.

The negligible radioactivity of the cooling system
is an outstanding operational advantage. The high

steam temperatures possible with organics should lead
to high thermal efficiencies. When condenser cooling
water is at a premium, cooling requirements can be
reduced to 60% of those of a PHW. The possibility of
attaining higher power densities than those obtainable
with water coolants seems likely to provide the most
attractive avenue for the use of thorium; this would
extend our nuclear fuel reserves indefinitely by
breeding U-233. Organic coolants are compatible with
uranium carbide fuel, which offers higher neutron
economy than oxide fuel but which cannot be used
with a water coolant. A study now being undertaken
of the design of a 500 MWe organic-cooled power
plant should indicate the potential cost reductions
obtainable by this route. The position of the
CANDU-OCR in the Canadian programme, as a
full-scale nuclear power prototype, will become much
clearer in the next few months as we evaluate the
relative positions of the options open to us.

With respect to the three Canadian heavy-water
production plants mentioned earlier, our arrange-
ments are such that each may take whatever
advantage is practicable of what is teamed from
operation of the others. While the Bruce plant is built
essentially to the same design as the Port Hawkesbury
plant, certain improvements in detail were incor-
porated on the basis of experience. In the case of the
Glace Bay plant, the application of so many people to
GS process technology over the years up to 1971
naturally brought about some evolutionary improve-
ments in the basic process and these have been
incorporated in the design for Glace Bay. Even in the
last few months, reports on several new ideas lead us
to believe that the full economic potential of the GS
process for heavy-water production has yet to be
realized.

In parallel with our work to improve the GS
process, we are proceeding with a number of develop-
ments concerning alternative processes. Our work on
the hydrogen/amine process shows promise of a ten
to twenty per cent reduction in the cost of produc-
tion. To avoid limitation of the application of this
process by the availability of hydrogen streams, we
are attempting to develop a steam/hydrogen exchange
process as a head-end unit for a hydrogen/amine unit.
We also have developed new catalyst techniques
which bring heavy-water production by hydrogen/
water exchange very nearly into competition with the
GS process.

None of these new processes are expected to be in
commercial operation for some years yet. In the
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meantime, additional heavy-water production
amounting to the equivalent of a few 400 ton/year
plants will have to be built in order to satisfy our
domestic requirements alone.

I will conclude this summary of our development
work by mentioning one field in which we have no
significant effort in our present programme or plans.
This is the field of fast reactors. Our reasons for the
lack of a programme are several. Through technical
exchange arrangements and open scientific and
technical literature, we keep informed of the state of
the programmes in other countries. We are not sure
that acceptable solutions can be found to some of the
extremely difficult problems involved in building a
viable fast reactor, such as the requirement that the
fuel sheath material be able to stand up to unprece-
dented levels of fast neutron bombardment. If
solutions to these problems prove satisfactory, we are
not in the least sure that they will be economical in
the light of heavy-water reactor power costs.
Although fast reactors have been promoted for their
highly efficient use of uranium fuel, the potential of
thorium has received little consideration. Further, in
a growing system such as we expect to have in Canada
for many decades, even the best breeders would be
unable to produce sufficient surplus plutonium for
the initial operation of new breeders. Plutonium or

enriched uranium would have to be supplied from
other sources. Whether these sources are thermal
reactors or enrichment plants, the uranium require-
ments would actually be much more than they would
be with a programme using uranium and thorium fuel
cycles in heavy-water reactors.

In closing let me summarize briefly:

1. In our CANDU-PHW system, we in Canada have
clearly demonstrated, to our satisfaction at least, that
we have a reliable, economic system that will remain
so for many years.

2. We see ways of improving the CANDU-PHW
system and, equally important, we see the probability
that other coolants, light water and organics, will
open up many avenues for significant development in
the years ahead.

3. The flexibility of the fuel cycles in our reactor
systems is a most attractive feature, due not only to
the low fuel-cycle cost, but also to the efficient use of
uranium and the very good prospects for the efficient
use of thorium.

4. To us, these unique attractions more than justify
the concentration of our programme on heavy-water
pressure tube reactor systems.
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