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CANADA, THE QUALITY OF LIFE AND NUCLEAR ENERGY

by

W. Bennett Lewis

ABSTRACT

The discoveries of the neutron, of fission and of the nuclear
chain reaction have led to the realization of basically simple
economic nuclear power reactors. Mankind now has the respon-
sibility of making the abundant energy prospectively under his
control available to raise not only the lifespan and standard
of living of most of the world population but also to improve
the quality of life. Not only adequate food, clean air to
breathe, wholesome water to drink or to swim in for the whole
population of the world, but also a high quality in the
cultural arts, in travel, communications and other aspects of
life could result from cooperation.

The Canadian line of heavy-water-moderated reactors is still
in its early years with prospects of great improvement,
especially with the organ_c liquid coolant to serve agro-
industrial complexes after about 1985. Still further ahead
are other means, like ING, of producing the small excess of
neutrons needed to turn near-breeder fission reactors into
breeders supplied only with thorium as fuel.

The preservation of the spectacle of Niagara Falls in a devel-
oped park with flowers serves in Canada as a primitive illus-
tration of what can be done.
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AECL-3683



Le Canada, la qualité de la vie et l'énergie nucléaire

par

W. Bennett Lewis

Résumé

Les découvertes du neutron, de la fission et de la
réaction nucléaire en chaîne ont conduit à. la réalisation de
réacteurs de puissance fondamentalement simples et économiques.
L'humanité a maintenant la responsabilité de tirer partie de
l'énergie abondante dont elle va disposer non seulement pour
prolonger la durée de la vie et pour améliorer le niveau de
vie de la plus grande partie de la population mondiale, mais
aussi pour améliorer la qualité de la vie. Cette énergie
devrait permettre d'avoir des aliments adéquats, de l'air pur
pour respirer, de l'eau saine pour boire ou pour nager. Grâce
a elle, les beaux-arts et autres manifestations culturelles,
les voyages, les communications, etc. connaîtront de grands
progrès par suite de la coopération de tous.

La filière canadienne des réacteurs modérés à eau
lourde n'a fait que ses premiers pas. De grands perfectionnements
sont attendus. Des réacteurs dont le caloporteur sera un liquide
organique pourront desservir des complexes agronomico-industriels
vers l'année 1985. Plus loin dans le futur nous disposerons
d'autres moyens, le générateur du flux intense de neutrons qui
permettra de produire la quantité de neutrons nécessaire pour
transformer les réacteurs quasi-surgénérateurs en surgénérateurs
n'employant que du thorium comme combustible.

La conservation du spectacle des chutes du Niagara au
milieu d'un parc fleuri est une image prometteuse de ce que l'on
peut faire au Canada.

AECL-3683
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For nuclear energy the years 1932, 1942, 1953 and 1964 were years
of miraculous change. Changes of general outlook take place rela-
tively slowly, composed as they are of thousands of moments of
inspiration of individuals and of hundreds of thousands and even-
tually tens of millions of moments of communication. Sometimes
the seed falls on stony ground or weeds grow up and choke it and
we forget the marvel, so I will remind you. It is embodied in
the title of a paper I presented at an international meeting just
over a year ago "Mutual Confidence the Key to Unlimited Energy".
Man nicd have no fear of being short of energy, or of food or of
clean air to breathe, wholesome water to drink or to swim in, if -
but it is a big if - if we can work together without abusing each
other. The basic science is now adequate, although slim, and we
need more; the cooperation is still woefully lacking. That "if"
is a centuries old problem and the understanding of nuclear energy
has not solved it. For all the first 30 years of my life man did
not know how all the people then born could be fed. Millions have
indeed died of starvation. Moreover it was customary to interpret
recent history and its wars in terms of the possession or lack of
nature's resources. The miracle of understanding how to control
nuclear energy changes all that, and we may squarely blame all our
economic troubles on the human vices of selfishness, envy, cruelty,
hatred and false witness, particularly false witness.

At the present time it is popularly suggested it would be enough if
wars and pollution ceased, but we can set even rational hopes much
higher, especially in Canada, where we can achieve not only a high
standard of living but also a high quality of life.

Think back to the essentials of a farm fifty years or many centuries
ago. The essentials were a family or group working together, sun
and climate suitable for crops, farm animals, a separation of clean
water from sewage and clcjan food from refuse for both animals and
man. Those were essentials for survival. Then the improvements
came, better shelter against weather, against wild animals and pests,
dry storage for winter food, more convenient access to water, a



- 2 -

kitchen garden, fruit plantations, better agricultural implements
and labour saving devices, attractive clothing, ornaments, toys
for the children, and a flower qarden. For living, this is jud-
ged a better environment than the natural wilderness. Even so,
given the opportunity, many preferred to live in larger groups in
villages, towns and cities, with engineered water supplies and
sewage systems, roads and utility services such as gas, electricity
and oil. Given these bases, gardens are added, also city parks,
theatres, arenas, playing fields, factories, railway stations,
airports, motorways, museums, art galleries, and stylish dress.
This urban-industrial style of life supports a much larger popula-
tion than subsistence farming and the size of a metropolis grows
until people prefer to live - and can make their living - outside
in suburbs or satellite towns. All this discussion of man's ways
of life is to provide a setting for the remark that nuclear energy
despite its miracle appears as an addition in the common style.
Even a flower garden needs its compost heap and rubbish pit, so a
nuclear power station needs a uranium mine or its equivalent, and
in the long run a reprocessing plant and a radioactive waste manage-
ment area. Properly located they can improve the environment.
I am not suggesting that an average sewage treatment plant is itself
attractive but neither it nor a radioactive was*e management plant
need be offensive to the nose or the eye. Town planning with or
without nuclear plants can lead to an attractive ensemble. In
fact if nuclear plants were not clean they would be hazardous. In
the early days before fission there were hazardous conditions around
some uranium or radium mines and in luminous dial painting factories,
but guided by the ICRP which is short for the International Commis-
ion on Radiological Protection, all recent works have spread no
significant hazard, always of course excepting the nuclear weapons
business which now serves only to delay the peaceful development.
(See the United Nations' report XXII A/6858 on The Implications of
Nuclear Weapons 1967, U.N. Publication Sales No. E68. IX. 1.)

The key to understanding how to engineer nuclear energy is based
fundamentally on the neutron, a component of atomic nuclei dis-
covered only early in 1932, the first of the nuclear years of marvel
when discoveries also included artificial nuclear disintegration that
led to the production of plutonium and U-233 and the existence of
deuterium that makes heavy water.

Ten years later in 1942 the great event was the achievement of the
neutron-induced fission chain reaction and its control in the first
pile, as it was then called or nuclear reactor. These achievements
and the measurement of the energy released were kept secret among
the relatively small group who needed to know. Although I was myself
reasonably well grounded in nuclear physics, and I learnt a great deal
from the Smyth report published in 1945 after the bombs, it was only



when I came to Chalk River in 1946 that I was handed a slim docu-
ment of three foolscap sheets by Cockcroft with numbers essential
for designing reactors. In particular these numbers showed how
in the long term all the vast store of energy in uranium and thor-
ium might be harnessed by means of fast breeder reactors on the
uranium-plutonium cycle or by thermal breeder reactors on the
thorium-uranium 233 cycle. Curiously one of the biggest diffi-
culties at that time was thought to be that only a few thousand
tons of uranium were known to be available at a reasonable price
to start the process.

Between 1342 and 1953 the scene changed miraculously again. In
1953 we had a very much wider view, we knew how we could launch
into nuclear reactors that would produce electricity competitively
with that from coal in Ontario where a large coal-fired generating
station, the R.L. Hearn plant in Toronto, had already been built.
We could start with natural uranium and heavy water. Very much
more uranium had been found in good quality ores. In parallel
with the major study headed by Palmer Putnam in the United States
published in 1953 under the title "Energy in the Future", I was
able to develop the prospect that by 1980 the use of nuclear power
in Ontario could save buying $300,000,000 of coal per year from
the United States. That projection is still good. (The secret
of making successful prophecies is to stop short at what is reason-
ably certain and not to embellish the picture with details, for
there have been several unforeseen changes.) By 1953 several other
ideas had also entered the energy picture. H-bombs had been
exploded showing that we had another potential means of producing
neutrons on a large scale for increasing the supply of fissile
materials. Another significant means of producing neutrons had
also been recognised in the spallation of heavy nuclei - such as
(lead, bismuth, uranium and thorium) by protons or other light ions
accelerated to some hundreds of MeV. We pursued this later at
Chalk River from 196 3-196 8 in the ING proposal that I will refer
to later as it may yet become important.

My next selected year is 1964 when the United States became con-
vinced that they could build commercially competitive nuclear power
reactors. They were not the first. 1955 had been the great year
of communication when at the First United Nations Conference on the
Peaceful Uses of Atomic Energy most of the secrecy was swept away
and everyone could see the vision of nuclear energy supplying the
world's needs. The very next year the U.K. moved on their cautious
approach opening the first of the Calder Hall, CO2 cooled natural
uranium graphite-moderated reactors that produced both weapons grade
plutonium and electric power. These reactors served them as the
prototypes for their Magnox reactors. In Canada in 1956 the
engineering study at Chalk River produced the basic CANDU 200 MW(e)
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design used in the Douglas Point station. In 1957 we switched the
design of NPD at Rolphton to the same type to serve as a 20 MW(e)
demonstration. All three countries were, however, taken by sur-
prise by the reaction of those building coal-fired stations. They
moved to much larger capacity plants and the price of coal did not
rise as they had forecast but was held down by improved techniques.
For the next eight years nuclear power found itsalf directed to a
moving economic target. Here in Ontario the cost of thermal power
from coal fell from 7.5 mill/kWh in 1953 to 4.2 mill/kWh in 1964.
In order to compete, nuclear power plant designs hc;d to be scaled
up from the 150 to 200 MW(e) range to 500-800 MW(e) together with
the very special designs of ste^m turbines required.. By 1964 this
had been done and all three countries could go forward on their own
developed lines to build economic reactors. In Canada the 200 MW(e)
Douglas Point design was scaled up to the 500 MW(e) Pickering design.
In the U.S.A. both the boiling water reactors (BWR) and pressurized
water reactors (PWR) were scaled up to the range of 540 to 1150 MW(e).
In the U.K. the Magnox reactors were superseded by their AGR, Advan-
ced Gas Cooled Graphite Reactorrat 600 MW.(e) . These large plants,
however, take several years to build and the first units are coming
into operation now over the period 1968-71.

1964 was the year of the Third United Nations Conference on the Peace-
ful Uses of Atomic Energy, so again there is much documentation of
our thinking at that time. In some ways the prospects are even
better now. Before presenting these there are three more points
bearing on the Quality of Life that should be mentioned.

Abundance allows optimum instead of total utilization of an
energy resource

No energy source need be developed to its utmost capacity. At
Niagara Falls by agreement with the U.S.A. 100,000 cubic feet per
second (about half the average flow of the river) comes over the
crest during the hours of daylight in the tourist season. After
dark and at other times the flow may be cut to half. The demand
for power is, however, greatest for industry in the daytime so
the extra water is taken through the tunnels in the night and
pumped to a reservoir at a slightly higher elevation to generate
power during the day. (Fig. 1). At the same time the whole area
alongside the Niagara gorge is developed as a park that is very
pleasant at many seasons. The greenhouses are a welcome refuge
from the wind when the falls are an ice spectacle. The surround-
ing districts of Ontario, Pennsylvania and New York State are all
also installing nuclear electric generating capacity. There used
to be spectacular falls, the Montmorency Falls, near Quebec City
until the water was taken for hydro-power. Someday it may be
judged worthwhile to restore the water to its old course at other
than times of flood. Other values may be preserved elsewhere such
as fisheries in some rivers, or fertile sheltered valleys and sites
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FIGURE 1

of historic or natural attraction. For although Canada has many
beautiful river qorges and waterfalls, it is a large country and
they can be far away. At other places the headwater lakes and
storage basins are judged to have improved the amenities.

Just as in the case of hydro-power it is not reprehensible if it
seems good, safer or more profitable to utilize only part of the
energy from coal, oil, gas, uranium or thorium. In one place in
Canada natural gas is used with hot water to extract oil from tar
sands. Some people have expressed concern about "the indiscrimi-
nate use of natural fuels leading to their rapid exhaustion in
certain areas". There is another side to this question, these
local sources of natural fuels offer a convenient base for building
up an industry with a minimum of capital investment. But when the
industry is flourishing it need not fear a shortage for on a large
scale, nuclear energy can be brought to the rescue almost anywhere
in the world. It will be clear that the widest and most profit-
able use of natural fuels establishes the capital to make energy
available when the natural fuels have been exhausted.
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The larger the effort the lower the unit energy cost

There is something very rewarding to the humai: spirit about working
on a very large project even in a siuall capaciv.y. It is a feature
of nuclear energy that in terms of human effort a very large effort
is needed and the larger the effort the lower can be the unit cost
of energy. As Dr. Bhabha so wisely observed "No power is so
expensive as no power", There are enormous possibilities and
millions of people and their children are now living, in the poorer
nations of the world, who can learn in their lifetimes how to work on
major power projects, for pumping water, for desalting water for
making fertilizer and so on. Many have appreciated these possibili-
ties for which the basic technology exists and the technological
advance amounts only to spreading the knowledge and skills to a very
large number of people. Such projects have been given the name
"nuplexes" short for "nuclear powered agro-industrial complexes".
One special case has been worked on to which Canada has much to
offer, the Uttar Pradesh or Ganges Plain project. Canada is not
going to build this. India and Indians will build it. Canada
has already learnt how to cooperate with India on nuclear projects
on a smaller scale.

Some people are scared still by the large scale and argue that what
developing countries need are simple schemes giving work to many men
at small capital expense. I am not arguing against such a view, but
it should not exclude the large scale projects that can be developed
and undertaken. Leaders in the developing countries are anxious
not to have to tread the paths others abandoned decades or even
centuries ago.

Beneficial and Hazardous Effects of Radioactivity

Whether nuclear energy is produced by fission alone or some com-
bination of fission, fusion and spallation, there will be produced
a great deal more radioactivity than now exists in the world. So
far, except for the bomb explosions in the atmosphere, very con-
servative and strict controls over the use of radioactive materials
have been adopted throughout the world and it seems this must
continue. Some people have forecast the large scale use of the
fission products especially C S 1 3 7 as a gamma ray source and Sr90

as a beta-ray source for irradiation and secondary power. But
due to the necessary controls the cost of such uses is not negli-
gible and it seems impossible that more than a small fraction of
these isotopes would be so applied. Probably more than 90% of
all fission products will be managed with the wastes. Tritium
(12.26 yr half-life) and Krypton-85 (10 yr half-life)will need
special treatment. In the course of time, measures will have to
be agreed on a world scale concerning the amounts of tritium and
krypton-85 that can be allowed to escape, since once released they
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would be practically impossible to retrieve. Compared with other
isotopes of similar half-lives both are relatively non-toxic,
tritium because of its low energy and rapid dispersal, and krypton
because of its chemical inertness leading to low biological inter-
action. Very little krypton need be released and measures for
its retention are already envisaged. The large amounts of tritium
involved in fission, fusion (including peaceful nuclear explosions,
e.g. Plowshare projects) and in heavy-water-moderated reactors will
in time call for special measures for retention as yet only sketchily
envisaged. Relatively small amounts of tritium are already used
with phosphors for illumination. The perpetual management of
radioactive fission products even on the large scale envisaged
does not seem a severe problem. The method developed at Chalk
River (AECL-605) of embodying high level wastes in a form of glass
and burying these in the ground in suitable locations where ground
water is under control was described at the 1958 Geneva Conference
and more recently (AECL-3014) at a 1967 Symposium of the Inter-
national Atomic Energy Agency in Vienna and seems very satisfactory.
A similar technique has been adopted on a much larger scale for the
fission product wastes from the plutonium production plant at Hanford.
Relatively few sites should be needed in the world and since fresh
fission products of greater activity will always be arriving the
cost of management in perpetuity is related to the current level of
operations at any time and so seems acceptable at = 0.01 mill/kWh.

The beneficial uses of radioactive materials and their radiations are
so numerous and already widespread that means of control and regula-
tions and procedures for shipment are rapidly becoming adopted inter-
nationally and financed from current operations. Their use has led
to mutations of grain crops with increased yields,shorter growing
times, better disease resistance, stronger and shorter steins; also
to the local eradication of pests by the sterile male technique;
preservation of food, including potatoes, fish and fruits?
deinfestation of stored grain and egg products. Cobalt-60 has
special value for food preservation because its y-rays are not
able to release neutrons that can induce radioactivity, it has
found use also in cancer therapy, in the sterilization of packaged
medical supplies, in the strengthening of wood products by radia-
tion grafting, and other uses. As research tools radioisotopes
have proved so important that they have been described as the most
important advance in aids to biology since the microscope, the
next such aid will be the computer and then perhaps neutron spectros-
copy. Radioisotopes have proved invaluable in hydrology and seem
likely to solve, given time, the problem of understanding the
behaviour of carbon-dioxide in the earth's atmosphere that could
cause changes in the climate in either direction as we burn more
coal, oil and natural gas. Radioisotopes also can provide power
on a small scale for long lived electric batteries for uses ranging
from heart pace-makers to remote navigation lights and auxiliary
power for space applications, e.g. SNAP-projects. Only a fraction
of the uses have been mentioned. Canada is active in the production
mostly here at Chalk River and in marketing and uses of radio-
isotopes over almost the whole range.
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Large Scale Power

Turning from these difficult-to-measure aspects of nuclear energy
that improve the quality of life, to the major use as a source of
energy for industry, for space heating, for air-conditioning, water
desalting and all the many uses to which electricity can be put,
we come firmly into the realm of economics where fractions of a
mill/kWh determine the choices between systems. Here Canada is
also well launched.

Before explaining the details of our system, I should perhaps point
out that some people in the world want to stop all nuclear work,
others to delay large scale use until more is known about the
biological effects of low doses of radiation. I say if we do
not go on we are back in tne certain knowledge that millions will
die of starvation. Worse still, world tension could lead to
nuclear war. No one can promise there will be no nuclear war
but the more people we can get to think like us about the beneficial
effects of nuclear energy the smaller the chance of such disaster
will be.

A very great deal is known about the biological effects of radiation
and there is no evidence that any deaths have been caused or would
be caused by the orderly peaceful development envisaged and stretch-
ing the inadequacy of our knowledge to the maximum in the pessimistic
direction leads to a prospect not differing by any measureable
fraction from the life spans and death rates that would be exper-
ienced without nuclear power development by the smaller number
fortunate enough to survive in such a deprived world. An
emotional side of human nature, however, likes to be stimulated
by personal fear, so I know this argument will continue whether
it can be made rational or not. For the sake of the many who
would otherwise starve, let us hope the opposition will take
the time necessary to learn what is known, and then apply rational
judgment before causing any delay to nuclear power development
which is still woefully slow.

Now let uj note what we said in 1964 when at Geneva we presented
the picture that there is available nuclear power on a large
scale effectively indefinitely, even without the so-called
breeder reactors. Now Fig. 2 is developed from one given bv
Dr. Glenn Seaborg in a talk that he called "Two Years After
Geneva 1966". It presents what we were saying rather better.
If the price of natural uranium goes up, which it is likely to
do when the low cost ores are exhausted, then the cost of power
from the American reactors, light water reactors whether they
are pressurized or boiling, would rise rather steeply so that
the United States is focussing its attention on breeder reactors
because, you see, as more uranium is needed much, much more
becomes available as you allow the price to go up and with
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FIGURE 2

the breeders there is no shortage. Even without breeders
there is no shortage for us because starting with CANDU as it
now is using natural uranium and no fuel processing we are
quite a bit better than the LWR, but if we recycle plutonium
we can get better still. This is very close to the line that
Seaborg presented labelled "near breeders" but, and this is
what we are really pinning our future prospect on, by using
natural uranium, then plutonium with thorium we can get much
lower, much more independent of the price of natural, uranium.

The fuelling cost estimated for the Pickering Generating Station
of Ontario Hydro is:

Net price of Fuel (P) $/kgU
a = E. 24 x fl x24 fl x

a in mill/kWh(e) 24h/day B in MWd/kgU

elec t r i ca l energy delivered
e = fission heat
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For the numbers used,

P = $40.6/kgU

B = 9.0 MWd/kgU

e = 0.29

a = 0.65 mill/kWh(e)

This cost neglects inventory charges which are, however, small.
This F is the purchase price of the completed fuel, not just
the natural uranium but the completed fuel. B is the burn-up
they will have, 24 is the hours per day and e is the efficiency
and that gives a fuel cost of .65 mill/kWh.

Fig. 3 shows what is what is really the heart of our system, the
fuel bundle. A small compact fuel bundle - the. one has 28
elements and is of the shape and size used at Pickering. The
next one, Fig. 4, has only 19 elements and is of the shape and
size used in Douglas Point. Now I am going to read you the
story of this particular fuel bundle as described by Mooradian
in 1968 as I don't think I can better his words. "The best
way to summarize the achievement thus far is to show you one
picture. This is a CANDU fuel bundle similar to thousands
which have already been produced by Canadian industry. It is
roughly 2H inches in diameter and 19h inches long. Its weight
is about 33 pounds, of oxide (or about 36 1b with its casing
on it) . This picture was taken after the bundle had already
raised more steam than 25 car loads of good quality coal (and
that car load is 30 tons of coal). It produced this energy in
NPD over a period of 2k years. Let me say it again - twenty-five
30-ton car loads of 13,000 BTU/lb coal. Such a bundle could be
manufactured in Halifax and delivered to power plants in Vancouver
by aJ.r freight without increasing the cost of power in Vancouver
by more than .01 mill/kWh. The uranium dioxide fuel within the
zircaloy cladding operated at a temperature gradient of 5000°F
per inch and went through 70 power cycles. (Let me explain this
talk was to outside engineers. We use degrees centigrade and
centimetres in Ontario Hydro and Chalk River) . Despite the fact
that every atom in the assembly in the cladding as well as the
fuel has been knocked out of place several times while under
irradiation, it looks very much like it did the day it was fed
into the reactor", but of course it is fiercely radioactive and
this picture had to be taken through a protective window or with
a mirror so as not to fog the photographic film.

We are not stopping with the Ontario Hydro reactors that I men-
tioned so far. Fig. 5 shows the Gentilly generating station
for Hydro Quebec and the difference is that in this case the
coolant is not heavy water but ordinary water which will be
boiling.
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FIGURE 3

FIGURE 4
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FIGURE 5

FIGURE 6
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Fig. 6 shows the Whiteshell establishment with the WR-1 experi-
mental 24 MW reactor, also heavy water moderated with organic
coolant. This coolant we think is very likely to come back
into the economic picture because we are now operating one half•
of that reactor at a coolant temperature of 4 00°C. This
enables us to think of overall efficiencies of something like
39%. I would like to add one thing that I omitted - I
assumed that everybody would know who Chadwick was but I
realize that perhaps that wasn't so. Chadwick was the man
who discovered the neutron but also in this book "Canada's
Nuclear Story" by Wilfrid Eggleston you will find that Chadwick
is mentioned almost as many times as C.J. Mackenzie because he
had a very great deal to do with the whole existence of the
heavy water project in Canada.

Having returned to the neutron in the context of the long term
economic picture recalls the prospect of other means of genera-
ting the small excess of neutrons needed to turn near-breeder
fission reactors into breeders. One such process was the long
range objective of our ING project, which may in time be revived.
The intense neutron generator or ING would have been about full
scale for combining in a 3000 megawatt generating station such
as planned for Bruce. Some two to four percent of the power
generated would be devoted to the production of the extra
neutrons, that would enable power to be generated from thorium
and heavy water with no make-up supply of uranium-235. Such a
scheme is not essential to the long range abundant supply of
nuclear power but it would be elegant and economical. Moreover
developing the accelerator technique for generating the neutrons
would lead to further electrical engineering improvements and
broader» our base in nuclear techniques.

I have been asked to add a word about what is disparagingly called
"thermal pollution". Water is commonly used to take the waste
heat from large thermal generating stations whether nuclear or
fuelled by coal, oil or natural gas. If this water is discharged
into a small region of a river or lake the higher temperature
promotes vegetable growth such as algae and water weeds, but may
drive away or even kill some desirable fish. We just have to
learn how to manage our affairs, the heat is small compared with
the changes produced in a lake by nature when a cloud moves across
the sun, but it could be put to good use, to melt ice or to grow
desirable water crops, given the ingenuity and accepting the cost.
Remember Niagara Falls and its parks and greenhouses, these cost
money but our appreciation finds it. The result adds variety
to raise the quality of life.
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