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Foreword

The Royal Commission on Electric Power Planning of the Province of Ontario,
since its appointment a year and a half ago, has done valuable work in bringing
into focus a number of public issues involved in planning the expansion of the
electric power system of Canada's most populous and industrialized province.

One set of issues having implications well beyond the borders of Ontario
is that concerning nuclear electric generation, a relatively new form of electric
power production in which Canada is a world leader but about which some
Canadians have deep-seated fears and apprehensions.

Within Ontario, the issue of nuclear power is of immediate and major
importance. Ontario Hydro, with the operation of the 2,000 MW Pickering
Generating Station and the recent start up of the 3,000 MW Bruce Generating
Station has made a major commitment to the use of nuclear power. Ontario
Hydro's generation of nuclear electricity may amount to 10,000 megawatts by
1985, or some 30% of Ontario's total generating capacity at that date.

The Commission has, in the course of its hearings in many parts of
Ontario, identified a number of areas of concern about nuclear power. Atomic
Energy of Canada Limited has assisted in providing some information
answering these concerns at previous hearings and will continue to do so in
the next and final phase of the RCEPP investigation.

The present submission has been prepared by AECL as a response to
questions and issues relating to nuclear power listed by the Commission in its
Issue Paper No. 1 on "Nuclear Power in Ontario", published in September,
1976. The responses collected in this volume include, in some instances,
information presented to the Commission in earlier submissions; but this
information is now organized to provide specific response to the issues as
identified. / -

Respectfully submitted,

Ross Campbell
Chairman of the Board
Atomic Energy of Canada Limited
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RÉSUMÉ

The Canadian nuclear electric generating system
is based upon the CANDU (CANada Deuterium
Uranium) power reactor, a uniquely Canadian design.
The CANDU system has, since its full-scale commer-
cial application in 1972, outperformed any compar-
able nuclear power system in the Western World.
There are only two other systems generaliy acknowl-
edged to be commercially feasible, both originating in
the United States. This chapter reviews the unique
characteristics of the CANDU nuclear reactor.

Le système canadien de production d'électricité nuc-
léaire est fondé sur le réacteur de puissance CANDU
(CANada Deuterium Uranium) entièrement conçu au
Canada. Depuis son application commerciale â grande
échelle en 1972, la filière CANDU a dépassé toute
filière électronucléaire comparable dans le monde
occidental. Il n'y a que deux autres filières générale-
ment reconnues comma développées commerciale-
ment et ces deux filières ont été conçues aux Etats-
Unis. Ce chapitre passe en revue le- caractéristiques
exceptionnelles des réacteurs nucléaires CANDU.



INTRODUCTION
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PRINCIPAL DESIGN FEATURES

In this chapter we describe the design characteristics
which are unique to CANDU nuclear reactors. For
the sake of completeness, we will also include features
shared with other reactor types. The well known
Pickering Generating Station (Pickering 'A') of On-
tario Hydro is chosen as an example of CANDU de-
sign (Fig. 1). Other CANDU generating stations differ
in detail from Pickering 'A', but the main features to
be described are common. The outstanding perfor-
mance of Pickering 'A' makes it a worthy subject for
discussion. Since its entry into service in 1972, Picker-
ing 'A' has outstripped in production of electricity
every other nuclear generating station in the West,
including many with 5 - 1 0 years advantage. Two of
its four units have displayed higher capacity factors
than any comparable nuclear station.

The design features that distinguish the CANDU
reactor are the following:

a) Fuel fabricated from natural uranium oxide; that
is, from uranium in which the content of the
fissile isotope is that which is found in nature
(roughly 0.7%).

b) A reactor core built up of individual fuel channels,
each contained in its own pressure tube.

c) Each fuel channel built up of a number of short
fuel bundles rather than consisting of a single long
fuel assembly.

d) A large "vacuum building" forming part of the
reactor containment.

These features are considered in more detail
under the headings listed below.

Use of Natural Uranium
Natural uranium oxide fuel constrains the user to de-
signs having the maximum of neutron efficiency. In
the CANDU system, this type of design is achieved by
using heavy water both as moderator and as coolant,
and by using alloys of zirconium for the construction
of core components. The CANDU concept is in almost
direct line of descent from the 10 megawatt natural
uranium heavy water reactor developed in Canada
during and after World War I I . As it has turned out,
CANDU possesses a number of important advantages.

With natural uranium, the maximum excess reac-
tivity that has to be dealt with is small. This means
that control and shutdown systems need have only
rather modest capabilities. Also, the relatively long
lifetime of prompt neutrons in a reactor using natural
uranium means that changes in power level occur com-
paratively slowly. This in turn means that shutdown
systems operating at relatively moderate speeds can
be completely effective.

In a natural uranium heavy water system, the core
design must be such that the fuel is arranged to the
optimum configuration for reactivity. This is an im-
portant consideration, for any change in configura-
tion tends to produce a decrease in reactivity. In
other words, any event producing a change from the
designed optimum will cause a reactivity decrease.

On the other hand - and this may be listed as a
disadvantage - the existence of voids in the coolant,
however produced, will cause an increase in reactivity.
This calls for especially dependable shutdown devices
although, as pointed out above, the power pulse to be
controlled is relatively slow. Such devices are readily
achievable with the CANDU design.

r
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Fig. 2 CANDU System Flow Diagram

Use of Pressure Tubes
Among commercially competitive power reactors
only the CANDU system employs pressure tubes. In
Pickering, each of the four reactors employs 390 zir-
conium alloy pressure tubes extending horizontally
through a large tank, the calandria, which contains
the heavy water moderator. Calandria tubes, also of
zirconium alloy, connect the calandria tube sheets
and contain the pressure tubes. Each pressure tube is
5.96 m long, 10.32 cm in diameter and holds 12 fuel
bundles. The core of a CANDU reactor therefore is
distributed over a considerable volume.

The pressure tube concept of core design has the
following advantages:

a) a tube is a simple engineering structure, compara-
tively easy to manufacture and test,

b) as noted above, the core is distributed over a rela-
tively large volume; it is also surrounded by a large
quantity of heavy water at a temperature of
90°C, much lower than that of the primary
circuit. This feature greatly reduces the possibility
of a serious meltdown, since the 450 tonnes of
heavy water at a relatively low temperature pro-
vides a massive heat sink.

c) problems with or failure of one pressure tube do
not necessarily affect the others. This was brought
out with particular clarity in Pickering 'A', Units

3 and 4, in which pressure tubes had to be re-
placed when micro-leaks were detected.

d) the heavy water moderator system surrounding the
pressure tubes is at near atmospheric pressure.
Therefore the control and shutdown systems op-
erate at normal pressures and at temperatures of
about 90°C. These relatively mild conditions give
the designer considerable latitude in the design
of dependable shut-dowr systems, in particular.

Use of Short Fuel Bundles
Efficient use of natural uranium fuel requires that
several of the short fuel bundles be changed each day
without interrupting reactor operation. This is achiev-
ed by computer-controlled, remotely operated fuelling
machines charging and discharging fuel at either ex-
tremity of the pressure tubes. While this aspect intro-
duces complications, it, too, has its advantages.

Aside from the advantage of refuelling the reactor
while it is at full power (eliminating regular shut-
downs for fuel loading), this feature also allows the
removal, with the reactor at power, of any defective
fuel bundle. The number of such bundles has been
very small and is declining with time, but the prompt
removal from the reactor of a defective bundle helps
minimize the release of radioactivity. This feature was
particularly valuable on start-up of Unit 1, when a
number of bundles of the first charge developed de-
fects. It is worth recording that during 1976 there



were no significant defects in any of the bundles dis-
charged from all four units.

DEFENCE IN DEPTH

As well as the above features typical of CANDU reac-
tors, there are others that are shared with most reactor
systems. These are discussed briefly below.

A reactor can be viewed as consisting of a series
of barriers to the escape of radioactivity in the fuel.
Some operate only under emergency conditions; some
serve this function under normal conditions. Some of
these barriers are passive and do not need to be actu-
ated to be effective; their intact physical presence is
sufficient for them to carry out their function.

Fuel Sheath
CANDU fuel bundles, each about 48 cm long, are
constructed of thin-walled zirconium alloy tubes, filled
with pellets of pure uranium oxide, UO2. In Pickering,
there are 28 such tubes, or elements in a bundle (See
Fig. 3).

The radioactive fission products formed during
the life of the bundle are tightly bound up in the fuel
itself; the fuel sheath represents the second barrier to
the escape of radioactivity, together, the fuel matrix

and a sound fuel sheath retain all of the fission pro-
ducts generated.

Heat Transport System
If fission products are to escape from the fuel, they
must enter the heat transport system, the system of
piping, pumps, steam generators, etc. which carries
the heavy water coolant. This system is leak-tight and
represents the third barrier to the escape of radio-
activity. The heat transport system is equipped with
clean-up circuits to remove contaminants from the
coolant.

Containment System
Surrounding the nuclear portion of the power plant is
a strong pressure-resistant envelope called "the con-
tainment system". In the case of Pickering, this con-
sists of the reactor building and the vacuum building.
This fourth barrier to the escape of radioactivity be-
comes important in more serious conditions; for in-
stance, in the event of a pipe failure in the coolant
system. If it should happen, one of the necessary
measures - aside from shutting down the reactor
immediately - is to insure that steam and any radio-
activity released in such a failure are kept isolated
from the environment. The vacuum building is de-
signed to accomplish this by drawing off and con-

Uranium Oxide Powder

End Cap

Pressed Pellet Sintered Pellet

Zircaloy Tube

Ground Pellet

Sintered and Ground Uranium
Oxide Pellets are loaded and
sealed in thin Zircaloy Tubes..

Assembled Fuel Bundle
. . . the Zircaloy Tubes
are assembled in bundles

'WUM((

Fig. 3 Picturing Fuel Bundle Characteristics



densing the steam and containing the gases.
The domed reactor buildings and the vacuum

building at Pickering are designed to withstand any
anticipated over-pressure resulting from possible acci-
dents. Their massive, reinforced concrete construction
also gives protection against the effects of severe ex-
ternal impacts.

Shutdown and Emergency Cooling Systems
The Pickering 'A' reactors have two different shut-
down systems. These are designed to respond to a

range of abnormal or emergency conditions. Each
shutdown system is independent of all process sys-
tems (i.e. is not associated with any of the reactor
regulating systems). One involves dumping the
moderator through large ports into a dump tank (Fig.
4). The other employs mechanically driven shut-off
rods. Both systems are extremely reliable and both
operate at the relatively low temperature and pressure
of the moderator.

The emergency cooling in the Pickering reactors
makes use o' the 450 tonnes of relatively cool heavy

1. Calandria

2. Dump Tank

3. End Fittings

4. Feeders

5. End Shield Outer Tube Sheet

6. End Shield Cooling
Inlets and Outlets

7. End Shield

8. Baffles

9. End Shield Inner Tube Sheet

10. End Shield Key Ring

11. Anchor Plate

12. End Shield Ring

13. Ring Thermal Shield

14. Cooling Pipes

15. Cafondria Support Rods

16. Calandria Shell

17. Calandria Tubes

18. Calandria Shell Shields

19. Control and Shut-off Rods

20. O jO Spray Cooling

21. Helium Balance and
Blow Off Lines

22. O2O Inlet Manifold

23. OjO Inlet Nozzles

24. Dump Ports

25. Shell Shield
Support Plates

26. Helium Balance Line

27. O2O Outlet

28. Dump Port & Dump Tank
Spray Cooling Lines

29. Dump Tank Supports

30. Dump Tank Drain Line

8 Fig. 4 Rftactor Cor* and Dump Tank



water moderator to provide emergency cooling if it
is required. SUMMARY

Exclusion Zone
The final element of the defence in depth, protecting
the general public against the possible accidental es-
cape of radioactivity, is the 900 metre exclusion radius
around the plant in which no permanent habitation is
allowed.

SELECTION, INSPECTION AND REDUNDANCY

Quality Assurance
The quality assurance and materials selection criteria
are an important means of insuring that material will
meet the requirements for nuclear components. Codes,
specially formulated for nuclear equipment, have been
established. Materials from which critical components
are made must have records going back to the point
of refining; and manufacturing and testing proced-
ures must be approved.

Inspection Program
Inspection and monitoring of components in the
nuclear steam supply system is carried out as a regular
and on-going program. When the reactor is in opera-
tion, monitoring of critical components in the nuclear
system is done both automatically and manually. In-
spection? are also made during regular maintenance
shutdowns.

The philosophy on which the design of the piping
and pressure tubes of the heat transport system is
based, is that with correct selection of materials and
care at the design and manufacturing stages, any fail-
ure will not be abrupt but gradual, thereby signalling
a problem. This is often referred to as "leak before
break". Laboratory tests have indicated the correct-
ness of this approach, as has also the experience with
the leaks which developed in the pressure tubes of
reactors 3 and 4 at Pickering.

Redundancy
In process systems and their back-ups, in safety sys-
tems and in control and logic circuits there is a con-
siderable degree of redundancy. This allows failure
of individual components or pieces of equipment
without compromising safe operation. The high re-
liability of these systems must be demonstrated and
this requires a regular testing program. At key points
in the system, testing is done once a week.

The purpose of this chapter has been to introduce the
reader to some of the important features which are
unique to the CANDU system The introduction has
included also features shared to a greater or lesser ex-
tent with other reactor systems. Although Pickering
'A' has been a conspicuous success, it hasalready been
superceded in several respects by more recent CANDU
designs. The reader interested in these designs and in
obtaining greater detail in the discussion of the
CANDU system is referred to:

CANDU 600 Station Design,
Atomic Energy of Canada Limited,
AECL No. PP-28, May 1976.

This report can be obtained from Atomic Energy
of Canada Limited, Head Office, 275 Slater Street,
Ottawa K1A0S4.
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This is in response to questions on nuclear power plant
safety, asked in Issue Paper No. 1. The questions per-
tain to the likelihood of accidents, and to their pos-
sible nature and consequences.

Much of this ground has been covered in a pre-
vious presentation to the Commissiond). We have in-
cluded this material again, for completeness. In addi-
tion there is a more detailed exposition of nuclear
safety philosophy, and a description of the types of
analysis the safety engineer performs.

Ce rapport est la réponse aux questions posées dans
la première émission du rapport sur la sécurité des
centrales nucléaires. Les questions concernent la
possibilité des accidents ainsi que leur nature et leurs
conséquences.

La plus grande partie de ce sujet a déjà été ex-
aminée dans une présentation faite à la Commission
(1 ) précédemment. Nous avons toutefois inclus de
nouveau cette matière pour avoir une étude com-
plète. En outre, il existe un compte-rendu plus détaillé
de la philosophie de la sécurité nucléaire ainsi qu'une
description des types d'analyses effectuées par l'in-
génieur de la sécurité.

12



PUBLIC SAFETY AND NUCLEAR POWER

• No activity is without risk.
• Most industrial activity involves some public risk.

Sctie of this risk is chronic, such as the continuous
release of toxic chemicals by coal-burning power
plants, trucks, and foundries, and the continuous re-
lease of small amounts of radioactivity by nuclear
power plants. Society limits the amounts of all these
releases to various degrees. For nuclear plants, the
Atomic Energy Control Board sets limits which mini-
mize the risk to public health, as discussed in Chapter
3 by H.B. Newcombe.

Some risk is acute (accidents), e.g. large releases
of toxic chemicals, explosions, dam failures, collapse
of structures. The only difference between these post-
ulated accidents and a postulated accident in a
nuclear plant is that the public risk from the latter is
radiological rather than chemical or physical. There
are no large inventories of toxic, easily-dispersed
chemicals, and a nuclear plant simply cannot explode
like an atomic bomb. Only accidents which can
potentially release large amounts of radioactivity pose
a risk to public safety.

How could the radioactivity reach the public?
Most of the fission products in a reactor are locked
inside the solid uranium dioxide fuel. They cannot
escape unless the fuel becomes very hot. The remain-
ing fission products are in the gap between the fuel
and its metal sheath. All the fuel bundles lie inside a
closed heat transport system, and the entire reactor is
surrounded by a massive containment. Finally, no
member of the public may live within 1 km of the
land side of the exclusion zone (Figure 1 ).

So before any radioactivity from the fuel can
escape in an accident, the barriers formed by the
sheath, the heat transport system, and the contain-
ment must be perforated. Beyond that, the exclusion
zone dilutes any release before it reaches a member of
the public.

Sheath integrity is at risk if the cooling is re-
duced relative to the power generation in the fuel
(these are the accidents we postulate mostly). Al-
though the sheath can withstand a range of abnor-
mal temperatures and loads, and although other
barriers to radioactivity escape may remain even if
the sheath fails, va do in the end restore appro-
priate power-cooling balance by:

1. reducing the power generation in the fuel, by con-
trol and/or shutdown system action.

2. increasing fuel cooling, by using auxiliary cooling
systems and/or the emergency core cooling sys-
tem.

Massive concrets
building

Heat transport »y.t?*n

Fuel sheath

Fuel matrix1

Exclusion zone

Fig. 1 Barriers to Release of Radioactivity

Sheaths may also fail from mechanical damage,
e.g. dropping a fuel bundle. This can only happen to a
few bundles at a time. Containment backed up by the
exclusion zone provides adequate defense (the heat
transport system may not be an effective jarrier since
the accident can occur outside the reactor core).

HOW SAFE IS "v AFE ENOUGH?

Before we protect against particular accidents, we
must decide how safe we want the plant to be.
Nothing can be made absolutely safe, and the "safer"
we try to make the plant, the more it costs in terms
of safety devices and reduced output. Indeed, beyond
some point the improvement in "rea1" safety may be
illusory.

Certainly, costly and messy accidents occurred in
early research reactors, twenty-odd years ago. (Even
so, no member of the public has ever been killed.)
The reports make exciting reading, but are hardly
relevant to current power reactors, which incorporate
all our experience over the past twenty years. Modern
reactors have an excellent safety record. There have
been accidents, as in any industrial operation, but the
consequences have been minor; in particular there
have been no radiation injuries. 13



Indeed, the record is so good, it leaves us with
little data to use in "improving" reactor safety in a
rational way. Take two examples:

— Statistics on automobile accidents are plenti-
ful. We know what happens to a car ar.d its
passengers during a collision. So we know
how to make the car safer in a rational
fashion, by improving the components which
by actual experience cause the greatest
number of injuries - padded dashboards and
collapsible steering wheels are such improve-
ments.

— On the other hand, we do not improve the
resistance of our houses to meteorite impacts
because, though possible, such events are rare
and unpredictable, leaving us uncertain as to
which part of the house to strengthen first, or
by how much.

For nuclear reactors, we have some clues, of
course! But the lack of a good data base imposes
conservative and somewhat arbitrary safety criteria -
since we must protect against hypothesized accidents
— and leads to some overprotection.

We are at liberty to hypothesize any arbitrary
accident. To be useful, these hypotheses should strike
seme balance between the probability of an accident
and its consequences. For a given reactor design, our
emphasis on preventing an accident, or on building
systems to stop it, is set by how likely the accident is,
and how severe its effects if unterminated. We do not,
for example, protect specifically* against accidents
which we expect to occur less than once in three
million years. This cutoff to low-probability risks is
shared by the general public; accidents with a proba-
bility of death of 10-6 per person per year do not
greatly concern the average person(2 p.11). People are
less tolerant of single large accidents than many small-
er ones, even if the average annual consequences are
equal, but will still tolerate potential disasters with
frequencies higher than once in three million years.
The probability of an aircraft killing more than 1000
people on the ground is about once per 2000 years,
yet no-one is prepared to design shopping centers,
etc., accordingly.

That nuclear power plant safety is based on a
probability-versus-consequence argument is not
unique. Again let us look at car safety. As pointed out
earlier, the accident probabilities for cars are higher,
and better known, but the idea is the same - the car
is designed so that the public risk from accidents - as
reflected in their probability-versus-consequence — is
judged acceptable. The consequences of a fast colli-
sion in which the occupants of the car are unrestrain-
ed are severe, and (until a few months ago) the proba-
* Btyond the Intrintic capability of the disian, of eoum. W» expect

that tht plwit would heve torn» residual detain tvtn for tuch un-
likely events.

Table 1a Individual Risk of Early Fatality by
Various Causes
(U.S. Population Average 1969)

Accident Type

Motor Vehicle

Falls

Fires and Hot Substance

Drowning

Poison

Firearms

Machinery (1968)

Water Transport

Air Travel
Falling Objects

Electrocution

Railway

Lightning

Tornadoes

Hurricanes

All Others

All Accidents
(from Table 6-1)
Nuclear Accidents
(100 Reactors)

Total Number
for 1969

55,791

17,827

7,451

6,181

4,516

2,309

2,054

1,743

1,778

1,271

1,148

884

160

11B ( b l

9 0 l c l

8,695

115,000

—

Approximate
Individuel Risk
Early Fatality
Probabilrty/yr <•'

3x10"*

9x Iff5

4x10"5

3x10'5

2x10'5

1x Itf5

1 x 10'5

9 x It"6

9X10"6

6X10"6

exitf6

4x10' 8

SxiO'7

4 x 10"7

4x10' 7

4x10"S

6x10"4

2 X 1 0 1

(a) Based on total U.S. population, except as noted.
(b) (1953-1971 avg.1
(c) (1901-1972 avg.) .
Id) Based on a population at risk of 15 x 1 0 ° .

Table 1b Estintated Average Annual Risk of
Illness from Various Accidents in the U.S.

Accident Type InatolBMal Rlek
iMty/Vaarnjuryl

Motor Vehicle»
All non-nudeer accidents -
average person

Very risk-averse person

Nuclear Accident»!»)

2x10 '

3x102

3x10"*

(e) This is based on early and latent illness involving
the approximately 16 million people located
within 26 miles of nuclear power plants.

bility was fairly high. Looking just at car design, we
can reduce the probability of this set of consequences
by providing a safety system - seat belts (and man-
dating their use). This decreases public risk. The same
consequences occur if the seat belts fail, but the



probability of this is already so low that the reduc-
tion in public risk we get by adding a backup system
— such as another set of seat belts — is insignificant.

A complementary (or even an alternative)
approach is to reduce ine probability of the initiating
event — the collision — by better road design, driver
education, etc.

Reactor safety uses the same two ideas, namely:

— reduce the probability of accidents by good
initial design,

- use protective systems to ensure that the con-
sequences of an accident are commensurate
with its probability.

The limits on accidental release of radiation, set
by the Atomic Energy Control Board, are a two-step
approximation to this probability versus consequence
curve. In other words, the limits relate to the amount
of public risk. They divide accidents into two classes.
In a single failure, we must postulate complete failure
of any normal reactor system. In a dual failure, we
must assume this occurs simultaneously with the un-
availability of any one of the safety systems.

The frequencies are limited as follows:
single failures, once in 3 years,

dual failures, once in 3000 years.

Since this requires a safety system reliability of
<10-3, the dual failures are an upper bound on the
severity of an accident we must consider (triple fail-
ure frequencies, of a normal reactor system and two
safety systems, would be less than once in 3 million
years).

The AECB release limits {consequences) are set
accordingly, being derived from the following dose
rates:

single failure, lesser of

dual failure, lesser of

0.5 rem individual dose
104 man-rem population
dose
25 rem individual dose
106 man-rem population
dose

The allowed frequencies are in practice upper
bounds - no-one, for example, would contemplate
building a reactor which has a major loss-of-coolant
every few years, whether or not this poses a significant
risk to public safety. (Real estimates give a frequency
of once per thousand years for this accident.)

Given all of this, how does the public risk from
nuclear power plant accidents compare with the
public risk from other accidents? The Rasmussen
report!2) (on American light water reactors) summa-
rizes it in Tables la and 1b; comparatively, the risk
from nuclear plants is indeed very small.

PREVENTION AND MITIGATION OF ACCIDENTS

In nuclear power plants, there are three, largely ind-
ependent lines of defense against accidents.

1. Good design ensures that the accident is unlikely
to occur in the first place. This is coupled with
strict quality control during manufacture and in-
stallation, and with periodic inspection of the
major components during the lifetime of the
plant(3). Public safety is not the only motivation:
the cost of downtime is a powerful incentive for
accident prevention, particularly for the higher
probability events.

2. Even if an accident occurs, it can often be stop-
ped or mitigated by the normal reactor process
systems (regulating system, cooling systems, etc.).

3. Backing these up are independent safety systems
(shutdown systems, containment, emergency core
cooling system). These can handle any single or
dual failure, and upon them we place our ultimate
reliance.

We mentioned earlier that a power-cooling mis-
match might fail the first barrier to release of radio-
activity (the sheaths). One can envisage the following
accidents causing such a mismatch:

1. The cooling remains normal, but the power rises
(loss of regulation).

2. The power is initially controlled, but the cooling
deteriorates. This can happen:

- if there is a break in the pressurized heat tran-
sport circuit (loss of coolant)

— if the coolant flow or the secondary side heat
removal is affected in an intact circuit (loss of
cooling).

We will now look at the three levels of defence
for these types of accidents.

Loss of Regulation
Care is taken in designing the physical devices which
control reactor power (light-water-filled zone com-
partments, absorber, adjuster and booster rods,
moderator level). Since they are not within the cool-
ant pressure boundary, they cannot be driven by acci-
dental pressure loads. Further, they are inherently
slow devices, so that maximum rates of power rise are
modest.

Redundancy in the control system is the key to
preventing an uncontrolled power rise. All important
transducing instrumentation is duplicated, giving 15



assurance against erroneous measurements. The main
control computers are likewise duplicated. Either can,
by itself, operate the plant. A continual and sophisti-
cated system of self-checking looks for faults, trans-
ferring control to the standby computer if one fails,
and shutting down the reactor if both computers fail.

Further diversity in preventing loss of regulation
is obtained by "setback" and "stepback". These are
subsystems of the regulating system, largely inde-
pendent from the rest of it, whose function is to
reduce power under abnormal circumstances.

They are backed up by the shutdown systems,
which are entirely independent of the regulating
system, both logically and physically. They are an
additional and decisive way of shutting off the reac-
tor.

Loss of Coolant
Rupture of a pipe without warning is an uncommon
event. This has been the experience with non-nuclear
piping: we expect that nuclear piping, with its higher
fabrication and inspection standards, will be
better(4). We would expect warning of pipe failure
from a propagating defect: our test on predefected
tubes show that they leak before they break(S). Such
leaks would be detected by instruments which sense
moisture in the reactor vault atmosphere and in the
gap between the pressure tube and the calandria tube,
radioactivity in the steam supply, and water on the
vault floors. So in most cases appropriate defensive
measures could be taken before a pipe ruptured.

In any case, we are required to show that even for
the instantaneous failure of any pipe, from the largest
to the smallest, releases are consistent with AECB
limits.

The reactor systems must do two things in such
an accident:

1. stop the power rise that is caused by voiding of
the fuel channels, and shut down the reactor.

2. assure a supply of cooling water over the fuel.

For rather small breaks, the normal process
systems can do both: the regulating system shuts
down the reactor, and makeup systems maintain cool-
ing. Naturally they are backed up by the safety
systems.

For large breaks, the power rise and the loss of
fluid are such 'that the safety systems must be in-
voked. Shutdown systems stop the power rise ar,^
shut down the reactor, and an emergency core cool-
ing system restores fuel cooling. Containment is a
backup, in case any fuel sheaths should fail and
release radioactivity. (Heat can also be rejected by an
independent route - to the bulk moderator. Fuel

16 damage would be severe, but the containment barrier

would remain. Such a backup cooling route is unique
to the CANDU design.)

Since this accident calls upon several safety
systems, how much reliance are we placing on each?
The systems are, as noted, designed to be effective,
and are periodically tested (as far as possible) on
power on a schedule that proves their availability 999
times out of 1000.

To avoid common-mode failures, we separate the
safety systems and the process systems from one
another both logically and physically. In current
plants this goes as far as building two control areas,
from either of which different systems can shut down
the reactor and remove decay heat. Where possible,
the design of the safety systems is diverse — for
example, the first shutdown system uses solid absorb-
er rods falling vertically into the core, the second uses
liquid absorber injected into the moderator through
horizontal pipes. Also, where possible they are de-
signed to be "failsafe" - loss of power to the shutoff
rod clutches, for example, lets the rods drop into the
reactor, shutting it down.

Finally, we are required to show that the defense
against the accident is not unduly dependent on any
one of the safety systems. We assess the consequences
of hypothesized faults in the safety systems, and the
results must be consistent with AECB requirements
for a "dual failure".

Loss of Cooling (Intact Circuit)
A loss of cooling in an intact circuit is inherently less
severe than a loss of coolant due to a pipe break,
since the heat transport system remains an effective
barrier to radioactivity release.

Power reduction is effected by the control
system, backed up by the shutdown systems. Heat is
rejected by the auxiliary cooling systems and/or
thermosyphoning with the boilers as a heat sink.

SUMMARY

We have had many reactor-years of operation without
a major accident, and with very few minor ones. The
protection against a major accident (should one
occur) is highly effective in reducing or eliminating
radioactivity release. The contribution of accidents to
public risk is therefore very small.
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The sources and levels of natural and manmade radia-
tion are discussed in this report, and the resulting
risks of radiation-induced cancer and hereditary
diseases are estimated. The medical uses of X-rays
currentiy increase the average population exposure by
something like 35 per cent above natural background
radiation. At a future time when nuclear generators
will produce one kilowatt of electricity per person it
is expected that the additional exposure from this
source will not exceed 6 per cent of that from natural
background. Acceptability of the risks that these ex-
posures represent must depend upon the benefits
with which they are associated, and upon the risks
associated with other options open to society includ-
ing alternative ways of obtaining similar benefits. The
public health impact of the radiation from nuclear
power generation, for example, is believed to be con-
siderably less than that from the combustion products
associated with the production of an equivalent
amount of electrical power by conventional coal-
fired stations.

Ce rapport examine les sources et les niveaux de ray-
onnements naturels et artificiels ainsi que les risques
de cancer et des maladies héréditaires pouvant en
résulter. Le rayonnement provenant des radiographies
médicales augmente l'exposition moyenne de la
population de l'ordre de 35 pour-cent par rapport au
rayonnement de fond naturel. Plus tard, lorsque les
centrales nucléaires produiront un kilowatt d'élec-
tricité par personne, on prévoit que l'exposition
supplémentaire de la population due à cette source
de rayonnement ne dépassera pas 6 pour-cent de celle
due au rayonnement de fond naturel. L'acceptation
des risques que ces expositions représentent dépendra
des avantages auxquels ils sont associés et des risques
associés aux autres choix technologiques â la dis-
position de la société et comprenant d'autres moyens
d'obtenir des avantages identiques. On considère par
exemple que l'effet du rayonnement des centrales
nucléaires sur la santé du public est de loin inférieur à
celui des produits de combustion associés à la produc-
tion d'une quantité équivalente d'énergie électrique
produite à partir d'une centrale thermique au charbon.
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INTRODUCTION
i a^^

SOURCES AND LEVELS OF EXPOSURE

Public concern over exposures of large numbers of
people to low levels of radiation arose first in connec-
tion with radioactive fallout from nuclear weapon
testing. More recently, similar concern has been ex-
pressed over radiation exposures that may result from
the increasing production of electricity from nuclear
fuels. Although substantially larger average exposures
of the population have for some time been received
from medical uses of radiation, these are generally
accepted, partly because few persons would wish to
forego the associated benefits, and partly because per-
sonal choice can be exercised in the matter. The
present account will therefore deal mainly with the
smaller exposures to radiation from non-medical
sources. Since these are believed to have harmful
effects, it is reasonable to ask whether the public is
sufficiently protected, and what level of protection
should indeed be regarded as adequate.

Prior to 1956, little information was available to
the public concerning the magnitudes of the possible
risks from low levels of radiation. As a result, state-
ments intended to reassure, or to alarm, the public
often appeared to contradict one another even when
based on the same data. The confusion and mistrust
which this provoked served mainly to heighten emo-
tions about the matter. Since that time, however,
various national and international agencies have pro-
duced reports for the public, often with detailed
scientific and technical appendices, concerning the
levels of radiation likely to be encountered and the
effects that might be expected to result from such
levels. These reports are in reasonable agreement with
each other and have dispelled much of the disagree-
ment that existed earlier.

Thanks to these various reports, it is now possible
for interested members of the public to view the ex-
pected effects of raJiation in some sort of perspec-
tive. In particular, the importance of the effects may
be compared with that of other public health prob-
lems with which society has to deal in its attempts to
provide a favourable environment for people. One
drawback in the present situation, however, arises
because the sheer abundance of the relevant literature
for the public is in itself confusing; such existing pub-
lications tend to contain large amounts of technical
detail, far exceeding what most potentiel readers
would wish to peruse.

For these reasons it would be inappropriate to
present here, in its entirety, evidence that has already
been reviewed exhaustively in recent reports on the
subject (5), (28), (19). Instead, such evidence, and its
limitations, will be summarized and will be used as a
basis for discussion of the adequacy of radiation pro-
tection standards for the public.

Those kinds of radiation that are capable of splitting
molecules into charged particles, or ions, are known
as "ionizing". These include electromagnetic radia-
tions such as gamma rays and X-rays, and some par-
ticulate radiations such as alpha and beta rays and
neutrons. Man and other living organisms have always
been exposed to ionizing radiation of natural origin.
In addition, medical uses of radiation and radioactive
materials now increase the total dose to the public,
and so also do the products from nuclear weapon
testing and, to a lesser extent, luminous watches and
colour television. Some individuals receive further ex-
posure as a result of their occupations. The genera-
tion of electricity from nuclear energy will contribute
both to the dose received by the general public and
also to exposures of individuals in the course of their
work.

The biological effects of the various kinds of ion-
izing radiation tend to be similar; all of them are
capable of causing cancer in the exposed tissues, and
hereditary defects when it is the germ ceils which are
irradiated. Doses that are relatively uniform over the
whole body may result from exposure to gamma rays,
because these high-energy electromagnetic radiations
penetrate tissues readily. Beta radiations, which con-
sist of rapidly moving electrons, have little penetrat-
ing power; alpha radiations, which consist of rapidly
moving helium nuclei, are even less penetrating. When
radioactive materials emitting either of those two
sorts of particles are taken into the body, the distri-
butions of the exposures will depend on the locations
in which the radioactivity is deposited. A beta par-
ticle from tr i t ium (radioactive hydrogen) for
example, has a range of only 6 microns (thousandths
of a millimeter) but the various organs will be fairly
uniformly irradiated where this is in the form of tri-
tiated water throughout the body. Strontium-90, on
the other hand, tends to locate in bone, and the beta
radiation from it will thus be localized. The alpha
radiation from plutonium will be similarly localized
around the site of deposition, i.e. in the bones, the
lymphatic system or the liver. Neutrons, despite being
particulate in nature, do penetrate tissue. Some occu-
pational exposures to neutrons may occur, but this
kind of radiation is unlikely to be encountered by the
public.

Radiation may be detected and measured in a
number of ways. For example, when air is exposed to
ionizing radiation it is broken down into positively
and negatively charged ions, which can be collected
on pairs of oppositely charged plated and measured
as an electric current. Such "ion chambers" are fre-
quently used to determine the magnitude of a radia-
tion dose. Other measuring devices include photo- 21



graphie film, and certain kinds of crystals which
absorb the energy and emit it later as visible light
when heated. The latter are known as thermo-
luminescence dosimeters, and one commonly used
kind consists of lithium fluoride crystals.

The physical unit used to indicate the magnitude
of an absorbed dose is the "rad" (an acronym for
"radiation absorbed dose"). However, since some
kinds of radiation are more effective in producing
changes in living organisms than are others, it is con-
venient here to employ an alternative unit which
takes into account the biological effectiveness. This
unit is the "rem" (radiation equivalent man). Thus, a
rem of gamma radiation has the same biological effec-
tiveness as a rem of neutrons, although the amount of
energy deposited in a given volume of tissue is differ-
ent.

The radiation received by the average Canadian
from natural sources amounts to about 1/1 Oth of a
rem, i.e. 100 millirem (or mrem), each year. The dose
varies with altitude, latitude, the nature of the under-
lying rock in a given area, the structural materials in
the buildings one lives in, and, within the body, the
composition of the particular tissue. The radiation
dose comes partly from extraterrestrial or cosmic
rays, partly from penetrating radiation of terrestrial
origin from outside the body, and partly from natu-
rally occurring radioactive forms of certain of the ele-
ments present in the body (Table 1).

Table 1 Radiation Doses from Natural Sources
(Adapted from NEA 1976, p. 15-16; u s s i »

UNSCEAR 1972, p. 83.)

Millirem per annum

bone bone germ u

marrow cells cells Nom

Cosmic 33

External terrestrial 44

Internal (potassium 40) 15

(carbon 14) 1

(other) 8

33

44

33

44

24
15
1

35
51

19
1
8

1
2

3
28 4

TOTAL 101 128 105
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In addition, for some decades the populations of
developed countries have been exposed to substantial
amounts of radiation as a result of medical practice.
Most of this exposure is incurred in the course of
radiography for the purpose of diagnosing disease
(Table 2). A smaller part of the medical contribution
to the average dose to the population comes from the
use of radiation to treat cancer and other diseases.
And a very small additional part is incurred as a result
of the diagnostic and therapeutic uses of radioactive
isotopes, in what is known as "nuclear medicine".

Table 2 Radiation Dose from Exposure to
Medical Practice (Adapted from NEA 1976,
p. 17-20; see also UNSCEAR 1972, p. 159-160.)

Diagnostic radiology

Radiotherapy

Nuclear medicine

TOTAL (approx.)

Notes

Millirem per annum

bone
marrow
(U.K.)

32

12

2

46

;

germ
cells

(U.K.)

14

5

0.2

19

12

germ
cells

(other)

10-50

2-5
<1

12-56

2.3

The average per capita dose from medical practice
varies with different countries, and with different
body tissues. However, medical exposures in North
America, give rise co an average increase of about 35
per cent (35 mrem/annum) over and above natural
background radiation.

Table 3 Total Radiation Dose Over All Time from
Nuclear Tests Prior to 1971 (Adapted from
NEA 1976, p. 18; Me also UNSCEAR 1972, p. 3.)

Millirem total commitment

bone bone germ
marrow cells ceils Notes

Northern hemisphere 220 260 170 1

Additional due to
carbon 14 130 165 130 2

TOTAL 350 425 300* 3
* Equals 6 mrem per annum to the most heavily exposed generation.

Table 4 Occupational Doses (Non-nuclear)
Contributing to the Average
Population Dose (From NEA 1976, P. 19,
tee also UNSCEAR 1972, p. 173-184.)

Workers
P»r

1000
population

Mean
dose

(rent/annum)

Average
population

dose
(mram/annuml

Medical

Dental

Research &
Education

Industrial
(non-nuclear)

0.62
0.56

0.25

0.11

0.32

0.08

0.15

0.31

0.20

0.05

0.04

0.03

TOTAL 1.54

(Battd on data from 12 countriw.)

0.32



Fallout from nuclear weapons already exploded
will result in a radiation exposure of the population,
summed over all time, about equal to that from
nature over a three year period (Table 3). The genera-
tion most heavily exposed to this fallout will receive
an average additional dose of about 6 mrem per year,
i.e. a 6 per cent increase above natural background.

Occupational exposures, excluding those from the
nuclear industry, add only a further 0.3 mrem per
year to the population average, and a similar amount
derives from miscellaneous sources (Tables 4 and 5).
Thus man has added roughly 40 mrem per year to
nature's 100 mrem per year.

Table 5 Total Annual Doses from
Natural and Manmade Radiation
(Excluding Nuclear Energy)
(From Tables 1-4; and NEA 1976, p. 20.I

Nature

Medical

Fallout

Occupational

Miscellaneous

TOTAL (approxj

Average population
dose (mrem/annum)

100

35

6

0.3

0.3

140

Notes

1.2

3

4

S

6

7

Table 6 Radiation Doses from Nuclear Power
Production - in a population using
one kilowatt per person
(Adapted from NEA 1976, p. 23-32.)

Uranium mining

Milling and
processing

Reactor
operation

Reprocessing

Other fuel steps

Transport

Accidents

TOTAL
(whole body)

Whole body doses
<man-rem/MW.annum)

population

—

_

0.1

1.35

-

0.005

0.05

1.5

TOTAL t.5
(genetically significant)

occupational

0.1

<ai

2.0

2.0

0.03

0.005
-

4.2

2.7

total*

0.1

<0.i

2.1

3.35

0.03

0.001

0.05

5.7

4.2

Notes

1

2

3

4

S

• AI» tquili numarically the avtrage population do» in
mrdn/annum if on» kW uttd par ptnon.

Nuclear power generation currently contributes
little to the average radiation exposure of the popul-
ation. However, in the not too distant future when, in
areas such as Ontario, one kilowatt of electricity per
person is produced by nuclear stations, perhaps 6
mrem per year from this source may be added to the
average population exposure (Table 6). Roughly one
quarter of the 6 mrem average would be received via
the population at large and the remainder via occupa-
tionally exposed persons. (Upper limits to the doses
from this source, to individual members of the public
and to occupationally exposed persons, will be con-
sidered in a later section).

RISK ESTIMATION

Ionizing radiation may cause cancer in exposed in-
dividuals and hereditary defects in their descendants.
It is generally believed that even very low doses can
produce occasional effects of these kinds where large
enough numbers of people are exposed. The levels of
risk associated with particular doses have been esti-
mated in various ways. The risk of cancer induction is
best determined from observations on irradiated
human populations. Genetic diseases, on the other
hand, have not been seen to increase in frequency in
descendants of irradiated people, and the risks of
these must be inferred indirectly from a combination
of data on hereditary conditions in experimentally
irradiated animal and "unirradiated" human popula-
tions.

As guides to decision making, the radiation risk
estimates alone are of limited value. Only when they
can be compared with corresponding estimates of risk
associated with various possible options do they assist
in making an appropriate choice. For this reason, the
need for relevant comparisons with aftematfve risks
will be emphasized.

Estimates of cancer risks have been based largely
on data obtained by following up a) the survivors of
the atomic bombings at Hiroshima and Nagasaki, and
b) patients treated by irradiation for an arthritic
disease of the spine (ankylosing spondylitis). In both
cases the exposed groups received substantial ex-
posures delivered at high dose rates; when predicting
the risks following much lower exposures distributed
over much longer periods of time it is commonly
assumed that the numbers of induced cancers will
vary in direct proportion to the dose down to the
lowest doses, and will be essentially independent of
any protraction of the dose in time. While this may
not be strictly true, the assumption is thought to be a
cautious one in that it is more likely to overestimate
the actual risk than to underestimate it. (See The
Direction of the Uncertainties, page 28).

For convenience, the estimates of the cancer risks
will be expressed in terms of the numbers of cancers 23



caused in a population of a million people exposed to
an average of one rem, i.e. receiving a collective dose
of a million man rem. It is estimated that such a
population would experience, over perhaps three
decades, a total of 150 fatal cancers that would not
otherwise have occurred, and that there would be an
additional 100 cancers, mostly of the thyroid and
skin, that would be cured by surgery or other means
(Table 7); the lifetime risk of cancer death due to
other causes is about 20 per cent. (The data in Table
7 are of limited use for predicting the risks arising
from highly localized exposures, as in the case of
irradiations of the lungs and bronchial tubes by radon

Table 7 Risk Estimates for the Induction of Cancer
by Whole Body Irradiation
(Adapted from UNSCEAR 1972, p. 9, BEIR 1972, p. 89,
and NEA 1976, p. 33-34.)

Kind of
cancer

Cases
per10 6

man-rem Notes

OBSERVED

Leukaemia
Lung

Breast

Other

Thyroid (non-fatal)

TOTAL (fatal)

(non-fatal)

15-40

10-40

6-20

40

(40)

71 -140

(40)

1

2,9
3
4
5

6

FAVOURED ESTIMATE

TOTAL (fatal)

(non-fatal)

150

(100)

Table 8 Risk Estimation for the Induction o f
Hereditary Diseases by Irradiation

Of Germ Cells (Adapted from UNSCEAR 1972,
p. 7, BEIR 1972, p. 57, and N6A 1976, p.34t

Kind of
hereditary

diiease

Natural
incidence
per 100
liveborn

Casas
per iO 6

man/ram

Uncertainty

Notes

Dominant

Chromosomal
andracessiv»

Congential
malformations

1

1

2.5

Constitutional
and degenerative 1.5

100

200

24
TOTAL 300 (15)

Table 9 Cancers and Hereditary Diseases from
Natural and Manmade Radiation
(Excluding Nuclear) (Bated on Tables 5 - 8.)

Nature
of

exposures

Relevant
dose -

(mrem/annum)

Kinds of effect
(cases per 10 6

people exposed Notes
over a lifetime)

Fatal Hereditary
cancers disease

Natural
radiation

Medical
exposures

Fallout

Occupational
(ex. nuclear)

Miscellaneous

TOTAL

100

35

6

0.3

0.3

750

260

45

2

2

1,000
approx.

900

300

50

3

1,2

3

1,200
approx.

3

Table 10 Cancers and Hereditary Diseases from
Nuclear Energy - assuming 1 kW
electrical production per person
(Based on Tables 6 - 8, and NEA 1976, p. 34 - 36)

Kind of Relevant dose Cases per 10
effects averaged over people per year

the population (i.e. per 1000
• (mrem/annum) MW.annum)

FATAL CANCERS

Population
whole body exposure 1.5 0.2

krypton 85 betas to

skin 5 0.05

iodine 129 to thyroid 0.5

Occupational

whole body exposure 4.2 0.6

radon to lungs in mines — 0.05

partial body, reactor
and reprocessing
operations - 0.1

HEREDITARY DISEASES

Population
whole body exposure 1.5

Occupational
whole body exposure 2.7

0.5

0.8

TOTAL

fatal cancers

hereditary diseases

1

1.3



gas and its daughter products in the course of
uranium mining. For further details concerning radon
and lung cancer see footnote 9 to Table 7.)

Estimation of the genetic risks from radiation has
proved more difficult. Not only has no corresponding
increase been observed in the frequency of hereditary
disease among descendants of atom bomb survivors
and irradiated patients, but there have also been
numerous failures to detect, and measure the amount
of, such harm in descendants of irradiated mammals
such as mice and pigs. For this reason, indirect
methods must be employed to estimate the genetic
risk in man. Thus, it is known that 100 rem of
chronic irradiation in each generation will double the
natural frequency of hereditary coat-colour changes
in mice, and it is assumed that this same dose if de-
livered to people in each generation would double the
frequency of some hereditary diseases, including in
particular those with severe manifestations that are
inherited in a simple dominant fashion. On the basis
of this reasoning it is concluded that perhaps 300
cases of serious hereditary disease might occur among
descendants of a million people as a result of ex-
posure to an average of one rem prior to reproduction
(Table 8). Opinions on the precise estimate vary,
especially as relating to genetic diseases that are not
inherited in a simple dominant fashion. As a result
there is something like a five-fold uncertainty in
either direction.

Table 11 Fatal Occupational Accidents and
Diseases Associated with Nuclear Power
Production - Not Involving Radiation
-assuming 1 kW electrical
production per person
(Bated on NEA 1976, p. 35-36.)

ACCIDENTS

construction

mining

milling
transportation
reactor operation I

fuel reprocessing 1

OCCUPATIONAL DISEASE

minin0

TOTAL fatalities
(non-radiation)

Fatajities
per 10 people

per annum
(i.e. per 1000
MW.annum)

0.25

0.3

0.1

0.002

0.05

<0.05

0.8

Notes

1

2

3

4

Table 12 Total Fatalities and Genetic Disease
From Nuclear Power Generation
- in a population of 10^ people using
1 kW per person (Based on Tables 10 and 11,

and NEA 1976, p. 36.)

Kinds of harm Cases per annum
of power production

(approx.)

Fatal cancer - radiation induced
Genetic disease - radiation induced
Fatal accidents — non-radiation

1

1.5
1

TOTAL fatalities and genetic disease 3.5

On the above basis, exposure of a million people
to natural radiation over their lifetime presumably
results in something like 1600 or so seriously-affected
individuals. This will include some with fatal cancer
among the million exposed people, and some with
serious hereditary disease among their descendants
(Table 9). Medical uses of radiation, and in particular
diagnostic radiology, would account for the majority
of a further 600 or so such conditions arising as a
result of exposure to radiation from man-made
sources. The annual incidence in a population of a
million people of stable size, would of course be less,
i.e. something like 30 or 40 cases per year.

At a time when nuclear energy will supply a kilo-
watt of electrical power per person, a population of a
million people exposed from this source to an addi-
tional 6 per cent of natural background radiation
might have a further two cases per year of either fatal
cancer or serious hereditary disease (Table 10). As
with other forms of power production, there will be
fatal occupational accidents and diseases which have
nothing to do with radiation; taking into account all
aspects of the nuclear power industry, these will
amount to somewhat less than one case per year
(Tables 11 and 12).

CURRENT STANDARDS OF PROTECTION

The legal standards of radiation protection adopted
by most countries, including Canada, follow closely
the recommendations of the International Commis-
sion on Radiological Protection (ICRP). This body
operates as a non-governmental organization under
the International Congress of Radiology. The recom-
mendations of the ICRP are revised from time to time
to take into account new information on the effects of
radiation, the most recent revisions being in 1958 and
1965. A further revision is due in 1977. 25



Currently, the maximum permissible doses recom-
mended by the Commission for occupational ex-
posures are:

Gonads and red bone marrow
(and in the case of uniform
irradiation, the whole body) 5 rems in a year

Skin; thyroid; bone 30 rems in a year

Hands and forearms;
feet and ankles 75 rems in a year

All other organs 15 rems in a year.

The gonads and the red bone marrow have been
considered to be the critical organs when the whole
body is exposed uniformly, and are therefore re-
garded as limiting all exposures that involve them.
For individual members of the public, the recom-
mended annual dose limits are one-tenth those for
occupationally exposed persons (excluding contribu-
tion from medical exposures and natural back-
ground). As a further precaution, the ICRP has also
recommended that "as any exposure may involve
some degree of risk . . . all doses be kept as low as
readily achievable, economic and social conditions
being taken into account" (13).

Such recommended standards represent a stage in
a continuing evolution, based on a growing knowl-
edge of harmful effects. The activities of the ICRP
now span nearly five decades, and initially only rela-
tively high doses of radiation were thought to cause
cancer. At that time the objective was to limit all
exposures so that they did not reach the known
dangerous levels. It is only within the past two
decades that cancer and significant hereditary diseases
have become generally recognized as possible con-
sequences of even low doses.

As a result of the emphasis by the ICRP on keep-
ing all doses "as low as readily achievable", Canada
has a design objective which reduces the permissible
dose at the boundary of a nuclear generating station
to one per cent of the recommended upper limit (i.e.
from 500 mrem/annum to 5 mrem/annum). The re-
sulting average exposure to the surrounding popula-
tion, from that installation, would then be less than
one mrem/annum or less than one per cent of natural
background.

Until recently, estimates of risks in the low-dose
range were thought to be still far too unreliable to
serve as a numerical basis for setting revised exposure
limits. However, as more information becomes avail-
able concerning the relative radiosensitivities of dif-
ferent body organs to cancer induction, and in the
case of the gonads to the induction of hereditary
defects, a closer numerical relationship becomes
possible, between the risk data and the safety stand-
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system of protection for occupationally exposed
workers which would be based on the sum of the
estimated risks from all exposed organs. Such a
system has not been workable in the past due to the
lack of adequate data.
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GAPS IN KNOWLEDGE -
FUTURE RADi ATION DOSES

Attempts to estimate future radiation doses tend to
be based on current practices, current trends in these
practices, and new practices envisaged for the future.
For example, although the frequency of diagnostic
radiography may increase in the future there has been
a substantial downward trend in the extent of the
body dose from various radiographie examinations.
Also of interest in the present context are the trends
in exposures arising from the production of nuclear
power.

Occupational exposures from the operation of
nuclear reactors have been taken in the NEA docu-
ment as in the region of 2 man rem per megawatt
year of electrical power produced. There are a
number of reasons to believe that this may be too
high a value, and perhaps especially so in Canada.

One relevant trend is towards the use of larger
reactors, and these are known to produce more elec-
trical power per unit of occupational exposure. For a
list of twenty nuclear power stations given in a
United Nations report (28) these exposures declined
by about five-fold with increasing reactor size, i.e.
being 2.6 ± 0.7. 2.1 ± 0.3 and 0.6 ± 0.3 man-rem/MW
year respectively for stations in the ranges 70-90,
150-300 and 500-1080 MW capacity.

For Canada, it is believed that an occupational
exposure of 0.3 man-rem/MW year is a reasonable
objective for future power stations of 1200 MW
capacity, or some seven-fold lower than the value of
2.0 used in the NEA document and quoted in Table
6. Currently the figure for the larger Canadian reac-
tors stands at about 0.6 man-rem/MW year, i.e. about
three-fold lower than the NEA figure. There are eco-
nomic incentives to develop technologies which
would further reduce the exposure below the pre-
dicted future level. These incentives arise because the
total man-rem doses to the staff of a power station
will sometimes determine the numbers that have to
be employed to ensure that no one is exposed beyond
the legal limit. Currently envisaged are such innova-
tions as remote inspection methods, routine decon-
tamination washes of the cooling system etc.

The typical integrated exposure to populations in
the vicinity of nuclear generating stations and beyond
(mainly from radioactive gases) has been taken in the
NEA document as 0.1 man-rem/MW year, and so is
less important than the occupational exposure (19).
The releases, however, are lower for pressurized water



reactors than for boiling water reactors, by a factor of
as much as 100 fold (28), although the two are
similar with respect to occupational exposures (2).
Since Canadian reactors resemble more closely the
pressurized water reactors, the above estimate for the
integrated dose to the population at large, as distinct
from the occupational exposure, may likewise be
unduly high for present purposes.

The other major component in the average popu-
lation dose from nuclear power production, as esti-
mated in the Nuclear Energy Agency document,
comes from the reprocessing of spent fuel (Table 6).
Because Canadian reactors currently burn natural, un-
enriched uranium fuel, the need for extensive re-
processing can be substantially delayed in this
country.

Occupational exposures in the reprocessing plants
will be mainly to external radiation, and are currently
estimated to be similar to those in nuclear power sta-
tions. It is not possible to predict what the state of
the art will be in the future when this kind of activity
is undertaken on a substantial scale in Canada. How-
ever, a strong financial incentive will exist, as in the
operation of reactors, to reduce as much as possible
the numbers of radiation workers who have to be
maintained on the payroll, and therefore the inte-
grated man-rem dose for a given installation since this
may determine the minimum number of radiation
workers. Hopefully the estimate in Table 6, which is
based on current practice, may prove to be an over-
estimate as applied at that future time. However, the
circumstances will differ. Much of the past experience
is presumably based on the processing of relatively-
lightly irradiated fuel for the production of weapons-
grade plutonium. For the future, the handling of
heavily irradiated fuel from power reactors may in-
volve additional problems. Over against this, it is
expected that the larger reprocessing plants of the
future, like the larger nuclear generating stations of
today, will be more efficient in terms of their unit
production per man-rem of exposure. Thus the re-
liability of current estimates of doses associated with
fuel reprocessing is still limited. Because of Canada's
use of natural uranium, experience in this matter will
presumably come first from other countries.

GAPS IN KNOWLEDGE - CANCER RISKS

Although cancer induction by radiation has been
studied in great detail in small laboratory animals
such as mice, the results from these experiments are
of limited use for the purpose of obtaining quanti-
tative estimates of radiation risks in man. Much re-
liance has therefore had to be placed on the limited
information obtained from observations carried out
on the available irradiated human populations.

Since about one fifth of all people die of cancers
that are not attributed to radiation, it becomes par-
ticularly difficult to detect a carcinogenic effect of
the radiation in groups exposed to low doses. More-
over, for the same reason it is virtually impossible to
determine by direct observation whether there is any
safe level of exposure below which no cancers at all
are produced by the radiation. Because of this it is
regarded as prudent to assume for purposes of radia-
tion protection that the risk of radiation-induced
cancer varies in direct proportion to dose, down to
the lowest doses. The possibility exists, of course?
that the efficiency of the radiation in causing cancers
might even be greater at the lower doses. But most of
the available data at doses that can be studied indi-
cate a probable mixture of "1-hit" and "2-hit"effects;
i.e. the effect increases with the dose at a rate greater
than the dose but less than the square of the dose.
Only occasionally has a different relationship been
demonstrated at the lower doses. Thus, if the assump-
tion of linearity is wrong it is generally considered
that the true risk will have been over-estimated rather
than under-estimated as a result.

The irradiated human populations most suitable
for study have, furthermore, been exposed either to a
single large dose as in Hiroshima and Nagasaki, or to a
limited number of individually substantial doses as in
patients irradiated for ankylosing spondylitis. Data
from other populations have so far been less useful.
Thus it is quite possible that the same total doses
would have been less hazardous if delivered in smaller
amounts over longer periods of time, as suggested by
studies with animals. For purposes of radiation pro-
tection, however, it is customary to assume that the
risk is independent of the rate at which a total dose is
delivered.

Recently it has seemed more probable that only a
part of the induced cancers varies in direct proportion
with the radiation dose, and that another part varies
as the square of the dose. Also it seems likely that
protraction of a radiation exposure in time would
reduce the frequency of this second part of the re-
sponse. If this view is correct, and there is some
evidence that it may be (26), the estimates presented
here could be higher than the true risks, perhaps by as
much as a factor of three.

GAPS IN KNOWLEDGE - HEREDITARY DISEASE

Failure to observe directly any increase in the fre-
quency of hereditary diseases among offspring from
irradiated humans has imposed a limitation on those
who attempt to estimate the genetic risks of radiation
exposure. Similarly, studies with laboratory mammals
have provided only limited evidence of actual harm in
offspring from irradiated parents. Indeed, experi- 27



ments with populations of small mammals, heavily
irradiated over many generations, have yielded so
little indication of any increased disease, or lack of
well-being, that this type of experiment has largely
ceased to be of interest to those geneticists who study
hereditary changes (20). Thus, an indirect approach
to the problem of hereditary harm has had to be
employed.

The estimates of genetic risks presented here
assume that all of the known, serious, dominantly-
inherited diseases of man would increase over the
generations to a new level, in direct proportion to any
sustained elevation of the mutation rate such as
would occur with exposure to any environmental
mutagen, including radiation. They also assume, with
much less assurance, that some substantial fraction of
the irregularly inherited diseases and congenital
anomalies would do likewise.

The first of these assumptions may well be
correct, but the combined frequency most often
quoted for the severe dominant diseases is based on a
survey which included common conditions that are
no longer regarded as dominantly inherited. Until a
revised estimate for the frequency of severe dominant
disease becomes available, and is generally accepted,
it would seem likely that there has been an over-
estimation of this part of the risk, by perhaps some-
thing like three-fold.

The second of the two assumptions, i.e. that
many of the severe irregularly inherited diseases of
man would also increase similarly in frequency, is
open to considerable doubt. Although testable in
lower animals, no evidence has been produced in its
support. If the assumption is wrong, two thirds of the
original estimate is removed; and considering the two
assumptions together, the true risk might be lower
than that estimated here by perhaps as much as ten-
fold. Alternatively, theoretical arguments are occa-
sionally put forward to the effect that the estimated
risk neglects some forms of genetic injury too subtle
to be detected and measured by current methods in
either man or laboratory mammal. No strong reasons
have been advanced, however, to support this view in
the absence of direct evidence.

THE DIRECTION OF THE UNCERTAINTIES

It might seem that from the foregoing discussion that
all of the uncertainties with respect to the radiation
risk estimates fall in the one direction. This is, of
course, not true. It could be argued (a) that radiation
exposures will be higher in the future than has been
estimated, (b) that low doses are relatively more effi-
cient in causing cancer than are higher doses, and (c)
that non-specific forms of hereditary lack of fitness
may be induced by radiation and that these will be of
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Each of these possibilities is in fact suggested from
time to time. However, no proponent of any one of
these views has yet presented a reasoned case that has
convinced his colleagues.

Most of those who have been involved in the esti-
mation of radiation risks tend to feel that it would be
more serious to underestimate the hazards now, when
practices and standards are becoming established,
than it would be to overestimate them. Also, scien-
tists are unlikely to overlook possible effects which
they believe to be real and feel can be demonstrated
to be true. It is presumably for this combination of
reasons that uncertainties in the risk estimates appear
to be mainly in the one direction.

If one accepts that the risk estimates given here
may overestimate the true risk, it is still reasonable
that they be used as a basis for setting safety stan-
dards. Only when these safety standards are unduly
restrictive will serious problems arise. In such circum-
stances, re-assessment of both the biological risks and
the associated social benefits, in relation to each
other, would be needed in order to arrive at a better
balance between the two.

THE ROLE OF FOLLOW-UP STUDIES
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Refinement in the setting of safety standards for the
use of a hazardous agent necessarily depends upon a
quantitative understanding of the hazard. If one
wants to know just how much trouble will be caused
by exposing people to that agent, the only satis-
factory way to find out is by observing carefully
those who have already been exposed. Animal experi-
ments may alert us to poisonous effects, but rarely if
ever do they establish conclusively for man the degree
of risk (or the absence of risk) associated with a given
level of exposure. The point is important because the
public, while pressing for greater safety, sometimes
place obstacles in the way of obtaining the human
data on which better safety standards could be based.

Where cancer is the effect that is feared, a pro-
longed period of follow-up is required because of the
long period of latency; and where the levels of ex-
posure are low, large numbers of people will need to
be followed if a possible effect is to be detected.
Epidemiologists have done this sort of thing in the
past, often on quite a small scale, and estimates of the
risks of cancer do exist as a result of such work (e.g.
see Table 7). But as society becomes increasingly pre-
occupied with low levels of risk to large numbers of
people, the appropriate scale of study increases.
Special methods then become necessary, to minimize
the clerical labour and to maximize the use of any
existing information on the exposures, and on the ill
health and deaths, to individuals in the study popula-
tion. We are now entering an era when such studies
are becoming increasingly possible, due partly to



computers and partly to the centralization of per-
sonal medical records associated with universal health
insurance. Furthermore, Canada is one of the best
places in which to carry out such work because of the
manner in which the systems of vital and health
records have been organized in this country.

The chief difficulty arises because "public-
interest" groups tend to be uneasy about possible loss
of privacy if medical data are used in this fashion,
even under legislation guarding confidentiality of all
but the statistical products of the work. Numerous
official and semi-official bodies in this country and
elsewhere have advocated measures that would facili-
tate, under appropriate safeguards, such follow-up for
the purpose of identifying as yet undetected causes of
ill health (1), (15), (16), (17), (18), (21), (22), (23).
The political and social pressures that have worked
against the adoption of such measures are discussed
elsewhere (APHA 1972). Yet, failure to use available
data appropriately could result in a continuing ina-
bility to recognize risks and to protect the public
adequately. The dilemma can be resolved, partly
through better understanding of existing safeguards
to privacy, and partly through the development of
new safeguards that will still permit individual
follow-up on the required scale (16).

More specifically in the case of radiation, those
who are occupationally exposed already have their

lifetime exposures documented by law. If there is any
possibility at all that the cancer risks have been
underestimated, these people would constitute an
obvious group for follow-up (3). The pattern thus set
could well prove applicable in other industries.

COMPARISONS WITH ALTERNATIVE RISKS

In general, other sorts of risks may be incurred, and if
so will need to be assessed, as a consequence of
attempts to avoid a radiation risk. These other sorts
of risks would result from using alternative means of
obtaining similar benefits, or would be a consequence
of making do with fewer benefits. Thus, various "risk
options" are open to society as relating to the kinds
of benefits that are associated with the radiation
exposures.

Some examples will illustrate the point. Radio-
therapy for cancer is not always harmless, and chemo-
therapy or surgery may be used instead. But each of
these treatments carries its own risks, and no one
form of therapy is equally effective against all forms
of cancer. Thus the treatment of choice will usually
depend on a balance between effectiveness and risks.
All of these kinds of risks may be avoided, of course,
by doing without t. > rtment, but the risk incurred as a
result of this lack OT treatment would often be vastly
greater than that arising from the treatment.

Table 13 Comparison of Harm from Nuclear versus Coal Generation of Electrical Power
— in a population using one kilowatt per person
(Based on Tables 10 and 11, and NEA 1976, p 38.)

Kinds of harm
Cases par annum per 10" people

nuclear

gmttic fatal
tCCMtflt

nuclear(total)

total plu»
gtntttc

«Ml
Notes

fatal

OCCUPATIONAL

Mining .05

Transportation

Construction

Burning and

reprocessing

TOTAL occupational

.7

.35

.1

.002

.25

.05

.4

.1

-

.25

1.6

Î .1

1.2

2.4 1.1 1.8

GENERAL PUBLIC

Transportation —

Burning and
reprocessing .2

TOTAL general public

.5 .7 .4

1.0

or

.6

45

46

4

S
29



The point may be pursued further. Sometimes the
benefit associated with the radiation exposures is of
no great value, as in the case of the X-ray machines
once used for fitting shoes; we are then better off
without the supposed benefit. In other circumstances
it may seem that the mere application of money
could reduce the radiation risk. In fact, a substantial
reduction in the population dose from the medical
uses of radiation could be achieved if the older diag-
nostic X-ray machines were replaced more rapidly
with newer models. This, however, might result in
additional risks of another kind if the necessary ex-
penditure resulted in curtailment of other health
services.

Similar choices exist in relation to the production
of electricity by nuclear generating stations. For
example, coal could be used as the chief fuel, long
into the future, instead of uranium. A comparison of

the risks from the two sorts of fuels is therefore of
special interest. There have been a number of recent
attempts to estimate the risks from conventional
coal-fired generating stations, including risks to the
public and to those employed in all stages of fuel
production and use (11), (12).

Mining of the coal required to produce a given
amount of power causes more deaths than does the
mining of the much smaller amount of uranium
needed to replace the coal (Tables 13 and 13a).
Because the coal is by far the more bulky fuel, the
same may be said of its transportation, and some of
the transportation accidents will affect members of
the general public. However, the total estimated occu-
pational risk, per unit of electrical power produced,
appears to be somewhat less for coal but does not
include fatalities from the construction and operation
of coal fired stations. Risks to the general public may

Table 13a Further Comparisons of Harm from Nuclear Versus Coal Generation of Electrical Power
— in a population using one kilowatt per person

NEA 1376

Occupational

Public

Total

Burnett & Paddleford 1976

Occupational

Public

Total

Ron et al 1976

Occupational

Public

Total

Corner m d Sagan 1976

Occupational

Public

Total

Annual fatalities etc.

(Uranium)

lower

2.4

.7

3.1

-
-
**

.5
-

.5

.1

.01

.11

higher

2.4

.7

3.1

-

-

.5
-

.5

.86

.16
1.02

per 10 6 people*

(Coal)

lowei

1.1

1

2.1

-
-

1

20

21

.5

1.6

2.1

r higher

1.8

46

47.8

-
-
»*

1
100

101

5

111

116

Ratio of fatalities etc.

(Uranium/Coal)

lower higher

1/15 1.5/1

1/9 1/1.5

1/202 1/42

1/1060 1/114

30
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• • Values ghwn at "equivalent person-days ol Illness" rather than as absolute
numbers of fatalities. Fatalities resulting from the use of the electricity, i.e.
deaths due to shock and to electric f 1res, are included and are equal for
uranium and coal. When these are removed, the difference between the
two fuels appears even more striking.



be greater from coal, however, and conceivably much
greater indeed if a pessimistic estimate is accepted for
the effects of such p tentially poisonous wastes as
sulphur dioxide, suspended particulates, polycyclic
hydrocarbons, oxides of nitrogen, ozone and other
secondary products of combustion. It is unfortunate,
for the purpose of deciding between various risk
options, that more effort has not been devoted to
assessing the harm from the continued use of con-
ventional coal-fired stations for power production,
and that the risks and costs of other cleaner ways of
burning coal for the production of electricity have
not been explored further.

The implications of such comparisons of the
hazards of a new technology with those of an old
technology require some further consideration; con-
ditions in both coal and uranium mines have im-
proved and may continue to do so; and the delayed
effects of the radiation have been compared here only
with the acute effects from the burning of coal. More
specifically: 1. Sulphur dioxide production from the
burning of coal could undoubtedly be reduced, at
some additional cost; however, coal is already a more
expensive fuel than uranium (including reactor costs)
and this might further increase the disparity. 2. Im-
proved working conditions in mines should affect
coal and uranium mines similarly, and may have little
effect on the comparison. 3. The comparison would
be fairer if we could include the long-term harmful
effects of such products from the combustion of coal
as: benzopyrene, ozone, oxides of nitrogen, and toxic
heavy metals concentrated in fly ash. The present
comparisons are clearly imprecise, but the possible
biases are not necessarily in any one direction.

Oil and gas are safer fuels than coal, especially if
one includes the risks associated with procurement
and transportation. However, because these fuels are
likely to be in increasingly short supply, they need
not be considered here as representing adequate
future alternatives to uranium for the purpose of
generating electricity.

The purpose of comparing in this fashion the
various risk options, associated with the production
of a benefit which is in demand, is to make it easier
for members of the public to decide in an informed
fashion what they would regard as an "adequate"
standard of radiation protection. It might be argued,
for example, that certain of the safety standards that
have come to be accepted in the past represent
"undemocratic" decisions made by a small, tech-
nically informed, part of society. Likewise, small
pressure groups may be viewed by some as equally
undemocratic when they seek an influence dispro-
portionate to their size by dramatically warning
about selected risks while avoiding objective com-
parisons with alternative risks. The remedy in both
cases, and the only truly democratic approach, would

appear to lie in fostering an increased public aware-
ness of the full range of risk options assorted with
the production of a particular benefit.

Two main problems are recognized; (a) the exis-
tence of strong emotional reactions associated with
discussions of radiation risks, arising out of a fear of
the unfamiliar, which may work against the exercise
of rational choice by the public in its own interest;
and (b), a genuine concern that modern technologies
might saddle the public with a multiplicity of in-
dividually small risks, of substantial combined magni-
tude, from which society would have difficulty in
extricating itself because it is "locked in" to these
technologies by the extents of its capital investments
in them. Some comnarisons with familiar every-day
risks, of a kind that are often incurred voluntarily,
would appear to be relevant to the first of these two
problems (i.e. in addition to the comparisons with the
other option — coal); and a look at current actuarial
trends, while providing no basis for complacency, will
at least demonstrate that the progress of modern
technology is still associated with a continuing,
measurable, net benefit to man's health.

A familiar hazard with which the radiation risks
may be compared is that from cigarette smoking. The
public is admittedly more tolerant of the harm to
which they expose themselves voluntarily, perhaps by
a number of orders of magnitude: in this case, how-
ever, a small but appreciable fraction of the total
exposure to tobacco smoke involves non-smokers.
From the statistics on excise duties and excise taxes,
it appears that Canadians smoke about 5 x 1010 ciga-
rettes per year (see Canada Year Book 1972, p.
1153), and the Canadian vital statistics show that
there are well over 5,000 deaths from lung cancer per
year, of which the great majority are due to cigarette
smoking. Correcting for a doubling in the per capita
consumption of cigarettes in the last 20 years, the
risk of dying from lung cancer, per cigarette smoked,
is thus in the vicinity of 2 x 10-7. From Table 7 we
may infer something like 0.25 x 10"? lung cancer
deaths per man-millirem. It is possible therefore to
equate one mrem with 1/8 of a cigarette. The com-
parison is not greatly changed if extended to include
deaths from all causes; one mrem of radiation then
represents a risk of death of 1.5 x 10-7 (Table 7) and
one cigarette represents a risk of death of 8 x 10-7
(24), (8). By either comparison the estimated 6 mrem
per year from nuclear power in the future might be
regarded as equivalent to about one cigarette per
year, or one puff every couple of weeks. This may
well approximate what many non-smokers receive in-
voluntarily while travelling in public conveyances and
associating with other people in business and socially.
The comparison is relevant also to the view which one
takes of the hazards to public health from coal-fired 31



power stations; i.e., neither uranium nor coal repre-
sents a risk that is large in comparison with other
more familiar threats to health.

Concern about the combined hazards of modern
living is legitimate and important. It must not be
assumed without evidence, of course, that modern
hazards necessarily exceed those of the past, or that
the net effects of new technologies are especially
likely to be unfavourable. Furthermore, there should
be no under-representation of the hazards of the past
which modern life is helping to diminish, it being the
net trends which are strictly relevant to this concern.
Most people are aware, for example, that the life ex-
pectancy at birth has increased dramatically over
recent decades. What is not so widely recognized is
that the expectation of life at all ages has continued
to rise gradually (see Canada Year Books, life tables).
While not only technological factors are responsible
for such a favourable actuarial trend, one cannot seek
in any simplistic way to slow down technological and
economic development, for the purpose of protecting
the health of the public, without running some risk of
having the reverse effect. Only by comparing specific
risk options, with a view to particular benefits, will
the health of the public be best served.

SAFETY STANDARDS,
AND RISKS VERSUS BENEFITS

Certain general principles relating to the selection of
appropriate safety standards should perhaps be stated
more explicity.

The need for safety standards with respect to
radiation first became apparent because of the acute
effects, notably on skin. Subsequently it was found
that the early users of X-rays developed cancers
because of large chronic exposures that could readily
have been avoided. As with many chemical poisons,
however, levels of exposure an order of magnitude or
so lower than those observed to have harmful effects
were for some time generally regarded as safe. Such
standards of safety are usually not too difficult to
achieve in practice, or to justify as reasonable.

The problem of setting safety standards became
more complicated, however, when the idea was intro-
duced that the likelihood of producing a cancer or an
hereditary defect might be proportional to the dose.
If this were true, no dose of radiation, however small,
could be regarded as totally safe in the absolute sense.
This concept is now commonly applied not only to
radiation but to cancer-producing chemicals in the
environment, of which there are many. With absolute
safety an illusive and unrealistic goal, not only with
respect to radiation but with respect to most hazards,
and now recognized as such, the problem becomes
one of deciding what constitutes a reasonable level of
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In considering the whole problem of the accept-
ability of risks, from radiation or anything else, value
judgments are necessarily involved, which are of a
socio-economic rather than a biological nature. For
employees in some new industry, such as the nuclear
industry, it might be considered reasonable to ensure
that the standards compared favourably with those in
other industries. In average North American industry,
the chances of being killed or totally disabled (by loss
of two eyes or two limbs) in a lifetime of work is in
the vicinity of 0.5 per cent. Higher standards of
safety for employed persons are clearly desi able if
they can be achieved without serious hardship to
society, but this does represent a level that is at least
currently accepted by society as constituting for the
most part a tolerable compromise between benefit
and risk. The safety standards set for occupational
exposures to radiation do in fact attempt to ensure
that overall safety, e.g. for those employed in radio-
logical clinics and in the nuclear industry, will com-
pare favourably with the levels of occupational safety
prevailing elsewhere.

Somewhat greater logical difficulty is encounter-
ed when attempting to decide what safety standards
ought to be regarded as acceptable, for exposures of
the public to radiation, or in fact for pollution of the
environment in any form. Society as a whole may
reconcile itself to accepting some undesirable altera-
tion of its environment as a necessary price to be paid
for the benefits of industrialization, but individuals
may argue strongly that to have no personal choice in
the matter is wrong in principle. For such people, the
fact that medical practice contributes far more to the
average radiation exposure of the population than
does any other human activity, is an irrelevancy be-
cause one can choose to avoid medical exposures if
one is willing to accept the consequences. Neverthe-
less, many human activities do expose large popula-
tions to pollution of various sorts. Thus risks to the
public, from an industry, pose no new problem of
principle. The real problem is that of balancing these
risks against the associated benefits to society.

For most industries, there are really two closely
related objectives. One is that of ensuring that the
benefits to the population exceed the risks; the other
is that they do so by as large an amount as possible.
This is a matter of optimizing, or of attempting to
select for society the most favourable of all possible
options. For example, to reduce the radiation dose to
the population from nuclear power, society might
choose:

(a) to use an alternative fuel such as coal;

(b) to restrict the use of electricity; or

(c) to increase the extent to which radiation and
radioactive wastes are contained.



The risks associated with the first of these three
choices have already been examined and it seems
likely that uranium is a safer fuel than coal as used
currently for power-generation. Furthermore the
comparison was not exhaustive. There is, for
example, a future ecological problem to be con-
sidered when some of the larger coal reserves that
lend themselves to extensive open strip mining are
tapped. This is perhaps comparable in nature to the
problem of managing the tailings from uranium
mines, but it is not certain which of the two should
be regarded as the larger problem.

Restriction of the use of electricity is advocated
by some as a means of limiting the risks from both
coal smoke and radiation. If this comes about it will
represent a social, political and economic decision
rather than one dictated by the biological facts alone.
To complicate matters, there is the tendency for a
vocal minority to demand greater safety while a silent
majority continues to purchase electricity in increas-
ing quantities, in spite of rising costs and discussion
of pollution and its effects.

What is apt to be lacking from the debate, in the
case of this second choice, is some objective assess-
ment of the importance to society of maintaining
various possible levels of electrical production. No
risk-benefit comparison is possible where the benefits,
or needs, are not spelled out in the same terms as the
risks.

Since the need for an industry is usually express-
ed in terms of economic benefits, the public may see
eventual decisions on safety matters as based on a
callous balancing of human lives against dollars and
cents. But this misses the real point. Both human
safety and the quality of life are influenced in numer-
ous ways by the degree of prosperity. An example
will serve to illustrate the point. Literally hundreds of
infants' lives have been saved annually in Canada
following an expensive decision to have universal
hospital insurance; and the effect has been greatest in
those areas which previously had unusually high
infant death rates because they were economically
depressed and could not afford good health care (7).
The saving of lives is in many ways dependent on the
availability of money and resources. Thus, insistence
on safety standards, in any industry, which are so
high that they have a major adverse affect on the
economy of a community or a nation, could be self-
defeating.

The problem of interpreting the biological and
medical data on radiation risks, so as to set appro-
priate safety standards for the population as a whole,
is thus one of optimizing a situation in which there
are opposing risks to people. Considerable effort has
been devoted to estimating the risks from nuclear
power production. What are now needed are esti-
mates in similar terms, of the risks from various de-

grees of curtailment of the power production. It is
unfortunate that this complementary task is so
difficult, and that it has, perhaps for this reason, re-
ceived so little attention.

The third choice open to society likewise has eco-
nomic overtones. If society wishes to lower the radia-
tion exposures from nuclear power production, it
may choose to spend more money (i.e. more of its
resources) on containment of radiation and radio-
active materials. A balancing of costs and benefits is
again implied in any decision on the matter. Few
attempts have been made to reduce the subjective
element in the balancing process, by estimating both
the costs and the benefits of additional containment.
However, the special containment proposed in recent
design objectives for nuclear reactors in the United
States (10) has been estimated to cost an additional 1
to 10 million dollars for a 1000 MW capacity installa-
tion, and to result in a total reduction of the inte-
grated population dose by perhaps as much as 5000
man-rem over the lifetime of the reactor (27). In
terms of the risk estimates quoted here, one might
thus predict a reduction in the numbers of fatal
cancers and serious hereditary diseases of between 0.2
to 2 cases per million dollars spent on this kind of
safety. Taking the numbers at face value, this might
seem a reasonable return on the investment. As in
other contexts, however, a decision to adopt such
standards implies a judgment on the part of society
concerning an appropriate price to pay for saving (or
prolonging) a human life or avoiding a serious illness.
Better estimates of the dose reduction per unit cost
are needed before much reliance can be put on this
approach to decision making with respect to addition-
al containment, but the nature of the question for
society will be apparent from the example.

Such judgments, concerning the expenditure of
resources to save life or avoid disease, are more
common than is generally realized. Usually they pass
unnoticed because the monetary cost and the amount
of safety purchased are not equated with each other.
But when an analysis is attempted it becomes appa-
rent that society's resources are better spent on some
kinds of safety than on other kinds. One related ano-
maly, of special interest in the present context, has
been pointed out by Terrill (27). Since by far the
greatest part of the population exposure to man-made
radiation comes from medical practice, and since
many of the older X-ray machines have shielding
cones that are less efficient than those of newer
design, he points out that considerable reduction in the
population dose could be achieved, simply by chang-
ing the older shielding cones. This would be much
cheaper than changing the whole machines. As com-
pared with expenditures on further containment of
reactor wastes, he argues that this would represent
greater efficiency in the use of money for radiation 33



protection (at least while the older machines are still upper limits on the likely effects of a given exposure
in service) by a factor of some 1000 fold to 60,000 of a large population. In the light of such informa-
fold. The example serves to emphasize a need to pre- tion, doses received from the medical uses of X-rays,
serve a sense of proportion when considering the which are the largest from any man-made source, are
costs of, and benefits from, changes in safety stand- widely recognized as acceptable because of the asso-
ards. ciated benefits. Acceptability of the smaller doses

likely to be received from the future production of
rnKir11 I C I D M C nuclear power can be judged only after the various
CONCLUSIONS r i s k O p t j o n s o p e n t 0 society have been compared.

•*"—""""" mmmmmmmmmimmmm p resent estimates indicate that nuclear power genera-
Although there is a need for more precise information tion may have substantially less impact on public
concerning the effects of low doses of radiation on health than would the generation of an equivalent
man, it is possible with reasonable confidence to set amount of power by conventional coal-fired stations.

34



REFERENCES

(1) H.B. Newcombe, Cancer Following Multiple
Fluoroscopy. Atomic Energy of Canada Limi-
ted, Chalk River, Ontario. Document No.
AECL-5243 (August 1973).

(2) J.E. LeSurf, Predicted Man-Rem Requirements
for Canadian Nuclear Power Production to the
Year 2000. Atomic Energy of Canada Limited,
Chalk River, Ontario. Document No. AECL-
5510 (to be published).

(3) H.B. Newcombe, Plan for a Continuing
Follow-up of Persons Exposed to Radiation in
the Canadian Nuclear Industry. Atomic Energy
of Canada Limited, Chalk River, Ontario.
Document No. AECL-5538 (May 1976).

(4) Helen C. Chase, Report on a National Death
Index - Pros and Cons. (A statement prepared
by the Statistics Section of the American Pub-
lic Health Association at the Request of the
Presidents Commission on Federal Statistics)
Amer. J. Public Health 62, pp. 719-723.

(5) The Effects on Populations of Exposure to
Low Levels of Ionizing Radiation. Report of
the Advisory Committee on the Biological
Effects of Ionizing Radiations. Division of
Medical Sciences, National Academy of Scien-
ces - National Research Council, Washington,
D.C. (I Jovember 1972).

(6) T.W.T. Burnett and D.F. Paddleford, Nuclear
Power is Better for Your Health. American
Nuclear Society Transactions 23, pp. 316-317
(1976).

(7) Canada Year Book 1970-71. Dominion Bureau
of Statistics, Ottawa. (See p. 285. Thus, in the
early 1940's New Brunswick had an infant
death rate which was 70 to 80 per cent higher
than that for Ontario, i.e. 74 versus 42 per
thousand live births for 1941 to 1945, largely
because their economy could not support the
level of health care which Ontario enjoyed. It
could be said that hundreds of human lives
were lost because of the economic circum-
stances in the poorer province. Now, with good
health care almost universally available and
supported in part by the economy of the
country as a whole, infant death rates have
declined in both provinces and have become
nearly equal, e.g. 20 versus 19 per thousand
live births in 1968).

(8) B.L. Cohen, Perspectives on the Nuclear Debate,
Bull, of the Atomic Scientists, pp. 35-39 (Octo-
ber 1974).

(9) C.L. Comar and L.A. Sagan, Health Effects of
Energy Production and Conversion. Annual
Review of Energy 1, 581-600.

(10) Federal Register 1971. Atomic Energy Com-
mission, Licensing of Production and
Utilization Facilities. Light Water Cooled
Nuclear Power Reactors. Federal Register Vol .
36. No. 111 (June 9, 1971).

(11) L.D. Hamilton and S.C. Morris, Health Effects
of Fossil Fuel Power Plants. From Symposium
on Population Exposures. Knoxville, Ten-
nessee.

(12) K.A. Hub and R.A. Schlenker, Health Effects
of Alternative Means of Power Production; p.
462 in Population Dose Evaluation and Stand-
ards for Man and His Environment. Inter-
national Atomic Energy Agency, Vienna
(1974).

(13) Recommendations of the International Com-
mission on Radiological Protection. ICRP Pub-
lication 9, Pergamon Press, Oxford. (1966).

(14) Radiosensitivity and Spatial Distribution of
Dose. ICRP Publication 14, Pergamon Press,
Oxford. (1969).

(15) A Study of the Implications of Using a Per-
sonal Identifier in the Ministry of Health.
Management Consulting Services Division, Pro-
ject No. 446, Government of Ontario, Toronto.
(January 22, 1974).

(16) Health Research Uses of Record Linkage in
Canada. Report No. 3 of the Medical Research
Council of Canada, Ottawa, (October 1968).

(17) Use of Vital and Health Records in Epide-
miologic Research. Report No. 7, Series 4, of
the National Center for Health Statistics, Wash-
ington, D.C. (March 1968).

(18) Report of the Twentieth Anniversary Confer-
ence of the United States National Committee
on Vital and Health Statistics. Report No. 13,
Series 4, of the National Center for Health
Statistics, Washington, D.C. (September 1970). 35



(19) E.E. Pochin, Estimated Population Exposure
from Nuclear Power Production and Other
Radiation Sources. Nuclear Energy Agency -
Organization for Economic Co-Operation and
Development, Paris (1976).

(20) H.B. Newcombe, Genetic Effects of Ionizing
Radiation. Advances in Genetics 16, pp. 239-
303(1971).

(21) H.B. Newcombe, A Method of Monitoring
Nationally for Possible Delayed Effects of
Various Occupational Environments. Publica-
tion No. NRCC 13686 of the Environmental
Secretariat, National Research Council of Can-
ada, Ottawa (February, 1974).

(22) Report on the Activities of the Ontario Council
of Health, June 1966 to December 1969 and
Report of the Ontario Council of Health on
Health Statistics, Part 1, Annex G. Ontario De-
partment of Health, Toronto (January 1969)
(see especially page 104 of Annex G).

(23) Report of the Ontario Council of Health on
Health Statistics, Supplement No. 2. Ontario
Department of Health. (1970). (see especially
pages 45 and 46).

(24) The Health Consequences of Smoking - 1968
Supplement to the 1967 Public Health Service
Review. PHS Publication No. 1696. U.S. Dept.
of Health Education and Welfare, Washington.
(PHS 1968) (Note Especially page 8).

(25) D.J. Rose, P.W. Walsh and L.L. Leskovjan,
Nuclear Power - Compared to What? Ameri-
can Scientist 64, pp. 291-299 (1976).

(26) H.R. Rossi and A.M. Kellerer, Radiation Car-
cinogenesis at Low Doses. Science 175,
pp. 200-202(1972).

(27) J.G. Terrill, Cost-Benefit Estimates for the
Major Sources of Radiation. Amer. J. Public
Health 62, pp. 1008-1012.

(28) Ionizing Radiation: Levels and Effects. A Re-
port of the United Nations Scientific Commit-
tee on the Effects of Atomic Radiation to the
General Assembly, Volumes I and I I , United
Nations Publication Sales Nos. E. 72. IX. 17 and
E.72.IX.18 United Nations, New York. (UN-

36 SCEAR 1972).

Supplementary References, Relevant to the
Adequacy of Protection of the Public

T.P. Eddy, Coal Smoke and Mortality of the Elderly.
Nature 251, pp. 136-138 (1974).

Environmental Protection Agency, Environmental
Radiation Protection for Nuclear Power Operations.
Proposed Standards. Federal Register, Vol. 40. No.
104, pp. 23420-25, Washington, (May 29,1975).

S. Ichikawa, D. Bowden, V. Fisher and J.P. Wyatt.
The Emphysema Profiles of Two Mid-Western Cities
in North America. Archiv. Environ. Health 18,
pp. 660.661. (1969).

L.B. Lave and L.C. Freeburg, Health Effects of Elec-
tricity Generation From Coal, Oil And Nuclear Fuel.
Nuclear Safety 14, pp. 409-428, (1973).

R.H. Mole, Man-Rems and Risks. International
Symposium of Radiation Protection - Philosophy and
Implementation. Aviemore, Scotland. (2-6 June,
1974).

T.D. Murphy, A Compilation of Occupational Ra-
diation Exposure from Light Water-Cooled Nuclear
Power Plants 1969-1973. Document No. WASH-
1311, UC-78. Biological Assessment Branch, Director-
ate of Licensing, U.S. Atomic Energy Commission,
Washington (May 1974).

J.V. Neel, H. Kato and W.J. Schull, Mortality in the
Children of Atomic Bomb Survivors and Controls.
Genetics 76, pp. 311-326 (1974).

Nuclear Safety Editorial Staff, Population Doses from
the Nuclear Industry to 2000 A.D. Nuclear Safety 15,
pp. 56-66 (1974).

E.E. Pochin, Occupational and Other Fatality Rates.
Community Health 6, pp. 2-13 (1974).

L.A. Sagan, Health Costs Associated with the Mining,
Transport and Combustion of Coal in the Steam-
Electric Industry, Nature 250, pp. 107-111 (1974).

W.S. Snyder, Consequences of Effluent Release.
Review of Final Environmental Statement on the "As
Low As Practicable" Hearing. Nuclear Safety 15,
pp. 440-452 (1974).

C. Starr and M.A. Greenfield, Public Health Risks of
Thermal Power Plants. Nuclear Safety '< pp. 267-
274. (1973).



Final Environmental Statement Concerning Proposed
Rule Making Action: Numerical guides for design ob-
jectives and limiting condition for operation to meet
the criterion "as low as practicable" for radioactive
material in light water-cooled nuclear power reactor
effluents. Volume I, The Statement. Document No.

WASH-1258. Prepared by the Directorate of Regu-
latory Standards, U.S. Atomic Energy Commission,
Washington. (July 1973).

R. Wilson, The Costs of Safety. New Scientist,
pp. 274-275 (30 October, 1975).

NOTES TO TABLES

Notes to Table 1.

1. A dose at 28 mrem per annum "for normal areas" is jiiven in
UNSCEAR 1972, p.83. The dose rate increases by about 2% per
100 metres of altitude above sea level, and by about 50% going
north from latitude 30° to latitude 70°.

2. Averages are variously quoted as 38 mrem/annum for Britain, 55
mrem/annum for the U.S., and 44 mrem/annum for the world.
Higher rates prevail locally where the rock is granitic, e.g. 100
mrem/annum in Aberdeen, Scotland, and the French Massif Cen-
tral, 2 - 3 x normal in Colorado and South Dakota, and 10 x normal
in limited regions of South India and Brazil due to the presence of
monazite sand.

3. Potassium 40 is a naturally radioactive isotope of potassium that
occurs in all tissues.

4. Carbon 14 is formed in the atmosphere by the action of cosmic
radiation and is present in all tissues. The dose is rounded off in the
Table and is closer to 0.7 mrem/annum.

5. This is due mainly to natural rubidium 87, polonium 210, radon
222 and 220, radium 226 and 228, and uranium 238 and 234, and
to a lesser extent to thorium 230 and 232. The dose varies with the
nature of the local rock.

Notes to Table 2

Average population doses from radiotherapy are included in the Table,
for the sake of completeness, although the actual exposures occur only
in a small part of the population which has special need for the treat-
ment. "Average" members of the population are thus unaffected by
this component in the total from medical practice.

1. The figures for the United Kingdom are based on a survey carried
out during 1957-58.

2. All dr «s to germ cells are weighted by the likelihoods of procrea-
tion diter the exposure, to give a "genetically significant" dose. For
this reason the average "genetically significant" dose is less than the
average whole body dose.

3. The figures from other surveys represent approximate ranges over
various countries as reported in UNSCEAR 1972, Nineteen of these
surveys were carried out between the years 1960 and 1970.

Notes to Table 3

1. The corresponding figures for the Southern Hemisphere ani 120,
180, and 160 rnrem for the three tissues. The exposures are due
mainly to (a) external radiation from cesium 137 in the environ-
ment, and (b) internal exposures to strontium 90 incorporated into
bone and cesium 137 in tissue.

2. The doses from carbon 14, formed during the fusion process of the
weapons tested, occur at a much lower rate but extend over a much
longer time, mainly beyond the year 2000.

3. These totals are equivalent to approximately 3 years of exposure to
natural radiation. One third of the total is from external exposure,
one fifth from internal exposure to strontium 90 and cesium 137,
and the remainder from carbon 14.

Notes to Table 5

1. Genetically significant doses to the germ cells are given throughout.

2. From Table ?.

3. From Table 2; approximate.

4. From Table 3. For the Northern Hemisphere, averaged over the
generation most heavily exposed.

5. From Table 4; excludes nucelar energy.

6. Includes luminous watches, colour television, ceramics containing
uranium, flying in aircraft.

7. Total genetically significant dose.

Notes to Table 6

1. This excludes local exposures of the lungs of miners to radon and
its daughter products, which would not be meaningful if averaged
over the whole body. (Fatal occupational diseases and accidents are
dealt with separately in Table 10).

2. This excludes slight local exposures of hands and lungs. The effects
of these are dealt with in Table 10.

3. The dose to the population is largely external and due to gaseous
wastes; that to workers is mainly from exposure to external pene-
trating radiation plus internal exposure to tritium taken into the
body.

4. A breakdown of the 1.35 man-rem/MW.annum, to the general
population, is: 0.1 from liquid wastes, 0.25 from gaseous wastes,
and 2.0 from carbon 14 as total dose commitment to the future
(0.05 of the 2.0 is received in the first 30 years). The occupational
dose is from : 'tivation and fission products, and is mainly in the
form of external exposure to penetrating radiation.

5. The genetically significant dose is less than the whole body dose
because it makes allowance for the probable future fertility of an
individual in view of his or her age at the time of exposure.

Notes to Table 7

The risk figures given in this Table are based mainly on data from
survivors of the atomic bombings at Hiroshima and Nagasaki, and from
patients irradiated as a treatment for ankylosing spondylitis. Revised
estimates should appear in the forthcoming UNSCEAR Report of 1977,
but are unlikely to be greatly altered.

1. The leukaemias tend to occur most frequently within a few years
after the exposure, and the frequency returns to normal after 25
years. 37



2. The increase starts about 15 years after irradiation and continues to
at least 25 years after.

3. The Hiroshima data suggest a risk of 6 to 20 cases per million man
rem in the first 25 years, but this is thought to underestimate the
total over a longer period.

4. This is a tentative estimate for the number appearing after 25 years.

5. As with lung cancers, there is no certainty that the incidence de-
clines after 25 years.

6. Among the atom bomb survivors there were roughly 50-78 induced
cancer deaths per 106 man rem, 5-25 years after exposure. Among
patients treated for ankylosing spondylitis the corresponding figures
were 92-165 cancer deaths during the first 27 years.

7. The favoured estimates allow for additional cases after longer de-
lays.

8. The favoured estimate here includes skin cancer.

9. These figures are of little use for predicting the risks of lung cancer
arising from localized exposures to radon gas and its daughter
products, as in uranium mining, because of difficulties in calculating
the doses to the tissues involved. Lung cancer risks due to radon
may be derived empirically from epidemiological data, using the
known concentrations o1 tadon ta ai* and the duration of the ex-
posures. The radon concentrations in air are expressed in terms of
Working Levels (WL), where one WL corresponds to any combina-
tion of short-lived radon daughters leading to a total emission of 1.3
x 105 MeV of alpha energy per litre. An exposure of one Working
Level Month (WLM) is that received during 170 working hours
spent in a concentration of one Working Level. One WLM is
thought to be approximately equivalent in risk to 5 rem to the
lungs, (see BEIR 1972, pages 154, 155 and 216.)

Notes to Table 9

1. Assuming, for the fatal cancers, 50 years of exposure, an average
latency of 20 years, and a natural life expectancy of 70 years.

2. Assuming, tot the hetedttacy effects, 30 years of exposure, i.e. to
the average time of parenthood.

3. Totals are rounded to avoid the appearance of a precision they do
not possess. Non-fatal cancers will also occur and will be about 2/3
as frequent as the fatal cancers.

The Table assumes also, as a crude approximation, that medical ex-
posures are distributed more or less uniformly throughout the lifespan.

Notes to Table 11

1. This is based on a rate of 3 fatalities per year per 10,000 employed
in heavy construction, and assumes 5000 man years to build a 1000
MW reactor which will last 20 to 25 years. The estimate is pessi-
mistic in that the expected life of a reactor is substantially greater,
i.e. at least 30 years.

2. This assumes that 200 miners are involved in deep uranium mining,
with a fatality rate of 15 per 10,000 per annum, to supply fuel for a
1000 MW nuclear generating plant. (To the figure of 0.3 may be
added 0.05 deaths from lung cancer, shown in Table 10, and < 0.05
fatalities from occupational diseases not due to radiation, to make a
total of nearly 0.4 fatalities due to mining.)

3. Assumes a transport staff of 50, each driving 1000 km per week,
with a risk of fatality of 0.14 per million km.

4. If one assumes, as in the U.S., a ratio of 88 and 70 disabling acci-
dents for each accidental death in construction work and mining
respectively, there will be 50 non-fatal disabilities in addition to the
0.8 fatalities.

Notes to Table 8

1. Assuming 1 rem causes a 1 per cent increase in the mutation rate of
man, as it does in the mutation rate of the mouse, this figure would
be 100. The uncertainty arises partly in extrapolating from mouse
to man, and partly because the natural incidence of serious domi-
nant disease in man has not been accurately measured. About 1/5
of the cases arising over all time due to exposure of a single genera-
tion (i.e. 1/5 of the number tabulated) would appear in the first
post-irradiation generation.

2. Little, if any, increase in these diseases would be expected.

3. No increase in these diseases has been observed in laboratory
mammals as a result of irradiation, and it is not at all clear that any
would be expected, hence the high degree of uncertainty. If an
increase did occur, exceedingly few of the total additional cases
would appear in any single post-irradiation generation.

4. Although the confidence limits on the total of 300 cases per million
man rem are wide, it is more likely that the true number is less than
300 rather than more.

Notes to Table 13

1. The alternative values for coal represent two separate estimates
(Hamilton and Morris 1974, and Hubb and Schlenker 1974).

2. Fatalities due to construction and operation of coal-fired stations
are not given.

3. Fatalities among the general public due to transportation of coal are
estimated by Hubb and Schlenker 1974.

4. The two estimates for coat differ widely with respect to deaths
among the general public over an 80 km radius from sulphur
dioxide, suspended particulates, polycyclic hydrocarbons, oxides of
nitrogen, ozone and other secondary products.

5. Since the publication of NEA 1976, three other reports have com-
pared in a similar fashion the risks from the use of uranium versus
coal for the production of electrical power (Rose et al 1976, Comar
and Sagan 1976, and Burnett and Paddleford 1977). These later
estimates likewise imply that uranium it a safer fuel than coal, but
indicate a greater difference in the relative safety. (See Table 13a.)
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There has been a long history of the safe transporta-
tion of highly radioactive irradiated nuclear fuel. Dr.
Prowse reviews in this chapter the safety require-
ments of the techniques of nuclear fuel transport and
considers the possible consequences of accidents.

Il y a une longue histoire du transport sûr de com-
bustible nucléaire irradié et fortement radioactif. Le
Or. Prowse étude dans ce chapitre les besoins en sé-
curité des techniques de transport du combustible
nucléaire et il considère les conséquences possibles
des accidents.
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INTRODUCTION

The title of this chapter might appropriately be
changed to Transportation of Spent Fuel from Nuclear
Reactors. Fresh fuel as feed to reactors is, for all
practical purposes, non-radioactive and is not a par-
ticularly hazardous material under accident con-
ditions. It is spent fuel which is particularly radio-
active and, therefore, which deserves more detailed
consideration.

This discussion will touch on three principal as-
pects of the situation. First, the general properties
and characteristics of spent fuel which are of inter-
est to transportation studies will be described. Sec-
ond, the methods and means of transporting this fuel
will be reviewed. Finally, an accident scenario and
the probable risks of such an accident will be pre-
sented. Within the space available, not all aspects of
transportation of spent fuel can be covered. Never-
theless, it is hoped that a framework will have been
established which will stimulate further discussion of
this important aspect of the nuclear energy program.

Before proceeding to a discussion of the three ob-
jectives, it may be worthwhile to review the reason
why transportation of spent fuel will be necessary.
The primary reason is that nuclear reactor sites will
not necessarily be the best site for final management
of spent fuel. Rather, the current plan in Canada is
for a central site, most logically under federal opera-
tion and control to which individual provincial
utilities will consign their spent fuel. At this central
repository, fuel from all reactors will be managed.

Consider now the first objective. Namely that of
defining the characteristics of spent fuel.

PHYSICAL AND CHEMICAL CHARACTERISTICS
\ZœmÊtÊÊa0BBmÊmmÊ»imÊKiBaKËËIÊUÊÊÊÊRBÊmBÊÊHItK0ÊËmÊÊÊKKÊIKBÊÊËtÊÊBKÊKÊËËËiÊÊÊKÊÊË

The basic unit of spent fuel is the fuel bundle. After
irradiation in a reactor, fuel bundles are stored in
water-filled bays. The current plan is to store the spent
fuel bundles for about 5 years before transportation
to the central management facility. During this storage
period, both the gamma radiation fields and the fission
product heat associated with the fuel bundle decrease
significantly.

An important property associated with spent
fuel is that of the gamma radiation field produced
during decay of the fission products. At about 10
feet from a spent fuel bundle, a total body exposure
of about 20 rads per hour would be measured. At 100
feet, the field would be about 0.20 rads per hour.
These radiation fields are high. However, to receive
either a dangerous or lethal dose of radiation from a
fuel bundle would require prolonged exposure with-
in close proximity to the bundle.

Although the irradiated uranium dioxide'pellets
are contained within zirconium sheathes, such con-
tainment is generally assumed to rupture during an
unusually severe accident. Therefore the properties of
the irradiated pellets are of essential importance to
safety analysis.

Uranium dioxide is an unusually rugged material.
It has the strength and fracture characteristics of a
ceramic, but is not easily crushed by mechanical
action. This material is not readily affected by irradia-
tion, and, after irradiation, its strength and crush
characteristics are comparable to those of naturally
occurring sandstone or limestone.

During irradiation, the fission products formed
are homogeneously distributed throughout the fuel
pellet. Since these fission products are tightly bound
in the crystal lattice of the uranium dioxide, simple
crushing or disintegration of the pellet into either
powder or particulates does not result in a release
of these fission products.

To attain a significant release of fission products,
the pellet must be subjected to unusually high tem-
peratures. Either in the presence or absence of oxygen,
the pellet must be heated to over 600°C before small
amounts of fission products start to volatilize. In air,
such volatilization is accompanied by the further
oxidation of the uranium dioxide and the disintegra-
tion of the pellet into a coarse powder. In general,
fuel pellets must be heated to over 800°C before a
significant release of activity occurs. Even at such
elevated temperatures, only a fraction of certain spe-
cific isotopes (ruthenium and cesium) are released.

To summarize, spent fuel is a rugged material
whose primary hazard is due to its associated gamma
radiation field. Fission products may be volatilized
from fuel pellets but only after prolonged exposure
to unusual environmental temperatures.

QUANTITIES TO BE TRANSPORTED

The next question is how much spent fuel must be
transported. To obtain such an estimate, assume that
a standard 600 MW(e) CANDU reactor is to be lo-
cated in Manitoba. Such a reactor would produce
about 80 tonnes per year of spent fuel, equivalent to
4000 spent fuel bundles per year. If stacked as cord-
wood, the resulting pile of fuel bundles would be
approximately 4 feet high by 100 feet long.

Two modes of shipment of this fuel are avail-
able. If shipped by truck, at a planned rate of be-
tween 1 to VA tonnes per shipment, then between
50 and 80 truck shipments per year would be re-
quired. If shipped by rail, at a planned rate of 3 to
4 tonnes per shipment, then about 20 shipments per
year would be required.

Before proceeding to a more detailed considéra- 43



tion of the method of shipment, the historical and
future bnipment schedule of radioactive materials
in Canada will be reviewed. As may be noted in
Table 1, over the past 25 years, there have been about
400,000 shipments of radioactive material. Of these,
about 500 have been of spent fuel. At present, about
50,000 radioactive shipments per year are being
made. Of these, about 20 are of spent fuel.

Table 1 Radioactive Shipments in Canada

Past 25 years

Per year

~ 400,000 all types
~ 500 spent fuel

~ 50,000 all types
~ 20 spent fuel

Table 2 Future Spent Fuel Shipments in Canada

Canada - u p t o 198S

Ontario - 1985
-2000

~15-20/year

~25O/year, rail
~700/year, rail

Canada -upto2000
Ontario — up to 2000

~ 7000 total, rail
~ 4600 total, rail

In Table 2, the future rate of spent fuel shipments
is presented. By 1985, it is estimated that about 200
shipments per year by rail will be made. This shipment

rate is projected to increase to about 700 per year by
the year 2000.

The net conclusion which can be drawn from
these statistics is that spent fuel shipments will consti-
tute a minor fraction of the total shipment of all
goods in the present and foreseeable future.

METHODS AND LICENSING REQUIREMENTS

Returning to the second objective of this chapter; how
will this spent fuel be shipped and to what regulations
will the shipments conform? Whenever spent fuel is
moved into the public domain, then such a shipment
is subject to the rules and regulations of the Atomic
Energy Control Board (1). Generally speaking, these
rules are identical to those formulated by the Inter-
national Atomic Energy Agency.

Spent fuel will be shipped in containers, which
are commonly referred to as casks or shipping flasks.
Such casks have two vital functions:

1. They must provide shielding from the gamma
rays of the spent fuel.

2. They must provide a high level of containment
for the spent fuel and its fission products in the
event of an accident.

In Fig. 1, a cut-away view of a typical spent fuel
cask for transport of spent fuel by rail is shown. The
flask is approximately 3 metres long and 2 metres in

Water level
and Vent Valve

shielding

Lead liner

Shock absorber bolted to lid Sample point
and fitted with lecurity locks.
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diameter. The walls of the flask are approximately
25 cm thick and consist of an outer shell of 9 cm of
steel and an inner liner of 16.5 cm of lead. The total
weight of the flask is approximately 50 tonnes and is
capable of transporting about 3% tonnes of spent
fuel. Several other features which are noteworthy are
the cooling fins on the flask and the protective shield
which is employed to provide additional impact pro-
tection for the cask lid.

This flask has been licensed for shipment of spent
fuel in Canada and has been used to ship spent fuel
from WNRE to fuel reprocessing plants in the United
Kingdom. The next three figures illustrate the use of
the flask during one of these shipments. In Fig. 2,
the flask is shown sitting on the reactor floor at
WNRE. The flask is loaded with spent fuel and is
being pressure tested for leak tightness. In Fig. 3, the
flask is shown being transported by a tractor-trailer
combination from WNRE to the railway siding at
Lac du Bonnet. In Fig. 4, the flask is shown mounted
on a flat car at Lac du Bonnet station and is ready for
transportation to its destination at Thunder Bay.

To obtain a license for shipping spent fuel, a ship-
ping flask must satisfy a series of qualification tests (2).
The tests are:

1. A free fall drop of the flask from a height of 9.0m
upon an essentially unyielding surface. The con-
figuration of the flask on impact must be such as
to inflict maximum damage to the flask and its

Fig. 2

Fig. 3



contents. A free fall of 9.0m results in an impact
velocity of about 50km per hour (30 miles per
hour). This free fall is followed by:

2. A free fall drop of 1.3m upon a hardened steel
pin, and is subsequently followed by:

3. A thermal test, involving immersion of the flask
in a temperature field of 800OC for 30 minutes.
This temperature field is accomplished by either
a) complete immersion in a hydrocarbon fire for
30 minutes, or b) by insertion in a large furnace.
At the end of each of these individual tests, the

flask must be tested for integrity of shielding and for
leak tightness. Failure of the flask to maintain its
shielding or leak tightness is considered equivalent to
non-compliance with the licensing requirement.

Although a flask is tested for impact at 50km per
hour, the actual structural capability of a flask is
much greater than indicated by this impact velocity.
Since flasks are not routinely tested at higher impact
velocities, this capability can only be estimated. For
example, it has been estimated that the shipping flask
illustrated could withstand direct impact without
failure on an unyielding surface at velocities up to
110km per hour. The probability of surviving an

actual accident at such velocities is even higher since
the impact forces during an actual accident are lower
than during impact with an unyiekiîng surface.

The tests just described are a rigorous assessment
of the containment capability of a shipping flask and
represent accident conditions which would be ex-
pected to occur only under the most unusual circum-
stances. It should be further recognized that there is
no series of tests which could absolutely qualify a
flask for every accident which could be conceived. By
inference, a flask which had such capability would be
effectively non-transportable.

^
ACCIDENT SCENARIO

Consider now the final objective of this chapter — that
of outlining an accident scenario and the risks to the
public of such an accident. For the purpose of illus-
tration, assume that a spent fuel shipment is being
made by truck using a 25 tonne shipping flask. The
background preparation for such a shipment would
be:

1. Police along the shipment route are informed and
subsequently aware that such a shipment is being
made.

2. The shipment is labelled with appropriate warn-
ing and regulatory signs.

3. The truck is equipped with a two-way radio and
where possible direct contact between the ship-
ment and monitoring stations may be made.

4. Emergency response teams are available and on
continuous standby at the reactor shipment site
and the federal management site.

During the trip, the truck carrying the flask is in-
volved in an accident. In the vast majority of such
accidents, the flask retains its structural integrity, no
radioactivity would be released and, to all appear-
ances, the accident would just be another high-
way accident with its associated problems. Such acci-
dents would however, activate the emergency re-
sponse teams who would subsequently assume re-
sponsibility for co-ordinating activities at the scene
of the accident.

In a small number of accidents, ones involving
unusual combinations of impact, fire or explosion,
the structural integrity of the shipping flask could
be breached and some radioactivity released at the
accident scene. The most probable sequence of
events leading to such a release would be a high speed
collision at speeds greater than 70 miles per hour,*
followed by an unusually severe and prolonged hydro-
carbon fire. The fire would have to completely en-
velop the damaged shipping flask. It has been esti-

* Recent tests in the U.S. have been conducted on flasks impacted at 70
mph. No significant damage was sustained, although the truck carry-
ing the flask was demolished.
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mated that these accident conditions could occur
once in every 70,000,000 shipments of spent fuel.

Calculations have been performed to assess the
hazard due to the released activity from such an acci-
dent on the local population area. These calculations
indicate there would not be a significant hazard. How-
ever, the dispersion models employed in such calcula-
tions do require further confirmation.

Irrespective of the severity of an accident, the se-
quence of events following the accident would prob-
ably unfold as follows:
t. A passing motorist or local area resident would in-

form police of the accident.
2. The police would arrive at the accident scene, and

recognize both the severity of the accident and its
type. They would cordon off the accident area
and contact the emergency response team nearest
to the accident. Finally, traffic would be rerouted
to the extent deemed necessary.

3. The nearest response team would be despatched
to the accident while the remaining response
team served to co-ordinate and direct police
activities via radio.

4. When the emergency response team arrived at the
accident it would assess the damage done, and
the probable hazard, and assume responsibility
for co- ordinating action at the accident scene.

Subsequent action at the accident scene would
depend on the severity of the accident and detailed
procedures have been developed to handle every inci-
dent ranging from no release of radioactivity up to
local contamination of the accident scene.

The response scenario just outlined is an ideal but
rational picture of the events following even a very
severe accident. Risk to the public due to radio-
logical release from such accidents is very low and
even in the unlikely event of a release, no perma-
nent or hazardous contamination of the accident
scene would remain.

The record to date of spent fuel shipment has
been exemplary (3). As previously mentioned, there
have been 500 shipments of spent fuel in Canada
without incident. In the United States, there have
been over 4000 shipments, one of which however re-
sulted in a moderately severe accident (4). In this
accident, a truck carrying a shipping flask over-
turned at a curve on a highway. The truck driver
was killed, but the flask did not suffer any sub-
stantial structural damage and no activity was re-
leased at the scene of the accident.

REFERENCES

(1) Atomic Energy Control Regulations, Section 23,
SOR/74-334, (June 4, 1974).

(2) Regulations for the Transportation of Dangerous
Commodities by Rail, issued by Canadian Trans-
port Commission 10th Amendment, (August 30,
1974) these regulations are also applied to road
and marine transport.

(3) Transportation Branch, Division of Waste Manage-
ment and Transportation, USA EC, Shipments of
Nuclear Fuel and Waste, Are They Really Safe?,
Document No. WASH-1339, (August 1974).

(4) J.M. Chandler, The Recovery and Return to Ser-
vice A fter a Transport Accident of the Spent Fuel
Shipping Package For The Peach Bottom Atomic
Power Station, Proceedings of The Fourth Inter-
national Symposium on Packaging and Trans-
portation of Radioactive Materials, pp.1027-1040,
(September 1974).

47



* • ;

i« Vf t





Questions have been raised repeatedly by the public
regarding the fate of a large nuclear electric generating
station at the end of its useful life. This chapter is a
greatly condensed version of a study by Mr. Unsworth
of the costs of various procedures which can be
adopted to dispose of the station. He concludes that
even the most costly procedures can be financed
easily by a marginal increase in the cost of electricity
during the operating life of the station. No financial
credit is given in this study for the heavy water re-
maining when the station is decommissioned. The
value of this material would be considerable.

This chapter does not address itself to the second
part of the Issue Paper question. However, the ques-
tion of handling radioactive materials is dealt with in
sufficient detail to give the reader an appreciation of
the magnitude and costs of the problem.

Des questions ont été soulevées à plusieurs reprises
par le public en ce qui concerne la destinée d'une
grande centrale nucléaire à la fin de sa vie de service.
Ce chapitre est une version très condensée d'une
étude faite par M. Unsworth sur le coût de diverses
méthodes pouvant être adoptées pour se défaire d'une
centrale ayant fait son temps. Sa conclusion est que
même les méthodes les plus coûteuses peuvent être
financées facilement par un accroissement marginal
du coût de l'électricité durant la vie utile de la cen-
trale. Aucun crédit financier n'est donné dans cette
étude pour l'eau lourde restant dans une centrale mise
hors service. Pourtant, la valeur de cette substance
serait considérable.

Ce chapitre ne concerne pas la deuxième partie de
la question posée dans l'Issue Paper. Cependant, la
question de la gestion des matières radioactives est
traitée de façon assez détaillée pour donner au lecteur
une idée de l'importance et du coût du problème
considéré.

SO



INTRODUCTION

The decommissioning of nuclear reactors will involve
the expenditure of material and manpower and will
require careful planning. This report is a preliminary
study of the techniques and effort required to decom-
mission a power reactor and attempts to place in per-
spective the size of the job, the hazards involved, the
cost and the environmental impact of such an under-
taking.

The "design" life of a reactor is normally con-
sidered to be 30 years and usually this is chosen as
the capital repayment period. There is little likelihood
that a utility will choose to decommission a reactor
before the end of its design life and, indeed, there will
be considerable economic incentive to operate it
beyond the design life. Therefore, barring major inci-
dents involving damage to the reactor, it is reasonable
to assume that a utility will not consider decommis-
sioning a facility until at least 30 years after start-up
and, more likely, will not be involved in decommis-
sioning until more than 40 years after start-up.

There are many factors that can influence when
and how a reactor is decommissioned, and it is not
the intention of this report to attempt to justify
using any particular procedure. It is worthwhile, how-
ever, to describe some of the factors that would in-
fluence such a decision.

It is obvious that a utility will decide to decom-
mission a reactor when it is no longer economical to
continue operating it. Maintenance costs cou Id become
excessive, particularly if obsolete equipment has to be
replaced with new and different equipment. Operating
costs could become excessive in comparison to that
for newer or more efficient plants. The utility would
also have to take into account the cost of decommis-
sioning and decide when it will be more expensive to

continue operating than to pay for decommissioning.
There are many choices available of how to de-

commission a reactor. They range from simply shut-
ting down the reactor and minimizing operating and
maintenance costs to completely dismantling the
reactor and releasing the site for other uses. The eco-
nomics of the various choices will be influenced by
such factors as:

1. the radioactive material inventory — curies of
radioactivity*, volume and weight of the material,
predominant isotopes.

2. transportation costs and availability of a suit-
able radioactive waste repository.

3. the value of the site to the utility or to pros-
pective buyers.

4. existing regulations regarding radioactive hazards
— man-rem exposure limits and surveillance re-
quirements.
There is a variety of CANDU reactor sizes, and

also number of reactors per site, that can be con-
sidered. This study focusses on the single unit 600
MW(e) CANDU Reactor station, Fig. 1, as an example
but it is intended that the conclusions reached will
provide a basis for judgment of the costs and prob-
lems associated with any specific situation.

The study reviews the various aspects of decom-
missioning and presents sufficient data to provide a
basis for judgment as to the magnitude and signifi-
cance of the radioactive hazards and costs. That is to
say, the study provides a basis for judgment now as
to the effects 30 to 40 years from now of a reactor
decommissioning operation. Such a study is required
to ensure thau the construction and operation of
nuclear reactors will not present an unmanageable
legacy for the future.
* A Curie is a unit of radioactivity corresponding to 3.7 x 1 0 ^ radio-

active disintegrations per second.

Fig. 1 Single 600 MWU) CANDU Station 51



DECOMMISSIONING STAGES

The term "decommissioning" is here understood to
mean shutting down and placing a plant permanently
out of service. Since there can be an infinite variety
of conditions in which a "decommissioned" plant
could be left, it has been generally agreed (1) that,
when referring to nuclear facilities, there would be
three "stages" for a decommissioned facility that
would be defined. These stages were adopted to pro-
vide consistency in approach when comparing costs
or discussing any aspect of a decommissioned facility
while recognizing that, in practice, the owner of a
facility may choose to decommission to a stage that
is intermediate to, or a combination of, the defined
stages.

The three stages of decommissioning that will be
considered are:

(a) Mothballing
(b) Encasement
(c) Dismantling and Removal

They are listed in decreasing order of operating or
surveillance costs and residual activity but are in in-
creasing order of initial or decommissioning costs,
man-rem exposure and transportation and burial costs.

The three stages or degrees of decommissioning
were defined by the International Atomic Energy
Agency (2) and further elaborated on at the October
1975 meeting of the IAEA Technical Committee on
Decommissioning of Nuclear Facilities (1). In essence,
each stage can be described by defining two para-
meters: first, the physical state of the plant and its
equipment; second, the surveillance, inspection and
tests required.*

Stage 1. Mothballing
In this stage the primary containment (piping and
equipment associated with the primary cooling cir-
cuits) is maintained intact.
All systems containing liquids that are radioactive
will be drained and sealed to prevent escape of con-
taminated material.
The secondary containment (building) is maintained
in a condition such that the probability of a release of
above normal levels of radioactive materials to the
atmosphere is no greater than during reactor opera-
tion. The atmosphere inside the containment building
is controlled to prevent the spread of contamination
and access to the inside of the containment building
is subject to monitoring and surveillance procedures.

The entire facility is also maintained under sur-
veillance and equipment for monitoring radioactivity
both inside and outside the containment building is

52 kept in working order.
* It should bt noitd that before any stage of decommissioning Is achieved,

all full and radioactive waste produced from normal operation (spent
Ion exchange columns, filters, decontamination solutions, tritiated
heavy water, radioactive components removed during maintenance
and alterations) will be removed from the site.

Inspections are carried out to check that both the
primary and secondary containment systems are
being maintained in an acceptable condition.

Stage 2. Encasement
All easily removable parts are dismantled and re-
moved plus all components that are radioactive to the
extent that they will remain a health hazard for a
period of time longer than the life of the proposed
encasement structure. All radioactive components
remaining inside the biological shield are sealed into
the shield and the building is modified as necessary to
provide adequate shielding and containment.

The containment building and ventilation system
can be modified or removed since they no longer are
required as part of the safety system. If the contain-
ment building is left standing, then access into it
would normally be permitted without any monitoring
of personnel for radiation exposure.

Surveillance must be maintained, but at a reduced
level from that of Stage 1 since the only concern is to
detect the possible escape of radioactivity from within
the encasement due to deterioration of the encase-
ment structure with age. Such escape, or the develop-
ment of radiation fields from cracks, etc., would occur
slowly and would not warrant continuous monitoring.

Stage 3. Dismantling and Removal
All material containing any radioactivity above accept-
able levels will be removed and the site will be re-
leased without restriction for other uses. No surveil-
lance, inspection or tests are required after Stage 3
has been accomplished.

Fig. 2 presents a schematic representation of the
different stages. In Fig. 2a we have the operating
plant with its normal inventory of fuel and heavy
water. Access is controlled, not only to the reactor
building but to an exclusion area around the plant.
In Fig. 2b the plant is mothballed. It is no longer
operating or connected to the electrical power grid.
Its inventory of fuel and heavy water has been re-
moved and access need only be controlled to the
reactor building itself. Figs 2c and 2d depict two pos-
sible arrangements that could be used for encase-
ment. In Fig. 2c the original containment building is
left standing and the boilers are still in place. How-
ever, the actual "encasement" only involves the small
volume immediately surrounding the reactor core
structure and access is only controlled to this area.
This arrangement would probably be adopted if demo-
lition costs for the original containment building are
prohibitive and it is possible to decontaminate the
boilers to the extent that they no longer present a
direct radiation hazard. Fig. 2d depicts the e range-
ment where the original containment building and
boilers have been removed and all that is left is the
"encasement".



Fig. 2 Decommissioning a Nuclear Power Station

Fig. 2e indicates one possible result of a complete
dismantling and removal operation where the site has
been released for use other than the generation of
nuclear power.

ACTIVITIES PRECEDING DECOMMISSIONING

There are two types of activities that are common to
each of the three decommissioning stages and which
will be undertaken before any particular decommis-
sioning operation is decided upon. The first is the
measurement or calculation of the total inventory of
radioactive substances on the site. The information
obtained from the radioactive inventory will include:

(a) The radioactive nuclides present and the type of
radioactive emissions (alpha, beta, gamma).

(b) The rate of decay of the various radioactive
sources.

(c) The specific activity of the radioactive nuclides in
the reactor structures (curies per gram).

(d) The amount of activated and contaminated mate-
rial (weight and volume).

This data wil l be required for considerations in-
fluencing the choice of the most suitable decommos-
sioning stage. These are:

(a) The man-rem exposure expected for any opera-
t ion.

(b) The merits of delaying completion of decommis-
sioning to permit the activity to decay.

(c) The weight, volume and specific activity of the
material to be shipped to and buried in a radio-
active waste repository.

(d) The weight, volume and specific activity of the
equipment which wil l be left on site.

The second activity wil l be the procedures neces-
sary to obtain a change in the operating licence for
the plant so that manpower and surveillance require-
ments can be reduced. The concern here is cost, since
a large staff is required to meet requirements and
regulations associated with an operating reactor. In
the case of the CANDU reactor, once the facility
owner removes all irradiated fuel, tritiated heavy
water and liquid and solid radwaste material gener-
ated during operation of the reactor, he wi l l have
eliminated the capability of operating the reactor and
wil l have significantly reduced the amount of radio-
active material and the probability of its release. This
reduction would justify an application to the regu-
latory authorities for a reduction in manpower and/or
surveillance requirements. 53



To be more specific:

(a) The decay heat rate from the fuel is reduced to
6.5 x 10'3 times the reactor full power rating one
day after the reactor is shut down and declines
from then on.

(b) The primary heat transport system and turbine
steam supply system will be cooled down.

(c) The inventory of radioactive fission products in
the core 10 days after the reactor is shut down is
only about 20% of the inventory 1 hour after
shutdown and declines thereafter.

(d) It will be shown later that removal of all irradiated
fuel, heavy water and radwaste generated during
operation will result in an approximate 98.5% re-
duction in the radioactive inventory left after the
reactor has been shut down.

(e) The only radioactivity left after removing the
fuel, heavy water and radwaste will essentially be
"f ixed" since it will be due to the induced radio-
activity of reactor structures or of irradiated solid
corrosion products adhering to the walls or trap-
ped in crevices in enclosed systems (e.g., the Pri-
mary Heat Transport System.)

TRANSPORTATION AND STORAGE
OF RADIOACTIVE WASTE*
QHiigRisHasyiLgyAiiw>i^M'iwwMiiiw'iiBiiii''wtiL,^MijM«iMiiuiAjBwata«r»iWWa«iiiiwiiwiiiiiiiiiiiirrii

Some of the factors that will affect decisions regarding
decommissioning will be the availability of facilities
for the storage of radioactive waste material and the
cost of transporting this material to the storage site.

This study will not attempt to specify what the
characteristics of a suitable repository should be, or
develop any philosophy about disposal methods for
large quantities of low activity solid wastes. However,
some of the points that must be considered when de-
veloping the specification for a repository for waste
from a decommissioned reactor are:

(a) It is expected that decontamination procedures
will be effective in removing long-lived fission
products or actinides that may be present in the
Primary Heat Transport System piping and com-
ponents. Therefore, the material to be stored will
all be relatively low specific activity solids pri-
marily produced by activation of the materials of
construction. Most of the gamma activity will
have short half-lives and even the cobalt-60 with a
half-life of 5.3 years will decay fast enough to
eliminate the necessity of constructing gamma
shielding with high integrity and resistance to
ageing.The major concern need only be to provide
facilities that ensure the stored solid material will

54 not corrode or leach at a rapid rate.

* See Chapters on Transportation of Nuclear Fuel and Management of
Nuclear Waste.

(b) The fuel will be stored elsewhere and it is expected
that the amount of actinides and fission products
in the decommissioning wastes will be reduced to
negligible values by decontamination. Therefore,
the only material containing significant amounts
of these radioactive substances will be those that
can easily be separated and will have relatively
small volumes, e.g., ion exchange resins, decon-
tamination products, etc.

(c) Consideration would have to be given to retriev-
able storage. It would seem worthwhile to store
much of this material in such a fashion that it can
be easily retrieved and re-used after the radio-
activity has decayed. There are advantages to this
approach since it means the type of facility does
not need to provide permanent storage (perpetual
care) and a future scrap value can be attached to a
large proportion of the waste. Unfortunately, in
some cases the material that would have a high
scrap value (such as the stainless steel vessel walls)
will have a long-lived beta emitter (Nickel-63)
associated with it. Although its gamma activity
will decay quite rapidly, it may be difficult to
attach any scrap value or retrievability to a material
that will still retain a significant amount of beta
activity.

For the purpose of cost estimating, it will be
assumed that a radioactive waste repository is avail-
able and that the burial costs will be similar to those
presently being charged in the United States at their
national repositories.

Transportation regulations regarding radioactive
materials can have a considerable influence on the
costs of decommissioning and possibly on the stage of
decommissioning chosen. It should be emphasized
that since the specific activity levels are low and the
material will be primarily made up of large solid
chunks, the hazards and risks involved in transporting
this material will be low and easy to manage. For pur-
poses of costing in this report, it was assumed that
the regulations published by the IAEA (3) would
apply.

The distance between the reactor site and burial
site has been chosen arbitrarily as 500 miles.

TIME AND COST ESTIMATES

Time and cost estimates form an important part of
this study. They are required:

(a) To help put the costs of each decommissioning
procedure into perspective.

(b) To determine what activities are significant cost
items.



(c) To obtain an appreciation of what effect the cost
of decommissioning might have on a utility's
financing.

The reactor designer will want to know in which
areas the significant cost items lie so that he can in-
vestigate whether changes can be made to the original
design which will reduce the decommissioning costs.
The owner of a nuclear power plant may use the cost
estimates to help make such decisions as the distance
of a suitable disposal facility from the reactor site or
whether i t is more economical to repair a major break-
down or to decommission the reactor.

There is no requirement for great accuracy in de-
termining these cost estimates. Comparisons of de-
commissioning stages require cost estimates only to
the extent that it is possible to say that one stage is
twice or ten times more expensive than another.
When it comes to pointing out major cost items to
the designer, accuracy is not important again, since it
is evident that cost sa.ings in the range of at least
$100,000 - $200,000 (40 years from now) will have
to be identified to make it worthwhile exerting any
design effort or increasing design costs now to effect
that .laving (8% interest over 40 years nets a 20-fold
increase in principal). This accuracy is also not impor-
tant when considering the impact of the costs on
uti l i ty financing since, if sinking fund financing were
used to cope with these eventual costs, only minor
changes in cost per kilowatt hour of electricity would
be required to cope with large differences in decom-
missioning costs. This is shown in Table 1.

Table 1 Increments in Power Cost Required to
Develop a Sinking Fund of $100,000,000
after " N " Years.

"N"
(years)

Increment in Cost
Mills per Kilowatt hour
(based on 1976 dollars)

20

30

40

0.82

0.45

0.27

Assumptions:

Discount rate

Inflation rate

True Discount rate

12% per annum

8% per annum

1.037 - 3.7% per annum.

Another consideration that militates against at-
tempting to develop accurate cost estimates is the
fact that many things that would affect costs can
change in 30 — 40 years. Land values can change dras-
tically, the scrap value of materials may become
greater than it is now, and so on.

Since there was no requirement for a high degree
of accuracy, most of the estimating for this report
was done by comparing with costs experienced by
others (4) and estimates of decommissioning opera-
tions (5) (6). Considerable information was obtained
through discussions with the author of a document
being prepared for the Atomic Industrial Forum on
decommissioning of reactors in the U.S.A. (7). Al-
though these can only be considered as order-of-mag-
nitude estimates, they meet the requirement of pro-
viding a basis for judgement about the size of the job
and the relative costs of the various stages.
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DECONTAMINATION

Decontamination will be required if the gamma fields
associated with the out-of-core portions of the Primary
Heat Transport System are high or if the system is
contaminated with fission products and actinides as a
result of fuel defects during the life of the reactor. De-
contamination costs are high, and therefore, when de-
commissioning plans are being made, consideration
should be given to the merits of either allowing the
activity to decay (and paying for surveillance costs
during the decay period) or carrying out a decon-
tamination. This report will assume decontamination
is required and an estimate of decontamination costs
will be included.

Decontamination costs have been estimated (8)
based on using a procedure similar to the "AP-Citrox"
method. This procedure has been used quite extensiv-
ely and involves using an alkaline permanganate (AP)
solution followed by an inhibited mixture of citric
and oxalic acid (citrox). This method is normally used
on systems where it is intended to resume operation
after the decontamination and, therefore, minimizing
corrosion is a concern. In the case where decontamina-
tion is required be^re decommissioning, it is unlikely
that corrosion will be a major concern and, therefore,
more aggressive reagents might be used to ensure that
a high decontamination factor is obtained. The cost
of a more aggressive decontamination is expected to
be similar to that estimated for the AP-Citrox method.
It is assumed in this report that the decontamination
wil l reduce the fields to a level such that they wil l not
contribute to increased costs due to high man-rem
expenditures.

In the case of a 600 MW(e) CAN DU Reactor, the
total volume of the Primary Heat Transport System
(PHT System) Purification Circuit, Gland-Seal Circuit, 55
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Coolant Storage Transfer and Recovery Circuit,
Pressure-Control System and Feed-and-Bleed System
could become contaminated with PHTsystem coolant
arid would, therefore, require decontamination. The
total volume requiring decontamination would be
approximately 300 m3. Using the figure of $4.00 per
litre of system volume decontaminated as suggested
by Charlesworth (8), this results in a total cost of
$1,200,000.

No charge will be included for an evaporator or
other waste processing equipment since it is assumed
that either this equipment will have been installed on
the site to handle the liquid waste associated with
reactor operation or that a portable evaporator is
available. It is logical to assume the availability of a
portable evaporator since this type of equipment will
be required to handle decontamination wastes when-
ever a reactor or nuclear facility is decontaminated.

RADIOACTIVITY

The need for a radioactivity inventory was discussed
on page 53, and it was shown how this information
would be necessary. In this section, the amount and
type of radioactivity will be discussed in relation to
its effect on the choice and timing of various
activities.

This study shows that the activities preceding de-
commissioning will result in the removal of approxi-
mately 98.5% of the long-lived radioactive inventory.
It is the 1.5% or so that has been left that is of con-
cern from the viewpoint of decommissioning. The fuel
and D2O* will have been shipped off site. The radwaste
generated during operation and the decontamination
solution resulting from the pre-decommissioning de-
contamination will have been treated, reduced to solid
form and disposed of, so that the radioactive material
remaining will have the following characteristics:

(a) All radioactivity will essentially be due to activa-
tion of materials of construction such as the pres-
sure tubes, the reactor vessel and biological shield-
ing.

(b) There will be a negligible amount of fission pro-
ducts and actinides present.

The predominant gamma emitters are Cobalt-60,
Zirconium-95 and Niobium-95 with corresponding
half-lives of 5.3 years, 65 days and 35 days. The only
gamma emitter of concern after a decay period of a
year will be Cobalt-60. Therefore, shielding require-
ments and the possible radiation exposure due to de-
commissioning activities will decline with a half-life
of 5.3 years. Table 3 gives a summary of these and
other activities in the reactor structures immediately
after shutdown.

* D2O it the chemical formula for heavy water.

The initial inventory will consist of:

Fuel

Heavy Water -

Structures —

8.1 x 108 curies

1.3 x 107 curies

2.64 x 107 curies

TOTAL 8.49 x 10s curies

It is assumed that at the time the reactor is shut
down there is irradiated fuel in the storage bays equi-
valent to the amount generated from the last 10 years
of operation (43,800 bundles at 18.5 kgU per bundle
and 1 curie/gm of uranium) and that the moderator
heavy water has an equilibrium activity of 56 curie/
litre.

After the fuel and D2O have been'removed, the
systems decontaminated and all radwaste removed off
site, the remaining activity will be primarily induced
activity in the structures. If we assume it will take
one year to accomplish the removal of the fuel, D2O
etc., then the residual activity after one year will be
1.21 x 10? curies owing to radioactive decay.

After the first year, if we assume decay is the
only effect which reduces activity, the activity levels
drop at a considerably lower rate and after approxi-
mately 20 years will be primarily affected only by the
92 year half-life of Nickel-63.

The IAEA regulations for transportation of radio-
active materials (3) state that material specified as
Low Specific Activity (LSA) material will have no
limit on total activity for transportation by truck or
rail. In addition, the packaging requirements for LSA
material are minimal and tequire little extra expense,
other than shielding, above that required for ship-
ment of similar non-radioactive material.

Table 2 lists the number of years of decay required
for the isotopes in a particular component to decay
to the point that it can be handled as LSA material.

Other components not mentioned in Table 3 will
either not require a decay period to meet LSA specifi-
cations (e.g. vault concrete and liner) or have specific
activities similar to those in the components listed.

Table 2 Times to Decay to LSA Limit
for Several Core Components

Item Years to decay
to LSA Limit

Adjuster Rods

Pressure Tube

Calandria Tube

Calandria Tube Sheet

Carbon Steel bills

Shield Plugs

61.1

23.4

23.4

16.4
2.6
9.7



Table 3 Summary of Total Activity of Long-Lived Isotopes in Reactor Components
Immediately after Reactor Shutdown

Ittm (Quantity)

Pressure Tubes (380)

Calandria Tubes (380)

Adjuster Rods (21)

Adjuster Rod Guide Tubes (21)

Solid Zone Control Absorbers (4)

Solid Absorber Guide Tubes (4)

Shut Off Rods (28)

Shut Off Rod Guide Tubes (28)

Liquid Zone Control Tubes (6)

Vertical and Horizontal Flux
Detector Tubes (26V) + (5H)

Lead Housing for Ion Chambers (6)

Calandria Shell

Calandria Tube Sheet

Carbon Steel Shot in End
Shields (178HG)

Fuelling Machine Tube Sheet

Steam Generators

Feeders

Headers

liotopt and Radioactivity in Curias

Cobalt-60

3.5 x 10.5
1.3x105
6.5x105
4.8 x 103

3.2 x 10
9.2x102
1.4

6.4 x 103
3.7 x 103

1.7x103

1.4x106

1.0x106

1.8x105
0.2 x 102
2.5 x 103

1.13x10
1.7x102

Zfrconium-95

3.8x106
1.5x106

5.2x10*

1.0x10*

6.9x10*
4.2x10*

1.9x104

Niobium-95

3.8x106
1.5x106

5.2x104

1.0x104

6.9 x 1fj4

4.2x104

1.9x104

Silvar-108 Antimony-124

18 64

Iron-SS

9.8 X 104
3.6x104
1.4x106

3.4 x 106
3.5x1fj6

2.6x106

Nickal-63

5.2 X 104

3.4x105

3.6 x 105

TOTAL 3.75x106 5.47x106 5.47 x 106 18 64 1.10x10? 7.52x105

* lron-55 (Fe-55) is not of major concern since it decays more quickly
than Cobalt-60.

* * Nickel-63 (Ni 63) must be considered since there is a considerable
amount of i t and it has a long half-life.

The characteristics of the radioactivity of con-
cern when considering decommissioning a 600 MW(e)
CAN DU reactor can be summarized as follows:

(1) The total activity involved is approximately 1.5%
of that existing just after the reactor is shutdown.

(2) All activity is "fixed" and associated primarily
with large sections of solid material.

(3) After 2 to 3 years, the primary source of gamma
activity is Cobalt-60.

(4) After about 20 years, the. rate of decay of total
activity will be governed by the half-life of Nickel-
63 and there will be approximately 106 curies
of activity.

(5) After about 25 years, most of the material will
meet IAEA transport regulations for Low Specific
Activity material.

(6) The major proportion of the activity is associated
with the Calandria Shell, End Shields and associ-
ated equipment.

PERMISSIBLE RESIDUAL ACTIVITY
LEVELS (PRAL)

When considering the various decommissioning alter-
natives, it will be necessary to define the Permissible
Residual Activity Levels (PRAL). There are no regula-
tions presently existing in Canada but there have been
cases in the U.S.A. where reactors were decommis-
sioned and as a result PRAL were established (5) (9).

For purposes of this discussion, it was necessary
to assume PRAL for the various isotopes of concern
during decommissioning a reactor. It is emphasized
that these assumptions are suggested reasonable limits
but they have not yet been established by the regu-
latory authorities in Canada.

One of the cases requiring establishment of PRAL
is the situation in which a reactor has been dismantled
and it is necessary to define to what levels the con-
tamination must be reduced in the area where the re-
actor used to exist. These levels have been defined in 57



the U.S.A. (9) and are considered acceptable for the
purposes of this report.

The PRAL can have a significant influence on the
decision as to what stage to decommission a reactor.
These limits are of particular interest when attempt-
ing to establish the "design life" for an encased
reactor.

If encasement is to be considered as a final de-
commissioning stage, then it is necessary to know
how many years (design life) it will take for the
various isotopes to decay to their PRAL and that the
encasement structure will maintain its integrity dur-
ing this period.

The PRAL for the various isotopes was chosen to
be the same as that used for the BONUS (10) (11) re-
actor and in the study of decommissioning alternatives
for The Elk River Reactor (5).

Since it is not the purpose of this report to estab-
lish a practical life for a concrete structure it was
arbitrarily decided that, for consideration in this re-
port, an encasement design life greater than 1U0
years would not be acceptable. Therefore, items like
pressure tubes, calandria tubes, adjuster rods, etc.,
have not been listed since the encasement design life
of the calandria vessel is greater than 100 years and
these items would have to be removed in order to re-
move the vessel.

A review of the residual radioactivities of core
components indicates that in order to reach an en-
casement design life less than 100 years for a 600
MW(e) CANDU reactor the vessel shell, calandria tube
sheet, shield tank shot and all associated equipment
such as pressure tubes and reactivity mechanisms must
be removed off-site. The encasement design life
would then be 65 years.*

DISMANTLING AND REMOVAL

The most complex type of decommissioning is that of
Dismantling and Removal. The othertwo types require
some of the procedures necessary for dismantling. We
therefore describe first the procedures required for
dismantling and use this description for comparison
when discussing the other types of decommissioning.

Figs. 3, 4, 5, 6 and 7 show various views of a
typical 600 MVV(e) CANDU reactor.

Pre-Decommissioning Activities
The following operations will be required:

1. Remove fuel from reactor and ship all irradiated
fuel from spent-fuel bays off-site. It is not intended
to include these transportation costs in the cost
of decommissioning since it would seem reason-
able for a utility to have accounted for fuel dis-

58 posai costs as part of the operating expenses.

* This problem is studied in considerably more detail in the original
work from which this chapter Is drawn.

2. Remove all D2O* and ship off-site. No decommis-
sioning charge should be assessed for this, since
the D2O would no doubt be shipped to another
site for future use.

3. Decontaminate systems as required.
4. Clean up the fuel rod bays. These bays may be

contaminated as a result of storage of failed fuel.

5. Flush and purify the shield water system if neces-
sary. Since the shield water will be used as primary
shielding during the dismantling of the vessel, this
system must be maintained in operation.

6. Flush light water zonal control system.

7. Drain containment dousing system and fuel emer-
gency cooling system.

8. Drain boiler feedwater system.

9. Decontaminate, flush and drain the fuelling ma-
chines. When the machines are clean and dried,
they will probably be removed off-site for use at
another reactor either as replacement equipment
or for spare parts. If not suitable for this purpose,
they would have to be disposed of as active mate-
rial.

10. Process and ship to an active disposal area all active
waste such as ion-exchange resin, filters, and de-
contamination solutions.

If we assume commercial trucking is used, it
will cost approximately $100,000 to transport
the active waste to a storage area 500 miles from
the reactor site.**

In addition to the above activities involving the
operation of the reactor systems, the following activi-
ties will have to be carried out by the technical staff.
This work is primarily concerned with making a sub-
mission to the appropriate authorities for a change in
licence and permission to dismantle the reactor.

1. Perform a detailed radiation survey and calculate
total amount of activity on the site.

2. Apply for a change in licence which will specify
a reduced minimum staff requirement based on
the fact that the potential hazards and risks have
been reduced.

3. Calculate and tabulate an inventory of the activity,
volume, weight and type of both the material to
be disposed of and the material to remain on-site.

4. Perform a safety analysis of the decommissioning
operations.

5. Submit a dismantlement plan to the appropriate
authorities for approval.

6. Prepare contract documents and negotiate with
the contractor over the details of the dismantling
contract.

• D2O is the chemical formula for heavy water.

* • Costs in this chapter are reported in 1976 dollars.



Fig.3 600 MW(e) Reactor Cutaway

1. Dousing Water Tan k

2. Dousing Water Valves

3. Moderator Pump

4. Moderator Heat Exchanger

5. Feeder Cabinets

6. Reactor Face

7. Reactor

8. Reactivity Mechanism

9. Primary Heat Transport System Pump

10. Fuelling Machine Bridge

11. Fuelling Machine Carriage
12. Fuelling Machine Catenary

13. Fuelling Machine Maintenance Lock

14. Fuelling Machine Maintenance
Lock Door

15. End Shield Cooling Waier Delay Tank

16. Vault Cooler

17. Pressurizer

18. Steam Generator

19. 60-Ton Crane

It is estimated that the pre-decommissioning
activities will require approximately a year to accom-
plish. One of the major costs involved during this
period will be wages and salaries. The maturity staff
for an operating 600 MW(e) CAN DU reactor will be in
the neighborhood of 225 people with a yearly cost of
salaries, wages and overheads of $7,300,000. It is ex-
pected that as soon as the reactor is shut down, but
before a "possession only" licence is obtained, it wil l
be possible to reduce the staff to about 150 people
with a payroll of $4,800,000 per annum.

As soon as the "possession only" licence is ob-
tained it should be possible to reduce staff to about
125 people. They will be required to provide surveil-
lance and assist in decontamination work, fuel, D2O
and active waste shipments, draining and flushing of
systems and to carry out the studies, planning and
measurements required to formulate a dismantling
plan and obtain a permit to dismantle. The cost of
maintaining this staff will be about $4,000,000 per
annum.

Once the pre-decommissioning activities are com-
pleted it should be possible to reduce to a staff of 33
with a cost of $1,000,000 per annum. This staff is suf-

Wages and Salaries
Transportation
Decontamination

$4,500,000
100,000

1,200,000

TOTAL

ficient only to provide surveillance, maintain ventila-
t ion, heating and purification systems where neces-
sary and supervise the work of the contractor doing
the actual dismantling.

Therefore total costs incurred during the pre-
decommissioning period of 1 year are estimated at:

$5,800,000

Decommissioning
The prerequisites and status of systems, size of staff,
etc., that should be achieved before decommissioning
activities are begun can be summarized as follows:

1. Al l D2O and fuel has been shipped off-site.

2. Systems requiring it have been decontaminated
and all decontamination solutions have been pro-
cessed and shipped off-site.

3. Al l the radwaste has been solidified and shipped
off site. 59



4. All process systems have been dra-ned and dried
except the Shield Cooling System which should
be maintained in a normal operating condition.

5. All service systems are operable, e.g. service air,
service water, electrical distribution system, etc.

6. The ventilation system is being maintained in
operation to the extent required to maintain con-
tamination zone control.

7. The ambient radiation monitoring system is being
maintained in operating condition as are various
air monitors and other contamination and radia-
tion detection equipment.

8. The utility staff has been reduced to the minimum
required to supervise the contractor, maintain and
operate necessary systems and provide the neces-
sary security and surveillance. As mentioned ear-
lier, it will cost approximately $1,000,000 per
year to maintain this staff.

The dismantling activities will involve the following
major steps:
1. Disconnect, cut and/or remove as much of the

process piping and equipment as can be handled
using the existing access to the building. The Shield
Cooling System will not be dismantled and the
calandria will be connected to this system so as to
make the shield tank and caiandria both parts of
one system.

2. Build a water-filled "work bay" in the Moderator
Room to permi. handling and loading of active
sections removed from the core.

3. Remove pressure tubes and ship off-site.

4. Remove and ship off-site all adjuster rods, ion
chambers, flux detectors and other in-core equip-
ment that was essentially designed for removal
and for which removal facilities and flasks are
available as routine maintenance equipment.

5. Install a water-tight cover plate over the outer
face of each end shield. Cut out calandria shell,
calandria tubes, and end shield inner tube sheet.
Place in "liners" in the "work bay" and ship off-
site. Remove the steel shot and drain the shield
cavity or shield tank. Dismantle the "work bay".

6. Remove the boilers and dismantle the remainder
of the active material and ship off-site, including
active concrete from the biological shield.

7. Dismantle remaining equipment and structures
associated with the containment and service build-
ing, ship material to a local inactive burial site,

60 then backfill and grade the reactor site.

Fig.4 Section 'A' through reactor building
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Fig. 5 Section 'B' ( at right angles to 'A')



Cost and Time Estimates
The Pre-decommissioning activities have already been
estimated as requiring approximately 1 year and cost-
ing $5,800,000. Costs of the decommissioning activi-
ties can be lumped into several major areas:

1. Salaries and wages for supervision and surveil-
lance.

2. Transportation and burial costs.
3. Costs for materials and special equipment.
4. Costs for contract labour.

As mentioned previously on page 55, there has
been no attempt made in preparing this report to
carry out a detailed cost estimate. However, consider-
able time was spent comparing costs lo determine if
there would be any significant difference in disman-
tling costs for a CAN DU reactor and other reactors

for which cost estimates were available. The conclu-
sion was reached that although the method of dis-
mantling will be different for a CANDU reactor, pri-
marily due to differences between a pressure vessel
and pressure tube reactor, the type of work, amount
of material, and times required will not vary signifi-
cantly from those for other types of reactors. There-
fore, information obtained from discussions with the
author of a report describing dismantling of a 1100
MW(e) PWR reactor (7) was used extensively to arrive
at the following breakdown of costs:

1. Salaries and wages for supervision and surveil-
lance: $12,000,000.
This includes the utility operating staff, con-
sultants, inspectors, security force and admin-
istrative staff required to plan and supervise the
project as well as operate necessary systems and
maintain required surveillance and security.
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2.

3.

Transportation and burial costs: $2,500,000.
This includes cost of cask rental plus special liners
or containers required for shipment of the mate-
rial and disposal at the burial site.

Costs for materials and special equipment:
$2,500,000.
A major expenditure will be required for equip-
ment for underwater cutting of the vessel. It is ex-
pected that a plasma arc torch will be used to-
gether with remote manipulators. This equipment
alone could cost at least $1,000,000. In addition,
a Work Bay must be fabricated, cover plates must
be installed on the end shields and the Moderator
System and Thermal Shield Cooling System must
be connected together. Equipment will also be re-
quired to provide dust containment during blast-
ing when demolishing the biological shielding.
Cranes and other equipment for moving heavy
loads will have to be rented.

4. Costs for contract labour: $7,000,000.
This amount is required to cover the cost of work
required to dismantle and remove all equipment
as well as to backfill and grade the site after the
structures have been removed. It is assumed that
this work would be contracted to a demolition
contractor and other specialists such as explosive
experts.
In summary, the costs of dismantling a 600 MW(e)

CAN DU reactor are estimated at:

1. Pre-decommissioning costs $ 5,800,000
2. Salaries and wages 12,000,000
3. Transportation and burial costs 2,500,000
4. Materials and special equipment 2,500,000
5. Contract labour 7,000,000

Total $29,800,000

It is estimated that the time required to carry out
the decommissioning work will be approximately five
years. The critical path activities will be:

1. Connect calandria to Thermal Shield Cooling
System.

2. Remove Moderator System.
3. Construct Work Bay.

4. Remove and ship pressure tubes.
5. Remove and ship in-core components.
6. Dismantle and remove reactor vessel and internals.
7. Dismantle and remove remaining system.
8. Demolish building,
9. Backfill and release site.

The total lapsed time from plant shutdown to site
62 release will be about 6 years.

Fig. 7 Concrete Calandria Vault

Cost Sensitivity to Size
It is estimated that the dismantling costs for a plant
double the size and half the size of the 600 MW(e)
station will be 45% greater and 25% less respectively
than that for the reference station. Points to be con-
sidered in evaluating cost sensitivity to size are:

1. Pre-decommissioning costs will be relatively inde-
pendent of size.

2. Salaries and wages will vary with the length of
time required for dismantling.

3. Transportation and burial costs will not be directly
proportional to size since the amount of material
for, say a 1200 MW(e) reactor would be less than
twice that required for a 600 MW{e) reactor.

4. Materials and special equipment costs will be
relatively insensitive to size.

5. Contract labour costs will be quite closely related
to size.

Amount and Type of Radioactivity
The amount and type of radioactivity that must be
disposed of is discussed on page 57 of this chapter. To



summarize, after the pre-decommissioning activities
are completed, there will be 1.21 x 10' curies of
radioactivity to be disposed of. This will consist pri-
marily of Cobalt-60, Nickel-63 and lron-55. After six
years when demolition is complete, there will be
roughly 1 x 106 curies each of Cobalt-60, Nickel-63
and lron-55 that will have been sent to burial.

ENCASEMENT

On page 58 of this chapter, it was concluded that in
order to have an encasement design life less than
100 years, the vessel and all internals including the
shield tank shot must be removed off site. If this is
done, it will result in an encasement design life of 65
years for the remaining equipment.

The activities associated with encasement of a
600 MW(e) CANDU reactor can be divided into three
groups:

1. Pre-decommissioning activities.

2. Decommissioning activities.

3. Post-decommissioning activities.

Pre-Decommissioning Activities
These activities will be the same as for dismantling.

Decommissioning Activities
The prerequisites that should be achieved before de-
commissioning activities are begun will be the same as
for dismantling.

The decommissioning activities will be essentially
identical to those described for dismantling the reac-
tor up to and including the step to remove the carbon
steel balls from the end shields. The one exception
might be to remove only the feeders and leave the
Primary Heat Transport System and pump bowls for
use in cleaning up the boilers and associated piping
and equipment.

When all the active parts from inside the vault
have been removed, the following activities will be
carried out to complete the encasement:

1. Replace the reactivity mechanisms deck.

2. Seal all openings to the vault.

3. Close the 'construction opening' that was made in
the containment to facilitate flask removals.

4. Replace walls where necessary to prevent uncon-
trolled access to the Reactor Access Areas at each
end of the reactor.

5. Survey and decontaminate all surfaces to remove
all contamination above levels that would restrict
unlimited access to all areas other than the Vault
and Reactor Access Areas.

6. Provide evidence that the encasement meets the
requirements of the appropriate regulatory auth-
orities and establish the required security and sur-
veillance procedures.

It should be noted that there will not be a require-
ment for maintaining an around-the-clock security
force at the site. Periodic checks will be required and
quarterly inspections and semi-annual environmental
surveys are specified. Surveillance and monitoring
equipment must be kept in working condition and
security fences, doors, locks and seals must be main-
tained in satisfactory condition.

Cost and Time Estimates
The Pre-decommissioning activities will cost $5,800,-
000 and last for one year. The Decommissioning acti-
vities costs can be categorized under the same head-
ings as for dismantling.

1. Salaries and wages for supervision and surveil-
lance - $7,000,000.
These costs cover much the same activities as for
dismantling but of course, are lower than for dis-
mantling because of the shorter length of the pro-
ject.

2. Transportation and burial costs: $1,700,000
This cost remains high since although the amount
of material to be buried is considerably less than
for dismantling, the total activity is nearly the
same.

3. Costs for material and special equipment:
$2,000 000
It will still be necessary to obtain equipment for
underwater cutting of the vessel, to build a Work
Bay, to install cover plates, etc.

4. Contract labour: $1,000,000
This item is considerably lower than for dis-
mantling since the size of crew required for cut-
ting and removing the vessel will be relatively
small. The work is concentrated in one area of the
building and of such a nature that a large number
of people could not work effectively.

In addition to the cost of preparing the reactor for
encasement, there will be an additional cost involved
in providing the necessary monitoring and surveillance
during the life of the encasement.

If we assume that no permanent staff will be re-
quired, the only costs will be wages for the staff carry-
ing out quarterly inspections and semi-annual environ-
mental surveys and preparing the necessary reports
plus maintenance costs. It is estimated that these
costs will be no greater than $60,000 per year (1976
dollars). 63



Therefore, the total costs involved with encasing
600 MW(e) CANDU reactor are estimated to be:

Pre-decommissioning costs $ 5,800,000
Salaries and wages 7,000,000
Transportation and burial 1,700,000
Materials and special equipment 2,000,000
Contract labour 1,000,000

Total $17,500,000

Annual costs for
life of encasement (65 years) 60,000

It is estimated that the time to carry out the work
required for encasement will be approximately three
years. Therefore, the total lapsed time from plant
shutdown till the encasement is complete will be
about four years.

Cost Sensitivity to Sue
It will cost approximately 30% more to encase a reac-
tor double the size of the reference reactor and 20%
less for a reactor half the size.

Amount and Type of Radioactivity
Since by far the greatest amount of activity will be
contained in the reactor vessel and internals, and
since these must be disposed of in order to have an
encasement design life less than 100 years, there will
be very little activity left after the encasement work
is complete. A very conservative (high) estimate would
result in 20 curies of Cobalt-60 in the vault liner and
1 curie of lron-55 in the concrete. There will be less
than 100 millicuries of Nickel-63 in the Fuelling
Machine Side Tube Sheets.

The amount of radioactivity that will be sent to
burial will be essentially the same as for the disman-
tling operation which was approximately 1 million
curies each of Nickel 63, lron-55 and Cobalt-60.

'ir^^

MOTHBALLING
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Decommissioning Activities
The decommissioning activities required to mothball
a CANDU will consist of essentially the pre-decom-
missioning activities required for dismantling or en-
casement plus the establishment of an adequate sur-
veillance and monitoring system.

The pre-decommissioning activities will include
those already described except there will be no need
to draw up contract documents for demolition or dis-
mantling work. It is likely that a certain amount of
additional work will also be done to provide a method
of rendering all drained systems inert to minimize the
possibility of corrosion taking place. The Thermal

Shield Cooling Water System will probably be main-
tained in operation for a few years to provide maxi-
mum shielding and, therefore, minimum man-rem ex-
posure, to those people required to provide surveil-
lance and monitoring service and to operate the re-
quired systems. It will also probably be necessary to
continue to operate a few ventilation fans to maintain
a correct pressure balance between contamination
zones. Necessary lighting, heating and other services
and systems such as the instrument air systems will be
operated as required.

The surveillance and monitoring requirements will
consist of gathering data and submitting reports for
quarterly inspections and semi-annual environmental
surveys plus the additional effort required to main-
tain and operate the necessary systems. There is no
need for a continuous (around-the-clock) crew to
handle these duties but security fences and locked
and monitored doors will probably be required to-
gether with a remote alarm system to provide warning
of any unauthorized intrusions. The hazards to an in-
truder will be minimal since the highest ambient ra-
diation field that he will be able to enter by forcing
locked doors would be in the order of 10 - 20 mR/hr
from the fuelling-machine side tube sheet of the
reactor end shields.

Cost and Time Estimates
Since some additional work is required in addition to
that previously outlined for pre-decommissioning,
such as establishing a remote alarm system and a sys-
tem for rendering the process systems inert, it is ex-
pected that the total cost and time required for ac-
tivities necessary to mothball a 600 MW(e) CANOU
reactor will be approximately $6,000,000 and one
year.

The annual expenses to maintain and operate the
mothballed facility would be approximately $80,000
(1976 dollars).

Cost Sensitivity to Size
Since most of the decommissioning costs are asso-
ciated with wages and salaries to prepare the facility
'or decommissioning, the cost of mothball ing will not
be affected greatly by changes in reactor size.

Amount and Type of Radioactivity
Mothballing has essentially the opposite result to dis-
mantling since all the radioactive substances left after
the pre-decommissioning activities will remain on-site
rather than be disposed of elsewhere. Therefore, at
the beginning of the period when mothballing is com-
plete (one year after reactor shutdown) the predomi-
nant amounts and types of radioactivity remaining OP
site will be: (see Fig. 3).

8 x 106 Curies of lron-55
3 x 106 Curies of Cobalt-60



7 x 105 Curies of Nickel-63
1 x 105 Curies of Zirconium-25

After 25 years, the predominant activities will be:

6 x 105 Curies of Nickel-63
1 x 1 0 5 Curies of Cobalt-60

7 x îfj3 Curies of lron-55

MAN-REM EXPOSURE*

No attempt has been made to estimate the man-rem
exposure that will result from each decommissioning
activity. It appears, however, based on the experience
in dismantling the Elk River Reactor (4), that there
should be no need to experience higher exposures or
have a higher man-rem expenditure as a result of de-
commissioning than would be encountered during
normal operation and maintenance of the plant.

Alt highly active components will be handled
underwater or by placing the operating personnel be-
hind adequate shielding while using remote viewing
and operating equipment for transfers in air. The ex-
perience in dismantling the Elk River Reactor indi-
cated that most of the radiation exposure was caused
by chronic exposure to relatively low level ambient
fields. If we use the Elk River experience of an average
of 0.4 rem per man per year and consider that dis-
mantling a 600 MW(e) CANDU will involve 100 men
for 6 years, then the total rem exposure would be 6 x
100 x 0.4 = 240 man-rem over the decommissioning
period.

It has been estimated than an exposure of 630
man-rem will be required for a 1150 MW(e) PWR (7)
corresponding to an average yearly exposure per man
of approximately 0.8 rem. Based on the data of this
study, dismantling a 600 MW(e) CANDU reactor
should not result in a total exposure greater than
1500 man-rem or an average yearly exposure greater
than 2.0 rem per man.

Table 4 Man-rem Exposure!

Involved in Decommissioning

Stage

Dismantling

Encasement

Mothballing

Total Exposure
man-rem

600

400 plus
0.1/yearof
surveillance

250 plus
0.5/year of
surveillance

Average Exposure
per man per Year

nm

1.0

1.0 plus 0.05
during period of

surveillance

1.0 plus 0.1
during period of

surveillance

Encasement should result in a lower total ex-
posure due to the shorter time required to carry out
the decommissioning while mothballing will have the
lowest total exposure for the decommissioning ac-
tivities but of course will involve a continual exposure
of personnel over a long period of time due to sur-
veillance requirements.

Table 4 is a summary of estimated maximum ex-
posures for each decommissioning stage.

The exposure from ingestion of radioactive dust
and gases should be negligible, as was found from the
Elk River Experience.

ENVIRONMENTAL IMPACT

Any of the decommissioning stages will have minimal
effect on the local environment and the only effect
that would not normally be encountered with any
large construction project would be that due to dis-
posal of the radioactive inventory.

The number of people employed will be small (50
to 100), the amount of new material required will be
low (lead for shielding, materials for the Work Bay
and other structures required to facilitate decommis-
sioning plus materials for demolition such as dyna-
mite, drill bits, etc.) There will be a greater than nor-
mal amount of truck traffic involved with shipments
of active and inactive material. The ambient noise
levels will be increased at times, particularly if the re-
actor is being dismantled, but they should not be ab-
normally high compared to these experienced at any
construction site.

All shipments of radioactive material will be in
approved shipping containers and made in such a way
as to meet all relevant requirements of the IAEA (3)
approved by the Atomic Energy Control Board
(AECB) and/or the Canadian Transport Commission.
Therefore, these shipments will not create any undue
hazard to the public or result in exposure of the public
to levels of radiation above those permitted by the
AECB.

For the case of dismantling and removal, there
will be 62 truck-loads containing highly active mate-
riel in shielded casks. Approximately 300 truck loads
will carry the material designated as Low Specific Ac-
tivity (LSA). None of this LSA material will contain
large amounts of activity and the radiation fields on
contact will not be greater than those acceptable for
such work.

None of the decommissioning activities should re-
sult in the release of any significant amount of active
gases or dust to the atmosphere or external to the con-
tainment. Special care will have to be taken to avoid
dust formation during the demolition of the biological
shield, however. There should be no problem in arriv-
ing at a satisfactory method to carry out this opera- 65
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tion. Various methods were examined when considera-
tion was being given to demolishing the Elk River Re-
actor biological shield. They decided upon blasting
and their experience (4) indicated that, by using blast-
ing mats and a water fog spray system, it was entirely
possible to control the spread of airborne contamina-
tion.

The amount of radioactive material that must be
disposed of has already been discussed. The follow-
ing summarizes the amount of activity and estimated
numbers of cubic metres of burial volume required
for each stage.

Dismantling
1. The highly active material (vessel and internals)

will contain approximately 1 x 1Q6 curies of Co-
balt-60, Nickel-63 and lron-55. All of it will be
encased in concrete or lead liners for burial and
will require a burial volume of approximately
250 m3.

2. The remaining active material will consist of pip-
ing, tanks, heat exchangers, etc., from all the active
liner from the vault. The amount of activity will
probably be in the order of 25 - 50 curies with
the major source being Cobalt-60 in the vault
liner. This material will require a burial volume
roughly estimated at 7000 m3.

3. The components of systems that are not con-
taminated (primarily service systems like process
water, instrument air, heating, etc., plus the steam
turbine and auxiliaries) will probably be sold as
scrap. The remaining material to be disposed of
will bt the reactor building and non-contaminated
and non-radioactive portions of the internal walls
and ceilings. This will have to be buried in a local
land-fill area and will require a burial volume of
approximately 16,000 m3. If we assume the tur-
bine building and service building are also de-
molished, then a total burial volume of 25,000
m3 will probably be required.

Encasement
1. The highly active material will be the same as for

dismantling and will require the same burial vol-
ume of 250 m3.

2. No other equipment or materials will be buried.

Mothballing
There will be no burial volume required.

Pre-Decommissioning Activities
Each of the above decommissioning stages involves
the pre-decommissioning activities of shipping off-site

66 all fuel, heavy water, radwaste and decontamination

products. A definition of the method of disposal of
this type of material is not within the terms of refer-
ence of this report and no attempt will be made to
estimate the method or cost of disposing of this
material.*

SUMMARY AND CONCLUSIONS

Table 5 summarizes the more pertinent data for each
decommissioning stage considered. The following ad-
ditional points may also be summarized:

1. Decommissioning to any of the three stages is
possible and can be carried out without relying on
the development of new technologies or equip-
ment.

2. The cost of decommissioning a reactor should not
be a major concern to a utility since it can be
covered by sinking fund financing, which would
increase the mill-rate by less than 0.2 mills per
kilowatt hour for the most expensive process (dis-
mantling and removal).

3. Assuming that satisfactory provisions are made
for disposal of the fuel, D2O and radwaste, and
that suitable sites can be found for burial of ac-
tive components, the environmental impact of
decommissioning a reactor will be no greater than
that of any large construction project.

Table 5 Summary of Findings of this Study

Ittm

1. Time required to
decommission

2. Radiation exposure to
personnel during
decommissioning

3. Amount of radioactivity
on site at end of decom-
missioning period

4. Amount of radioactivity in
disposal at tnd of decom-
missioning period (does not
include fuel, D2O or rad
waste)

5, Buriil volume required
{does not include fuel,
O2O and radwiste)

6. Number of shipments by
truck of active material

7. Decommissioning coit

Dtimantltnf
and Removal

6 years

600 Man-Rem

Negligible

4.2 xlOG curies

7,250 m 3 of
active burial
volume

26,000 m 3 of
inactive burial
volume

(Inactive equip-
ment disposed
of as scarp metal)

300-400

$20,800.000

Encasement

4 years

400 Man-Rem

20 curies

6.3x106 curies

250 m 3 of active
burial volume

60

El 7,500,000 plut
•00,000 per annum
for 65 ytart

MothWIine

TVtar

250 ManRem

1.2 x 10? curies

0

0

0

6,000,000 plut
8Q,QQQptr«n(\unv

* Sue Chapter 6.
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No subject related to the nuclear generation of elec-
tricity has caused more public concern than the ques-
tion of the management and safe disposal of radio-
active wastes. Yet, to engineers accustomed to work-
ing in the field, this appears as the least of ail the
problems which have been encountered during the
past 30 years of nuclear development. In this chap-
ter, Mr. Hart reviews the techniques and procedures
being developed to manage the remarkably small
volumes of radioactive wastes to be produced by
nuclear electric generating stations in Canada.

Aucune question touchant la production de l'élec-
tricité nucléaire n'a causé plus d'inquiétude publique
que celle de la gestion et du stockage en toute sécurité
des déchets radioactifs. Cependant, pour les ingénieurs
qui ont l'habitude de travailler in-situ, ceci paraît
comme le plus petit de tous les problèmes rencontrés
au cours des 30 premières années du développement
nucléaire. Dans ce chapitre, M. Hart passe en revue les
techniques actuellement en cours de développement
pour gérer les très petits volumes de déchets radio-
actifs provenant des centrales nucléaires du Canada.
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INTRODUCTION

In an earlier submission to the Royal Commission on
Electric Power Planning, Ontario Hydro described a
general plan for the management of radioactive wastes
from nuclear generating stations (1). The essence of
this plan is that medium and low level wastes will be
stored in solid form in engineered concrete structures
at reactor sites, while spent fuel wastes will eventually
be incorporated into an insoluble matrix and sealed in
an ultimate disposal facility located deep underground
in geologically stable strata. The basic difference
between these two types of wastes is that the bulk of
the radioactivity in the medium and low level wastes
is short-lived and will decay away in 50-60 years
while the spent fuel wastes contain species which will
not decay away for several hundred thousand years.
Understandably, it is the handling of the spent fuel
wastes which has caused the greatest amount of public
concern. We will, therefore, discuss this subject in
some detail, considering:

a) the nature of the problem,
b) the plan for waste disposal,
c) the status of the development work and
d) the reasons why we believe this to be an accept-

able solution.

THE NATURE OF THE PROBLEM

The fuel for nuclear generating stations is uranium.
Of the two isotopes making up natural uranium, U-238
and U-235, only the U-235 isotope is fissile. When it
fissions, an atom of U-235 breaks into two fragments
producing, in the process, heat and neutrons. The
fragments are called "fission products" and are
elements approximately half the mass of uranium.
Cesium, strontium, iodine, zirconium are typical
fission products. Some of these fission products are
radioactive and are the chief reason why irradiated
uranium must be handled with extreme care. The
fission process is occurring in nature all the time.

Natural U = 99.3% U-238 and 0.7% U-235

fission
U-235 »• heat, neutrons, fission products

Neutrons + U-235 «•• More fission

Neutrons + U-238 -•• Plutonium

Neutrons + Plutonium -• • Other Actinides

16,000

14,000

12,000

" i 10,000

S 6,000

3 4,000

2,000

0 L

Fission Product and Actinide Curves

, Fission Products

' Actinides

Fig. 1 The Source of Nuclear Energy

1 60,000 150.000 250,000
Time in Years

Fig. 2 The Changing Nature of Nuclear Wastes

However, when uranium is arranged in a certain geom-
etry and surrounded with heavy water, the rate of
fissioning increases by many orders of magnitude,
producing heat in sufficient intensity that it can be
used economically to produce electricity. Plutonium,
a fissile material like U-235, is also produced in irradi-
ated fuel. It can be recycled with a naturally occur-
ring element, thorium, to increase our nuclear fuel
supplies by a factor of four to ten (2). However, even
if we decide to recycle the plutonium, we must recog-
nize that it will not be physically possible to re-
cover and reuse it all. Thus we must plan for the
presence of plutonium residues as well as fission
products in our wastes whether we recycle or not. Re-
cycling simply reduces the amount of plutonium that
has to be considered in evaluating the hazard to the
biosphere(3, 4). Plutonium is a substance whose toxi-
city derives from the very low levels which can be tol-
erated in the body (lungs) as inhaled particulate
matter. Needless to say, there is no stage in the re-
cycling process or in waste disposal where plutonium
is allowed to become airborne.

Some of the fission products and all of the acti-
nides (plutonium and higher elements) are radioactive.
As they decay, they give off heat and penetrating
radiations which can be harmful to man and to his
environment. Thus the wastes must be cooled, shielded
and prevented from escaping in any significant quanti-
ties to the environment. As they decay, the hazard
diminishes and the handling requirement changes.
The changing nature of the wastes is illustrated in Fig.
2. The steep slope on the left represents the decay of
the fission products. During this period cooling,
shielding, and isolation must all be provided. The
gradual slope to the right represents the decay of the
actinides, primarily plutonium. During this period
only isolation is required. It is important to note
that, during this phase, isolation from air is more
critical than isolation from water. 71



The difference in toxicity between wastes in air
and wastes in water has made it very difficult to get
across to the public the true hazards of nuclear waste
disposal. To get a perspective on the method of stor-
age, let us consider a typical Pickering fuel bundle
Fig. 3. After it comes out of the reactor, it looks ex-
actly as in this picture, but of course it contains fis-
sion products and actinides as well as uranium and so

is intensly radioactive. If that radioactive fuel bundle
were somehow or other dissolved in a drinking water
reservoir, it would represent a certain hazard. If the
uranium in the bundle were replaced with mercury
and the bundle dissolved in the reservoir, there would
also be a hazard, but possibly one that people under-
stand a little better. Now to compare the hazards*.
After 200 years' decay, the toxicity of the spent fuel
bundle would be essentially the same as the toxicity
of the mercury bundle (5, 6, 7). But the compari-
son only holds for dissolution in water. Now let us
assume that the radioactive fuel bundle is ground into
a very fine powder and somehow dispersed uniformly
in a cubic mile of air. Assume that the same thing is
done with the mercury bundle. Now the spent fuel
bundle is about 5000 times more toxic than the mer-
cury bundle and this relationship would not change
for 10,000 years. Remember that the relationship
holds only for uniform dispersal in air.

Perhaps the above example will show how easy it
is to be misled about the real hazard of nuclear waste
disposal. If someone wants to sensationalize the prob-
lem, they need only talk about the toxicity of the
wastes when they are finely ground and uniformly
dispersed in air. That information, factual though it
may be, will have no relevance whatsoever to a waste
disposal facility where the only conceivable escape
route to the environment is via water. Canada's dis-
posal schemes are designed to eliminate the possi-
bility of dispersal into air. Thus in the real disposal
situation a 200-year-old spent fuel bundle represents
about the same toxicity hazard as a fuel bundle filled
with mercury. It is important to note that because of
* Comparisons are based on dilutions required to reach the maximum

permitted concentrations in drinking.
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the very high density and very low vapor pressure of
the fuel material, uniform dispersal in air would be
extremely difficult, if not impossible, to achieve (8).

An extremely important aspect of the problem is
the small quantity of wastes involved (9). Fig. 4 gives
a scale representation of the Pickering nuclear station
and the Lakeview coal-fired station and the volumes
of fuel required and spent fuel waste produced by
each. The amounts of wastes involved differ by many
orders of magnitude. In fact, the volume of the
nuclear wastes is so small that it is the heat production
and not the total volume that determines the area re-
quired for waste disposal (10).

To summarize the nature of the problem, nuclear
wastes must be cooled and shielded for a few hundred
years and isolated from man's environment for a much
longer period. Technically, isolation from air is much
more important than isolation from water but the ob-
jective is isolation from both. The quantity of waste
produced is orders of magnitude less than that pro-
duced by most conventional industries. Thus it is pos-
sible to handle nuclear wastes with extreme care with-
out excessive expense. Current estimates indicate that
waste management will contribute less than 1 per cent
to the cost of electricity to the user (11, 12). Cal-
culations have shown that one repository with a total
underground area of three square miles should be
sufficient to handle all the wastes produced by nuclear
generating stations in Canada for the next 75
years (13).

^
THE PLAN FOR WASTE DISPOSAL

; * ra^

The plan for the management of spent fuel wastes in
Canada can be summarized as follows. For the first
five years after removal from the reactor, the spent
fuel will be stored in water-filled bays at the reactor
site ( 14). This will allow the heat production to decay
to about 0.5 watts per kg of U. After this five-year
decay period, it will be transferred in specially design-
ed flasks (15, 16) to a central interim spent fuel stor-
age facility where it will be held pending a decision
on whether to recycle the plutonium contained in the
fuel. If the decision is to use the plutonium, the fission
products and the actinides remaining with them will
be immobilized in an essentially insoluble glass or
ceramic matrix and sealed in an ultimate disposal
facility (described below). If the decision is not to
recycle the plutonium, the spent fuel will be packag-
ed in a form suitable for ultimate disposal and trans-
ferred directly to the ultimate disposal facility. The
ultimate disposal facility will be located deep under-
ground in a rock formation that has remained geo-
logically stable for periods of the order of 500 million
to 2 billion years (17, 18, 19, 20). In Canada, it
should be possible to locate interim spent fuel storage.

fuel reprocessing and refabrication, and ultimate dis-
posal all at the same site. Thus the only material ship-
ped in to the site would be irradiated spent fuel from
the generating stations and the only material shipped
off the site would be refabricated finished fuel being
returned to the generating stations. Purified plutonium
would not accumulate at any stage in this process.

There is a body of opinion, both in this country
and abroad, asserting that nuclear wastes can be
safely stored in concrete bunkers on the surface until
they decay to a level where they are harmless (21).
All the evidence available to date indicates that this
opinion is valid. However, if this method is chosen, it
leaves to future generations the responsibility for re-
building the concrete bunkers as required. Deep geo-
logic disposal is preferable and is, therefore, the main
objective of the Canadian program.

INTERIM STORAGE AND THE ULTIMATE
DISPOSAL FACILITY

Two concepts have been demonstrated to the point
where they could be used for interim fuel storage at a
central location. These are water-filled bays and con-
crete canisters (18, 22). Fig. 5 illustrates the water-
filled bay concept. The fuel is placed in baskets which
are stacked in the pool as shown. The bundles have to
be spaced out in the baskets to allow water circula-
tion for cooling. The three metres of water above the
topmost basket and the concrete of the walls provide
the shielding, and the fuel cladding, the water, and
the pool enclosure provide the isolation. Fig. 6 is a
schematic representation of a central interim fuel stor-
age facility based on this concept. All the fuel that
will be produced by Pickering 'A' to the year 2000
could be stored in a bay 30 metres long by 7 metres
wide by 9 metres deep. Fig. 7 illustrates the concrete
canister concept. The fuel is placed in steel cans
which are then stacked inside a sealed concrete con-
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Fig. 5 Illustration of Water-Filled Bay Concept for
Interim Storage of Spent Nuclear Fuel. 73



Fig 6 Schematic Representation of a Central Interim
Spent Fuel Storage Facility Based on Water-Filled Bays
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tainer. Each canister is 2.47 metres in diameter by
4.92 metres high with walls 0.77 metres thick. It can
hold 216 spent fuel bundles. Cooling is provided by
conduction of heat through the walls to the surround-
ing air, shielding is provided by the concrete walls,
and isolation is provided by the fuel cladding, the
steel baskets and the concrete cylinder. An interim
fuel storage facility, based on this concept, would
accommodate all the spent fuel that will be produced
by Pickering 'A' to the year 2000. This facility would
require 1500 canisters and occupy a 20-acre site.

Considering next the ultimate disposal facility
(10). Fig. 8 gives a schematic representation of ulti-
mate disposal in hard rock. The facility is very much
like a normal hard rock mine with a vertical access
shaft and a horizontal drift in which the wastes will
be sealed. The rock provides shielding, isolation and
cooling. The spacing of the wastes will be dictated by
cooling requirements. The first horizontal shaft is ex-
pected to be at a depth of about 1000 metres because
at that depth any fissures and faults are likely to seal
under the pressure of rock: Eventually the horizontal
shaft will be backfilled as the wastes are sealed in
place, but in the initial phase of the program it should
be left open so that the wastes can be retrieved if any-
thing unforeseen occurs. Once the shaft is backfilled,
the possibility of release of radioactivity to air is
virtually non-existent. The fission product and asso-
ciated wastes will be incorporated into an insoluble
matrix before final placement. Current thinking favors

Lead

Fig. 7 Illustration of Concrete Canister Concept
for Interim Storage of Spent Nuclear Fuel



various types of glasses. Canada has considerable ex-
perience with nepheline syenite glasses (23). Borosi-
licate glasses are also being considered. If the fuel is
not reprocessed, it could be put into permanent stor-
age as fuel bundles because the fuel is already in a
matrix that is highly insoluble in water.

THE STATUS OF THE DEVELOPMENT WORK

Water-filled bays have been used for interim storage
of all kinds of spent fuel in many countries for the
past 25 years. There have been some problems with
magnesium and aluminum-clad fuels but none with
zirconium-clad fuels. All Canadian power reactor
fuels are of the latter type. Experience with full scale
fuel management began with NPD fuel in 1962 and
continued with Douglas Point and Pickering. Ex-
perience with canisters is much more limited (22, 24
25). One canister of the type described was loaded
with zirconium-clad U02 fuel from WR-1 in 1975
and a second was loaded with Douglas Point fuel this
spring. Experience to date with both types of fuel
storage is satisfactory.

Spent fuel wastes were first incorporated into
nepheline syenite glass at Chalk River Nuclear Labora-

tories in 1955 and a number of such blocks have been
exposed to natural ground waters at that site since
1958 (23). Eighteen years of leaching rate data is now
available from those tests. The leaching rates have
been extremely low and indicate that this type of
fixation of radioactive materials is highly satisfactory*.
Borosilicate glasses melt at 1OOO°C as compared to
1400°C for nepheline syenite and therefore might be
an easier glass to use on a production scale. Spent fuel
wastes were first incorporated into borosilicate glasses
in 1959 in Great Britain and several years of satis-
factory results have been obtained with these glasses.
(26). Encouraged by these results, France and Britain
are in the process of building demonstration plants
for the incorporation of their spent fuel wastes into
borosilicate glasses (27, 28).

Two years ago, in collaboration with the Geologi-
cal Survey of Canada, AECL inaugurated a program
to identify suitable strata for geological disposal in
Canada (10). Preliminary specifications were that:

a) The rock should have low economic value and not
be close to other formations with actual or po-
tential economic value.

b) The formation should be large, accommodating a
buffer zone of significant size.

* See next chapter

Fii. 8 Schamatic Rapmtntatioit of an Ultimata Disposal Facility In Hard Rock
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Salt Basins

Fig. 9 Location of Major Salt Deposits in Canada
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c) The formation should have high integrity with a
minimum of cracks, faults and joints.

d) The formation should be in a zone of low seismic
activity.

e) The formation should be such that the wastes will
be isolated from moving ground water.

Work to date has been concentrated on two types
of formations; deep deposits of salt and hard rock
plutons. Plutons are large uniform plugs of igneous
rock which are found in abundance throughout the
Canadian Shield (29). Salt is attractive because it is a
good heat transfer medium. It is plastic and cracks or
fissures that may form are self-sealing. Its very exist-
ence is proof that it has remained inaccessible to
water ever since it was formed four to five hundred
million years ago (17, 30, 31). Hard rock plutons are
attractive because they contain no mineral values,
they contain few faults or fissures, they have re-
mained undisturbed since they were formed over 2
billion years ago and wastes in the interior of the
pluton will be isolated from moving ground water (29).

Fig. 10 Location of Some Large Plutons in Ontario
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The first year of the program has been spent in
identifying from existing maps, surveys, and aerial
photographs, where rock formations of these types
existed in Canada. Fig. 9 shows the location of the
major salt deposits in Canada. Fig. 10 shows the lo-
cation of some large hard rock plutons in Ontario.
Thousands more are known to exist throughout the
Canadian Shield. This year field parties examined
some of the plutons to see if the features interpreted
from aerial survey photographs could be confirmed
in the field. Next year more extensive field surveys
and some drilling will be done. In the interim much
laboratory work on the physical and mechanical
properties of plutonic rocks remains to be done. Site
selection should be by 1980 and a demonstration
mine should be in operation by 1986.

To determine the suitability of a given rock for-
mation, a detailed analysis of the potential pathways
of the radioactive materials to the environment will
be made for each case and an assessment made of the
potential damage to all species along the path. Most
of the mathematical models to do this are available
(32) and the experimental information required to
use them effectively is being collected (33, 34,35, 36,
37,38)

equally inaccessible to water. Thus it is difficult to
see how the waste material could be transported out
of the repository even if it were soluble (42, 43).
However, it is not soluble (23, 26). The measured
leaching rates from both nepheline syenite and borosi-
licate glasses are extremely low. Thus even if water
found its way into and out of the repository, the con-
centration of dissolved radioactivity would be accept-
ably low. Even the small quantity of material leached
away would be absorbed on sub-terrestrial rocks and
soil and decay to an undetectable level before it
could migrate to the surface (44).

Perhaps the best proof of the geologic storage
technique exists in nature itself. The land mass of
Canada already contains, within a mile of the surface,
1.5 x 1012 curies of radioactivity. This is much more
than the nuclear industry will have produced after
several hundred years. Only insignificant quantities of
these radioactive materials are released to man's en-
vironment (44). We will be emulating nature's tech-
nique but can be much more selective in choosing the
repository.

SUMMARY

First the strata in which we propose to put the wastes
have remained intact for 500 million years or more,
through several ice ages, and all other natural catas-
trophies which have occurred during that period (29,
30, 31). It is reasonable to assume that they will
remain intact for another 250 thousand years. The
relative times involved are shown in Fig. 11.

The very existence of salt deposits demonstrates
that they have not been exposed to moving ground
water for several hundred million years. We expect
that the interiors of hard rock plutons will prove 77
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In this chapter, Mr. Merritt describes the results of ex-
periments begun at Chalk River 20 years ago to de-
termine the suitability of glass as a medium for fixa-
tion of radioactive waste. Measurements have been
made over the past 17 years of the leaching of radio-
activity from glass blocks buried in loose sand below
the water table at a site near Chalk River. The results
indicate that fixation in glass is essentially complete
and permanent.

Dans ce chapitre, M. Merrit décrit les résultats d'ex-
périences commencées à Chalk River il y a 20 ans
pour déterminer l'intérêt du verre comme moyen de
fixation des déchets radioactifs. Des mesures ont été
effectuées au cours des 17 dernières années sur le
lessivage de la radioactivité à partir de blocs de verre
enfouis dans du sable au-dessous de la nappe aquifère
d'un site situé près de Chalk River. Les résultats in-
diquent que la vitrification est virtuellement complète
et permanente.
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FIXATION OF RADIOACTIVE WASTE IN GLASS

In 1958, chemical engineers at Chalk River, writing
for the conference on disposal of radioactive wastes
to be held in Monaco the following year, had this to
sayd):

"Several years ago it was recognized that a
method was needed for the permanent disposal of the
highly radioactive wastes that would arise from a
nuclear power industry. It was not expected that this
disposal would add much to the cost of the power,
but a safe and permanent method was needed if one
of the major problems of the Development of nuclear
power was to be overcome, i.e. what to do with the
fission product wastes.

A survey of suggested methods was made, and the
idea of incorporating the wastes into glass was chosen
for development because it appeared to offer the
greatest promise of meeting all the requirements of
safe disposal.

The criteria underlying the choice of process were
the following. No single process would serve to treat
all radioactive wastes from nuclear reactors, but the
treatment of the highly radioactive acid solutions re-
sulting from chemical processing of fuel was of great-
est concern. The method should permit the disposal
of the fission products in the ground in a reasonably
isolated area without danger of a significant release.
As a second line of defence, if a release should occur
it should be controllable, e.g. by treating water leav-
ing the burial area or by recovering the fission
products from the area. The glass process meets these
specifications. High-activity wastes may be incor-
porated into glass with ease; the glass is stable and
very insoluble, thus restricting release of fission

products to any water present; and the solid glass
may be recovered if an emergency should arise.

It was recognized that the direct disposal of solu-
tions at depth in the earth's crust (salt cavities, injec-
tion into porous strata) was promising for the future,
but that the element of control might be lost. It was
felt that until the method was proved safe it could
not be used, and the safety of each selected area
would have to be demonstrated.

The disposal of fission products in glass near the
surface of the ground in selected areas offered the
safest and most direct approach to the problem. "

Studies conducted at Chalk River prior to 1955
had demonstrated that radioactive fission products
could be incorporated into a glass, based on nepheline
syenite, a silicate iock mined at Nephton, Ontario, at
the northern end of Stoney Lake and widely used in
ceramics. In 1959-1960 a series of these blocks of
glass were produced for an experiment in radioactive
waste disposal.

Fig. 1 shows the flow sheet by which fission
products were incorporated into glass. IMepheline
syenite and lime were blended dry in the desired
proportions. The mixed powder was then pelletized
by tumbling with water. PelletG and solution contain-
ing fission products were added alternately to fill a
4.5 litre crucible. The pellets were added in six
portions and the solution in five, yielding an inhomo-
geneous mixture with a layer of dry pellets on the
top. The nitric acid in the solution reacted with the
nepheline to produce a silica gel in sufficient quantity
to absorb all the liquid. Mixes made in this way were
fired to convert them to glass, two-stage heating being
used for experimental convenience. In one electric
furnace the mix was fired to 900°C to dry it and
decompose the nitrate salts present. In the second
furnace the mix was heated to 1,350°C to melt it.

Fission
Product
Solution

Nepheline
Syenite

Pelletizer Mixer

Nitric Acid Recombiner

Ru&Cs
Adsorber

Drying
Furnace
900°C

Ru &Cs
Adsorber

Melting
Furnace
1350°C

Caustic
Scrubber

Exhaust
Gases

Fission
Products
in Glass

Fig. 1 FlowihMt for th» Incorporation of Fission Products into Gins
83



84

The glass was cooled to room temperature at the
natural cooling rate of the furnace.

Air was drawn from each furnace during opera-
tion. This air contained nitric acid, nitrogen oxides,
water vapour and some radioactive elements; it was
passed first to an adsorber to remove ruthenium and
cesium, secondly to a packed column to condense
nitric acid and water and to remove nitrogen oxides
and traces of radioactive elements, thirdly to a gas
scrubber containing caustic to remove residual nitric
acid, and finally to a filter to remove residual par-
ticulate material.

Tests showed that the relatively small amounts of
ruthenium and cesium which volatilized during the
firing could be trapped on absorbers made of fire-
brick impregnated with iron oxide.

The product was obtained as transparent hemis-
pheres of a coarse, yellow glass each with a mass of
approximately 2 kilograms, each hemisphere con-
taining approximately 45 curies* of fission products
extracted from irradiated uranium. Table 1 gives the
make up of the mix of fission products.

Table 1 Composition of Mix of Fission Products
Incorporated into Glass

curies (Ci)

Cesium-137

Strontium-90

Cerium-144

Ruthenium-106

23

20

2

0.2

TOTAL 45.2

Preliminary results of leaching of these blocks in
ground-water are reported in Reference 3.

»^

THE CHALK RIVER LEACHING EXPERIMENT

In June 1960, a second experiment was commenced
in which twenty-five glass blocks were buried in a
stratum of uniform sand at depths of 3 to 3.5 metres,
in a vertical grid oriented at right angles to the direc-
tion of ground-water flow. The arrangement of blocks
is shown in Fig. 2.

Three ground water samplers positioned 0.6 m
apart and 1 m downstream of the glass blocks have
been sampled monthly from April to November each
year since 1960. The water was analyzed for stron-
tium-90 and the average content for each year was
determined. Determination of water flow has shown
that 39 litres per day of water flows past the blocks.
Using this figure the amount of strontium-90 leaving
* The unit "curie" of radioacivity signifies a number of radioactive dis-

integrations per second. 1 curie = 3.7 x 10 1 " disintegrations/second.
The abbreviation of curie is Ci.
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Fig. 2 Grid of glass blocks in soil

the blocks per year was calculated and is shown in
Table 2.

The amount of strontium-90 leached from the
blocks has remained essentially constant for the past
seven years. The amount of strontium-90 that has left
the blocks in 15 years is about 1.5 milli Ci* most of
which was in the first two years.

Sampling in 1971 showed that the strontium - 90
front had reached 33 metres from the glass blocks.
This is in agreement with predictions from surveys
made in 1963 and 1966, and indicates that ground-
water conditions have not altered significantly since
the start of the experiment.

In a study made in 1958, Watson and others (1)
calculated the parameters needed to evaluate methods
of permanent storage. Using their data applied to a
600 MW(e) CAN DU reactor ind assuming that all the
fuel is processed and the fission products are incor-
porated in nepheline syenite glass and buried below
the water table in the Chalk River waste management
area, it is possible to use the leaching rates of stron-
tium-90 to calculate the cumulative release from the
blocks. Such calculations show that in fact the high-
level wastes from fifty such reactors could be dealt
with by burial at the Chalk River site without exceed-
ing an acceptable release of strontium-90 to nearby
bodies of water.*»

Methods of improving the performance of the
glass blocks are available. For example, an earlier test
demonstrated it was feasible to manufacture glass
with a leaching rate at least five times lower than the

* 1 milli Ci is 0.001 Ci

*" The release would amount to a calculated 5 milli Ci per day to a
lake 500 metres from the site.



glass used in the test below. Also, the data in Table 2
shows that over 90% of the strontium - 90 leaving the
blocks did so in the first two years. Laboratory tests
have shown that pre-leaching of the blocks would pre-
vent this original large release. The pre-leaching would
seem to be quite feasible. Again, making larger blocks
with a lower surface to volume ratio than the blocks
used w ould reduce the leaching rate.

It should be pointed out that these figures hold
only if the glass is actually buried beneath the water
table and in a configuration such that the ground
water temperature is not significantly increased.
Laboratory results have shown that high water tem-
peratures increase the rate of leaching considerably.
Also it has been shown that devitrification of the
glass will also increase the leaching rate. On the other
hand, tests have shown that the irradiation received
by the glass has no effect on the leaching rate.

Table 2 Strontium-90 Leaving Glass Blocks

Year

1960

1961

1962

1963

1964

1965

1966

1967

1968

1969

1970

1971

1972

1973

1974

Strontium-90 leaving blocks -
in micro curies (/UCi) per year*

1050

350

15

21

15

11

4.2

3.5

2.9

3.3

3.0

2.3
3.8

2.3

2.5

Percent of tots!
released by 1974

70

23

1.0

1.4

1.0

0.73

0.28

0.23

0.19

0.22

0.20

0.15

0.25

0.15

0.17
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TOTAL 1499.8

SUMMARY

The results indicate that, as far as leaching of the
radioactivity is concerned, burial of radioactive wastes
fixed in the soil of the Chalk River controlled area
could be used for permanent storage of such wastes
from fifty CAN DU reactors of 600 Megawatts each.

* 1 micro Ci is 0.000001 Ci.
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(d) The Recycling of Nuclear Fuel
Therearoindlcationsthattheremaybeaworld-wldesnortageof uranium

at a reasonable cost (aay, less than $60perlb. of uranium oxide) before the
end of this century. A central question, therefore, relates to the posslbKty, In
the future, ofrecycling nuclearfuel. Although neitherOntario Hydro norany
Canadian agency, Is considering, at present, the developmentoiprocessing
piantstoseparate plutonium 238 from spentnuclearfuel(which is
accumulating at the nuclear generating stations}, this may be a possibility In
the future. To what extent would commercial nuclear fuel processing, to
separate out plutonium 230 and produce enricheo fus! bundles, be
acceptable In Ontario? ,
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Although uranium is a large source of energy in
Canada, it is a finite source; and while uranium ex-
ploration has only been renewed in earnest during the
past few years (and important new discoveries are
being made) it is not difficult to envisage a future, 30
to 50 years away when uranium may be in short
supply. Fortunately, the CAN DU reactor has such
high neutron efficiency and is so flexible in its use of
nuclear fuel, that it can be adapted to advanced fuel
cycles, employing other fissile or fertile materials,
practically without modification or even interrup-
tion of schedule. In this chapter, Dr. Hatcher reviews
the prospects for future CANDU fuel cycles.

Bien que l'uranium soit une grande source d'énergie
au Canada, c'est une source limitée et bien que la pros-
pection de l'uranium n'ait été reprise sérieusement
qu'au cours des récentes années (et de nouvelles dé-
couvertes importantes ont été faites), on peut envisager
que dans les 30 ou 50 prochaines années, l'uranium
pourrait se raréfier. Heureusement, le réacteur CAN DU
a une telle efficacité neutronique et son combustible
a une telle souplesse d'emploi qu'il peut être adapté à
des cycles de combustible avancés employant d'autres
matières fissiles et fertiles, pratiquement sans mo-
dification et même sans interruption de service. Dans
ce chapitre le Dr Hatcher passe en revue les possibi-
lités des futurs cycles de combustible pour les réac-
teurs CANDU.
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INTRODUCTION
'̂ ^

Production of electricity from nuclear generating sta-
tions is already a commercial reality in Canada.
About 2500 megawatts (MW(e)l of electric capacity
are in operation, 6236 MW(e) are under construction,
and a further 9650 MW(e) are planned, bringing the
total nuclear capacity to approximately 18,400 MW(e)
by 1985. This is expected to rise to about 80,000
MW(e) by the year 2000.

The nuclear unit for these stations is the Canadian
pressurized heavy water reactor, CANDU-PHWOK It
is a pressure tube reactor, moderated and cooled by
heavy water, and produces steam to drive a conven-
tional steam turbo-generator. Thus the reactor unit is
analagous to the boiler in a coal-burning generating
station.
rnWîMWliTBTI

CANDU FUEL

All nuclear reactors in operation or under develop-
ment are fission reactors — that is, they use neutrons
to break up fissile atoms in the fuel. This fissioning
releases large quantities of energy as heat, and more
neutrons to keep the chain reaction going. At the
same time neutrons are absorbed in fertile atoms,
converting them to new fissile atoms.

The only fissile material which occurs in nature is
the uranium isotope U-235. Natural uranium contains
about 0.7 per cent U-235, the balance being a fertile
isotope U-238.

A unique feature of the CANDU reactor is that
by careful design using heavy water as the moderator,
the wastage of neutrons can be kept so small that the
chain reaction is maintained when natural uranium is
used as the fuel. All other commercial reactors must
have a higher concentration of the fissile isotope to
achieve an economic fuel. This increased concentra-
tion is produced in enrichment plants which raise the
U-235 concentration from the natural 0.7 per cent to
about 2 to 3 per cent.

CANDU fuel is made from natural uranium oxide
which is formed into pellets (2). The pellets are loaded
into tubes of a zirconium alloy and the ends are
welded to produce elements in which the uranium is
completely sealed off. Several of these elements are
then assembled to form a fuel bundle about 10 cm
in diameter, 50 cm long and containing about 20 kg
of uranium.

The fuel bundles are loaded into and removed
from the reactor by fuelling machines which operate
with the reactor at full power. When removed from
the reactor, the fuel bundle is visually the same as
new fuel, but it has now produced 1,200,000 kWh of
electricity, the same amount as would be produced
* See chapter 1 for a review

by 800 tons or 16 carloads of coal. Most of the fissile
U-235 has been consumed. New fissile plutonium iso-
topes Pu-239 and Pu-241 have been produced from
the U-238 and much of these has also been consumed
to produce power. However, a significant amount of
the plutonium is left in the fuel and this provides a
fuel resource for use in the future.

URANIUM SUPPLY AND DEMAND

The uranium available in known Canadian deposits in
1975 has been estimated by Energy, Mines and Re-
sources Canada, and their estimates are shown in
Table 1(3). The estimates given are restricted to only
the principal deposits in Canada, and there is in addi-
tion a large potential for finding uranium in unexplor-
ed regions of Canada.

A natural uranium CANDU reactor consumes 130
kgU per year per MW(e) when operating at 80 per cent
capacity factor. Thus, over its projected life of 30
years it will consume 3.9 MgU (about five tons of
uranium oxide) per MW(e). The uranium policy of
Energy, Mines and Resources Canada(4). announced
in 1974, includes an objective to ensure at least a 30-
year reserve of nuclear fuel for all existing reactors
plus any reactors committed and planned for con-
struction during the next ten years.

Figure 1 shows the expected cumulative con-
sumption of Canadian uranium for reactors in Canada
up to the year 2000. Also shown is the cumulative
"commitment" of uranium; i.e., the amount of
uranium which must be set aside for the life of these
reactors according to the EMR policy. Superimposed
on Figure 1 are the 1975 EMR estimates of uranium
resources and export commitments.

Table 1 Estimates (1975) of Canada's Recoverable
Uranium Resources
(From Reference 3)

Gg uranium (thousands of metric tons)

Mineable

Up to 52
S/kgU

52 to 104
$/kgU

Prognos-
Measured Indicated Inferred ticated

63

11

82

17

174

85

129

217

TOTAL 74 259 346
Reference 4 fully defines the terms "Measured, Indicated,
Inferred and Prognosticated".

1 GgU - 10 3 MgU * 10^ kgU - 1300 short tons U3O8

52 S/kgU - 20 S/lb U 3 O 8 89
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Table 2 shows a similar analysis based on recent
estimates of world uranium resources and consump-
t i o n ^ ) . Canada's favourable position is not reflected
on a world scale. Over 60% of all currently identified
reserves will have been consumed by the year 2000
and the commitment will exceed reserves by about a
factor of three.

Thus, there is likely to be a worldwide demand
for Canadian uranium, and a major export program
would assist in our balance of payments as well as
helping to provided the world with much needed
energy.

Clearly then it would be prudent to follow two
approaches which can assure an adequate supply of
nuclear fuel for the foreseeable future:

— the confirmation of more uranium resources
through a stepped up exploration program.

— the introduction of new nuclear fuel cycles
which make more efficient use of uranium.

Uranium exploration is handled by the uranium
producers and reserves estimates are co-ordinated
nationally by EMR. The prospects for discovery of
major additional reserves must be regarded as very
favorable. The rest of this paper deals with the
second approach, namely the more efficient nuclear
fuel cycles.

1975 1980 1985 1990

Year

1995 2000
^^

FUEL CYCLE OPTIONS
Fig.1 Canadian Uranium Resources and Commitments

(1975 EMR resource estimates at 104 $/kgU)

We can see that the total reserves identified in
1975 are sufficient to last well into the beginning of
the next century, even if we add on the 90 GgU
(1^0,000 tons of uranium oxide) already contracted
fo,- export. However, in terms of commitment of
uranium under the EMR policy, we will have commit-
ted all the 1975 reserves by the beginning of the next
century.

Table 2 World Uranium Requirements and Resources

Natural uranium
The basic natural uranium fuel cycle is illustrated in
Figure 2. This is the simplest fuel cycle since it re-
quires no uranium enrichment, no fuel reprocessing
and no fabrication of highly radioactive fuel. Uranium
is mined, purified, fabricated into fuel, used in a reac-
tor and stored as irradiated fuel after use. The uranium
consumption is about 160 kilograms of uranium (.2
tons of uranium oxide) per megawatt-year of elec-

Canadian @ 104 S/kgU

Rest of World
@78$/kgU

Uranium

Reasonably Assured

Measured Indicated

74 99

1590

Reserves, GgU

Estimated Additional

Inferred Prognosticated

259 346

1098

Total

778

2688

Uranium GgU
To Year 2000

Cumulative 30 y commit.*
Consumption

105 530

2064 ~ 10,000

TOTAL 1763

gg * Estimated on the same basis as the EMR commitment.

1703 3466 2169 ~ 10,500
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Fig. 2 "Once-Through" Natural Uranium Fuel Cycle

tricity generated. A simple "once-through" cycle in
enriched light water reactors consumes 220 kilo-
grams of uranium per megawatt-year. The irradiated
CANDU fuel contains about 0.3 per cent fissile plu-
tonium which can be used later in other fuel cycles,
but no credit is taken for this in current fuelling costs.

Plutonium recycle with uranium
Extraction of the plutonium from irradiated fuel
would give us the flexibility to use new fuel cycles
which are more efficient in uranium utilization. Be-
cause these cycles are more complex they are also
more expensive at present, but they would become
competitive as the price of uranium rises.

Figure 3 illustrates the recycle of plutonium with
uranium. Plutonium is extracted from irradiated fuel
in a reprocessing plant, blended with natural uranium
to produce a mixture containing about 0.5 per cent
Pu, and fabricated into new fuel. During the utiliza-
tion of this recycle fuel most of the U-235 is con-
sumed along with much of the plutonium, but fresh
plutonium is produced. This fuel is then reprocessed
for recovery of plutonium, which is returned to the
cycle.

The plutonium/uranium cycle in a CANDU reac-
tor is not capableof producing as much fissile material
as it consumes, so it must always be "topped up"
with natural uranium and plutonium. However, the
total cycle gets twice as much energy from the uranium,
so overall uranium consumption is halved. We should
note that two new capabilities are required for this
option: fuel reprocessing and "active" fabrication of
fuel containing plutonium.

Thorium
Thorium is a fertile material but contains no fissile
isotope. Fissile material such as plutonium or U-235
must therefore be added to it to produrj a reactor
fuel. However, thorium absorbs neutrons freely to
produce an even more valuable fissile material, U-233.

The prospect of using thorium has long been
recognized as a means of assuring an abundant supply
of energy from the world's nuclear fuel resources(6).
Recently AECL has summarized a detailed review of
the physics and economics of the thorium cycle in
CANDU-PHW reactors (7,8). The general conclusions
of the work are that the basic CANDU designs are
satisfactory for thorium fuelling and that the cycle
will become competitive as the price of uranium rises.

The cycle is illustrated in Figure 4. Plutonium ex-
tracted from natural uranium fuel can be blended
with thorium to produce a mixture containing about
2.5 per cent Pu, which is fabricated into fuel. Some
of this plutonium is consumed during the subse-
quent use in the reactor and U-233 is produced from
the thorium. The irradiated fuel is reprocessed to re-
cover the U-233 and residual plutonium, which are re-
cycled to the fabrication plant to produce new fuel.

The recovered thorium contains some highly
radioactive isotopes. After a suitable period for
radioactive decay (10 to 20 years) the thorium can be
recycled. In some fuel cycles with an appropriate re-
actor design it may be possible to maintain the cycle

Fig. 3 Plutonium/Uranium Fuel Cycle
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Fig. 4 Thorium Fuel Cycle
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without the further addition of plutonium; in others,
some "topping up" would be required using new plu-
tonium produced from natural uranium. In any event,
the total quantity of uranium required can be re-
duced by a factor of at least four, and, since the
thorium is recycled, the long-term demand for it is
quite small.

COMPARISON OF FUEL CYCLES

Given a plentiful supply of cheap uranium, then
clearly the "once-through" natural uranium fuel
cycle is the simplest and cheapest. However, if
uranium becomes in short supply and the price rises,
the other fuel cycles become economically com-
petitive and may be required to ensure an adequate
fuel supply in the long term. From the viewpoint of
resource utilization, a figure of merit is the amount
of natural uranium consumed per unit of energy pro-
ducued. Table 3 gives typical values for the fuel cycles
discussed and compares these with figures for some
other reactor systems and fuel cycles. Two figures
are shown for thorium cycles in*CANDU reactors;
these represent the extremes between the simplest
plutonium/thorium cycle and what might be achieved
at a slightly higher fuelling cost if the system can be
made self-sufficient. A self-sufficient cycle would
require the plutonium from only 1.9 megagrams of
uranium (2.5 tons of uranium oxide) for each MW(e)
to start up the reactor; after that, no further uranium
would be required. In a slow-growth situation the
supply of this plutonium represents no problem, but
in a rapid-growth situation there would be a need for
additional natural uranium reactors or enrichment
plants to provide the fissile material for the new

92 thorium reactors.

Of the systems shown, only two are in commer-
cial use today — the natural uranium CANDU and the
enriched uranium Light Water Reactor (LWR).
Uranium recycle and the plutonium/uranium cycles
are under development as the next phase for LWRs;
the Liquid Metal Fast Breeder Reactor (LMFBR) and
its fuel cycle are being developed by several countries
for commercial use towards the end of this century.

Table 3.Approximate Equilibrium Fuel Consumption

Reactor

CANDU

LWRa

LMFBRb

Fuel Cycle

Natural U once-through
Plutonium/uranium
Plutonium/thorium
Thorium self-sufficient

Enriched U once-through
Uranium recycle
Plutonium/uranium

Plutonium/uranium

Fuel Consumption
(kg/MW year)

Uranium Thorium

160
80
44 1

2

220
190
155

2

a Light water reactor fuelled with enriched uranium.

b Light metal fast breeder reactor fuelled with plutonium and U-233.

THE CANADIAN DEVELOPMENT PROGRAM

A unique feature of the CANDU system is that it can
be developed in an evolutionary way to accommodate
these new fuel cycles as the economic situation dic-
tates. '3y contrast, those countries which adopted
LWRs for their first-generation nuclear program are



now looking to a radically different system in the
LMFBRs to achieve efficient fuel utilization in the
long term.

AECL is now planning a long-range recycle fuel
development program to increase the utilization of
our nuclear fuel resources in CANDU reactors. Its
objective will be to develop and demonstrate a Cana-
dian capability in the use of uranium and thorium
fuels containing recycled plutonium and U-233. As
well as developing the technological and economic
base, it is important that we also understand all the
implications of using advanced fuel cycles, such as the
control of fissile material, health hazards and how to
minimize them, safety of fuel plants and the reactors
using the fuel. Below are the three major areas in the
program.

Reactor Physics and Assessment
These involve detailed study of the physics of recycle
fuels in CANDU reactors. The studies will include
detailed evaluation of control and safety character-
istics. Preliminary evaluations indicate that existing
designs of CANDU reactore are close to the optimum
for fuel utilization but are not necessarily the lowest
in capital cost. There are no major problems in reac-
tor control and safety characteristics. Much more de-
tailed study is required to confirm this and to define
the fuel designs and fuel management schemes which
give the best performance in terms of fuel utilization
and economics. The final demonstration phase of the
program would be routine fuelling of an existing
CANDU reactor with recycle fuel. If the price of
uranium rises significantly, the first commercial appli-
cation of recycle fuels could be in reactors which had
been designed for natural uranium and were already
in operation. An ultimate target could be the com-
pletely self-sufficient thorium cycle which required
no further uranium input once the reactor is started
up.

Fuel Reprocessing
Although the reprocessing of uranium fuels has been
done in large plants in many countries, there are no
such plants in Canada, and there are no large plants
for handling thorium anywhere in the world. Our pro-
gram will be to make use of existing technology wher-
ever appropriate, to develop new technology where
necessary, and to design, build and operate a small
demonstration plant in Canada capable of recovering
plutonium from uranium fuels, and both plutonium
and U-233 from thorium fuc'1;- This plant will have
the dual function of providing fissile material for the
active fuel fabrication and reactor demonstrations, as
well as developing design, construction operation and
cost data for reprocessing CAN DU fuels. It will also
establish a nucleus of expertise for subsequent com-

mercialization of a fuel reprocessing industry in Can-
ada.

The safety, environmental impact and economics
of reprocessing will be evaluated in depth. A good
review of reprocessing and the current situation in the
U.S. has recently been published(9). The effects of
plant emissions on population dose commitment has
been analyzed in detail for a reference U.S. situa-
tion(10). The relative costs for uranium reprocessing
plants have been assessed for various types of fuel and
for different financing conditionsd 1).

Fuel Development
A commercial fuel fabrication industry for natural
uranium fuel already exists in Canada. However, the
recycle fuels containing plutonium and U-233 pose
additional problems because of their toxicity and, in
the case of U-233, its high radiation fields. Special
techniques are therefore required to handle these
materials. Many techniques have already been devel-
oped in other countries, and again we will use such
technology wherever appropriate. A variety of pro-
cesses are available for the manufacture of these fuels
and these will be examined in the initial phases of the
program, and the most promising ones developed to a
pilot plant scale. From the pilot tests a fabrication
process will be selected for the design, construction
and operation of a small plant capable of producing
enough fuel for the routine fuelling of the demonstra-
tion reactor. Its function will be analogous to that of
the reprocessing plant.

A review of plutonium fuel fabrication and its
impact on population dose commitment for the U.S.
has been published(12).

The overall development and demonstration pro-
gram can be completed during the 1990s. A decision
on when to implement fuel recycle on a large scale
will depend on the prevailing uranium reserves, ex-
port commitments and economics of the various fuel
cycles. The important point is that, by developing
this capability, Canada will have the flexibility to
meet its nuclear fuel needs from the most appropriate
source and in the most economic manner.

CONCLUSIONS

Natural uranium is the current reference fuel for the
Canadian nuclear power program and will remain so
for several decades. Present reserves estimates show
that there will be adequate uranium to meet domestic
consumption and some export until the next century.
However, by the EMR uranium policy standards,
Canada will have committed all the 1975 reserves by
the end of the century, or earlier if major new
uranium exports are contracted. Thus for the long 93



term we need a dual program of uranium exploration
and development of new thorium fuel cycles which
give much better uranium utilization. Such a dual
program can be completed within the time scale re-
quired.

The timing for large-scale use of the new fuel
cycles will depend upon upon how much additional
uranium is discovered and how much we export.
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To date, the peaceful application of nuclear energy
has been largely restricted to the generation of elec-
tricity. Even with such an application there is poten-
tial for wider use of the nuclear energy generated in
providing heat for dwellings, control of climate for
the production of vegetables and pioviding warm
water for fish and lobster farming. It is possible to
envisage specific applications of nuclear power reac-
tors to process industries requiring large blocks of
energy. These and other future developments are re-
viewed in this chapter by Dr. Phillips of the Chalk
River Nuclear Laboratories of AECL.

Jusqu'à présent, les applications pacifiques de l'énergie
nucléaire ont touché principalement la production de
l'électricité. Ce type d'application offre diverses possi-
bilities comme, par exemple, assurer le chauffage des
maisons, contrôler le climat en vue de la production
de légumes et fournir de l'eau chaude pour l'élevage
des poissons et des homards. Il est possible d'envisager
des applications spécifiques pour les réacteurs nuc-
léaires de puissance dans les grandes industries nécessi-
tant beaucoup d'énergie. C'est ce type de développe-
ment futur qui est passé en revue dans cQ chapitre par
le Or Phillips des Laboratoires Nucléaires de Chalk
River de l'EACL.
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INTRODUCTION

Ontario Hydro's CANDU Nuclear Generating Station
at Pickering has produced more electricity than any
other nuclear plant. Last year, two of its four units
outperformed all other 67 comparable installations
around the world, while another of its units placed
fourth in the world table (1). In doing so, Pickering
has saved the Ontario consumers and Canada's balance
of trade from one-half to one billion dollars, depend-
ing on what alternative fuels might have been avail-
able to supply this energy.

Since exploiting success is a good principle, it is
natural to ask how nuclear energy can further sub-
stitute for our rapidly dwindling fossil fuels. This
question is considered under three general headings:

— evolutionary development of the current
CAN DU system

— extension of the CANDU svstem to other
applications

— other long-term nuclear developments.
We will see in all areas that the choice of the

CANDU system provides an unequalled ability to ex-
ploit future opportunities as they arise.

CURRENT AND FUTURE CANDU
REACTOR SYSTEMS

Any discussion of the future of nuclear power in
Canada must begin by considering future develop-
ments of the CANDU reactor system. Although the
CANDU reactor has achieved practical maturity and
proven its commercial viability with the Pickering
Generating Station, the development potential of the
system is nowhere near exhaustion. Current designs
are capable of evolutionary development to mini-
mize energy costs and conserve resources (2). (Fig. 1 )

It is most important to recognize that the
CANDU system can and will adjust to future re-
quirements by a process of evolution, based on a
proven, highly successful design. Most other advanced
nations expect that future energy requirements will
be met by a change from current thermal reactor sys-
tems to fast breeder reactors (3). No doubt this can
be accomplished, but only at the cost of developing
new and highly advanced technology. This route is
inevitably more costly and less predictable than our
evolutionary one (4).

Three major areas can be identified for the evo-
lutionary development of the CANDU system. The
first of these is reactor size, in terms of unit output.

The four Pickering reactors each develop 540
megawatts of electrical energy MW(e). For the Bruce
Generating Station, each of the four units is rated at a
nominal 750 MW(e), with the possibility of additional
thermal energy being supplied as industrial process
heat to a heavy water plant. (Fig. 2)

Still larger units are being contemplated. A de-
tailed design study of a 1250 MW(e) unit has been con-
ducted to identify the areas where further develop-
ment efforts are required. The conceptual design of a
2000 MW(e) unit has been carried far enough to indi-
cate that there are no fundamental technical limita-
tions to stations of that size.

Although there are no immediate commitments
for the construction of these larger reactors, the
studies provide information necessary to guide the
development that will be required for their intro-
duction, both in industrial capability and in pro-
viding the evidence of their acceptability to satisfy
the regulating authorities. Thus we will be in a posi-
tion to take advantage of the reduced energy costs of
these larger units when the utilities are able to accom-
modate them.

The second major area for the development of
the CANDU system is in the fuel cycle. All present

Fig. 1 Pickering Generating Stations 'A' and 'B' 99



Fig. 2 Bruce Generating Station

CANOU reactors operate on the once-through natural
uranium cycle, with retrievable storage of the spent
fuel. Although this cycle is very efficient in its utiliza-
tion of our uranium resources, compared to other
commercially available reactor systems, it does con-
sume fissile uranium, the supply of which is limited.
Fortunately, the CAN DU design is sufficiently flex-
ible that with no major engineering developments, it
can be adapted to exploit the considerable reserve of
energy in spent fuel by recycling plutonium, and may
be further adapted to the transformation of thorium
into a fuel material, thus giving access to vast new re-
serves of energy (5).

The research and development required to estab-
lish these alternative fuel cycles for the CANOU sys-
tem is a major concern of AECL, and it is the subject
of a companion report to this submission (6).

The third major area of possible development of
the CAN DU design is the choice of heat-transfer fluid,
or coolant, used to extract the heat energy from the
reactor core. Most of the power reactors presently
operating in Canada are of the CANDU-PHW design,
indicating that the coolant is Pressurized Heavy Water.
Heavy water is an efficient but expensive heat-transfer
fluid, and two other coolants have been examined for
possible savings in energy costs.

In the CANDU-PHW design, the coolant transfers
heat from the reactor core to a heat exchanger, and
thence to a secondary coolant circuit containing

100 ordinary light water. Steam generated in this sec-

ondary circuit is then fed to the turbines. The first
alternative is to replace the heavy water coolant with
light water, and a full scale design study has been con-
ducted in the CANDU-BLW concept, in which the
coolant is Boiling Light Water. The coolant is allowed
to boil within the reactor core, and the steam is sep-
arated from the coolant and fed directly to the
turbines. This direct cycle concept offers the possi-
bility of cost reductions by eliminating the heavy
water coolant and the heat exchangers and thereby,
incidentally, slightly increasing the thermodynamic
efficiency (7). (Fig. 3)

Another potential coolant is a light heat-transfer
oil, or "organic" fluid. This option has also been ex-
tensively examined in a design study defining the
CANDU-OCR,or Organic Cooled Reactor. (Fig. 4) The
organic coolant has a lower vapour pressure than
water, permitting a significant increase in coolant
temperature without prohibitive increases in pres-
sure tube wall thickness. Although a heat exchanger
and secondary light water circuit for steam genera-
tion is required with the organic coolant as, with
heavy water, the higher coolant temperatures give
an appreciable increase in thermodynamic effici-
ency, leading to reductions in energy costs, and also
a reduction in the amount of waste heat produced.
(8,9).

The CANDU-BLW concept has been developed to
the point of constructing a 250 MW(e) demonstration
plant, the Gentilly-I unit, built in cooperation with



Fig. 3 Boiling Light Water (BLW) Flow Diagram

I Steam to turbine

Steam drum-
Stearn/water mixture

Heavy water
moderator —

Fuel-
Reactor

Water from
condenser

- Light water coolant

Fig. 4 WR-1 Flow Diagram (OCR)

Cooling
Water
from River

Reactor
Loop
Circuit

Reactor
Cooling
Circuit

Cooling
Water
from River

Heat Coolant for test
Exchanger fuel in loop

Reactor Coolant
He!ium Gas

I-'" "Wl River Water
• B U Moderator

Fig. 5 Whiteshell Nuclear Research Establishment

Hydro Quebec. This unit first went critical in Novem-
ber 1970, and since then has yielded a wealth of in-
formation and experience for the further develop-
ment of this type of reactor (10).

At the Whiteshell Nuclear Research Establish-
ment, in Manitoba, the organic cooled WR-1 Reactor
has operated for nearly ten years, with coolant outlet
temperatures up to 4i^°C. This is a research reactor,
and not used for the generation of electricity, but its
long record of dependable performance has establish-
ed a significant degree of confidence in the organic
cooling concept (11).(Fig. 5)

Both these approaches to future CAN DU develop-
ment have been examined in conjunction with the
advanced fuel cycles mentioned above. By combining
alternative coolants with advanced fuel cycles it seems
certain that additional reduction in capital cost may
be possible, since in such cases the physics of the
design allows a reduction in the volume of the heavy
water moderator. Our analyses suggest that overall
cost reductions of 15 to 20 percent may be achieved,
principally in the capital cost component when the
advanced fuel cycles are available (IT).

One further area of potential benefit with these
advanced reactor concepts concerns the amount of
radiation emitted by the primary coolant circuits
while the reactor is operating. While radiation expo-
sures to the operating staff do not limit the perfor-
mance of reactorsof the current CAWDU-PHW design,
radiations from the coolant circuits of the CANDU-
BLW are of much lower intensity, and in the CANDU-
OCR, the primary circuit is almost totally inactive.
These options could therefore have additional attrac-
tions if any future reassessment of the biological
effects of radiation should indicate a reduction in the
internationally recommended levels for occupational
exposure (13).

PROCESS HEAT

A very large fraction of Canada's energy demand is
consumed either directly as heat, or is used for the
generation of electricity, much of which, in turn, is
used for heating purposes.

The end uses of this heat energy cover a broad
spectrum of domestic, commercial, and industrial
activities, which may be categorized according to the
temperature range at which the heat is used. A recent
survey of the temperature distribution of energy con-
sumption in Canada shows that some 50 to 80 per
cent is used at temperatures below 100°C, 21 to 27
per cent in the range of 100 to 140°C, 12 to 14 per
cent in the range of 140 to 260°C, and less than 10
per cent above 260°C. A small proportion, perhaps
5 per cent, is required at temperatures of 1000°C or
above for industrial processes such as steel manu- ÎOÎ
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facturing (14). Projections of future consumption up
to the end of this century show almost no change in
these ratios (15).(Fig. 6)

Although power reactors are usually operated to
generate electricity, all or part of their output may be
extracted directly as heat, at temperatures almost up
to the outlet coolant temperature. For current
CANDU-PHW reactors, this temperature is about
300°C and could be up to about 400°C with the

Table 1 Cost Comparisons

CANDU-OCR. Thus, even the presently operating
reactors can supply heat at temperatures covering
more than 90 per cent of Canadian requirements, so
it is appropriate to consider possible applications of
reactors as direct sources of heat energy.

The large quantities of energy that are used for
space heating fall in the temperature range below
100°C, generally referred to as " low grade heat".
Very large amounts of low grade heat are produced
as a by-product of electricity generation, but almost
none of i t is utilized. Most thermal electric generating
stations, whether nuclear powered or fossil-fuelled,
operate in an efficiency range of approximately 25 to
40 per cent. The remaining 60 to 75 per cent of the
total energy produced appears as low grade heat, and
is rejected to a body of cooling water — river, lake or
ocean, or to the atmosphere by means of lagoons or
cooling towers. This energy could be utilized for
space heating if some means can be found of match-
ing supply and demand economically. However, in
order to maximize their thermodynamic efficiency,
thermo-electric generators are designed to reject their
waste heat at as low a temperature as possible. The
Pickering Generating Station for example draws its
cooling water from a depth of about eight metres in
Lake Ontario, and raises its temperature by only
11°C so that the discharge temperature is only a few
degrees higher than the lake's surface temperature.
Higher discharge temperatures would reduce the
thermodynamic efficiency, and so reduce electrical
production.

Large scale space heating would require a source
temperature high enough to take care of losses in the
distribution system, and sti!! deliver heat at a suit-
able temperature to the consumer. Assuming such a

Reactor core, MW

Thermal power
supply, MW

Overall energy
utilization, %

Estimated system
load factor, % a

Nuclear stations
UEC, m$/kWh

Pipeline UEC,
m$/kWh

OHS grid UEC
mS/kWh b

TUEC, m$/kWh c

Thermal
Only

706

600.0

85.0

35.0

9.2

7.9

3-24

20.1-41.1

Thermal/
Electrical

2200

600.0

36.6

80.0

4.4

7.9

3-24

15.7-36.7

Thermal/
Heat Pump

1000

600.0

70.5

35.0

17.9

7.9

3-24
28.8^»9.8

Electrical
Resistance
Heating

_

600.0

27

67.9

_

30.1 d
102

a. This is the load factor for the generating station. The
load factor for the pipeline and distribution system
is taken as 35%.

b. The value 3 is derived fror - the Toronto study for a
service to large users. The value 24 is an estimate of
the cost of a grid to serve individual homes. A sys-
tem serving mixed loads would cost somewhere in
between.

c. TUEC = Total Unit Energy Cost
These are the rates that wilt have to be charged in
1979 to recover the original investment (no mark-
up for profits has been included).

d. This is the cost of electrical energy in 1979 assum-
ing a 1974 price of 17 m$/kWh (14) escalated by
10% each year to 1979. taking into account the de-
pression in the load factor on the avertge cost, due
to resistance heating.



source is provided, space heat and sanitary hot water
can be distributed for industrial and domestic use by
district heating systems. These are well established in
some European countries, particularly in Scandinavia,
but have been largely neglected in North America,
where an abundance of cheap fossil fuel has estab-
lished a tradition of individually heated buildings.
Replacement of the existing individual heating units
in an established community by a district heating sys-
tem is probably uneconomic, but may be considered
where new industrial and housing complexes are
being established.

New district heating schemes would involve signi-
ficant capital outlay for the distribution network, in-
stallation, and possibly for back-up heat sources. In
addition, there is the necessity for the load centre to
be relatively close to the source, although separation
of up to 100 kilometres may be acceptable.

Our studies indicate that under present Canadian
circumstances, district heating schemes would have
difficulty in meeting the economic competition of
electric heating. Should these circumstances alter in
the future, the heat energy could be obtained from
nuclear generating stations (16). (Table 1)

Although space heating is the chief application of
low grade heat in Canada, other methods of utilizing
this form of energy may be considered (17). Low
grade hect can be used to enhance food production in

both agriculture and aquaculture, and studies havî
been conducted in both these areas.

Large complexes of climate-controlled green-
houses could make use of the waste heat from power
stations for the year-round production of vegetable
crops. No extensions of existing technology are re-
quired, but problems of financing, sponsorship, loca-
tion, acceptance and marketing would have to be re-
solved (18). Similarly, a supply of warm water can be
applied to enhance the production from freshwater
fish farming. Fish farming on a commercial scale is
already being practiced in several countries such as
Japan, using warm water from power stations. Again,
the question of whether such ventures are feasible
does not involve the supply of heat (19). It should
also be noted that even very large scale schemes for
food production can use only a small fraction of the
total heat output of a nuclear power reactor. (Fig. 7)

Low grade heat is an inescapable by-product of
the thermal generation of electricity, but as indicated
above, a reactor can also supply intermediate grade
heat (100 - 300°C) for industrial processes. A survey
of Canadian industry has been conducted to identify
situations where the power requirements could be
matched to the output of a nuclear reactor, operating
either as a pure heat source, or in a dual role, supply-
ing both heat and electricity (20).

Fig. 7 Layout of Greenhouse Facility
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Fig. 8 Bruce Nuclear Power Development

The smallest "standard' CAN DU reactor pro-
duces about 600 MW(e), equivalent to about 2000 MW
of thermal energy. In most cases this far exceeds the
requirements of Canadian industrial establishments.
A few existing complexes, such as the aluminum
smelter at Kitimat and the petro-chemical industry at
Sarnia have power requirements of this order, but
new developments on this scale are not envisaged.
Moreover, most process industries require highW re-
liable energy sources, which implies eitherdual reactor
installations or large and expenwe back-up systems.
Similar conclusions have been diawn for England, in
spite of its higher degree of industrialization (21 ).

One possible situation whc-ie the full output of a
reactor could be applied to an industrial process is
the extraction of oil from tar sands. This involves the
separation of the tar from the sand by heating the tar
to reduce its viscosity, and the subsequent refining of
the tar, which may involve the addition of hydrogen.
Near-surface sands may be strip-mined, but deeper de-
posits may be extracted by pumping steam into bore
holes to warm the tar sufficiently that it can be pump-
ed out. The quantities of heat required for the large
scale application of these processes can be of the
order of 1500 to 2000 MW, with some electrical
energy required in addition. These requirements
would appear reasonably matched to the capacity of

a reactor, and if tar were being extracted by pumping
steam into deep strata, it might be possible to operate
with only modest back-up energy sources, as the heat
capacity of the system would presumably be large
enough to allow extraction to continue during routine
reactor shutdowns. This possible application has not
been studied in any detail (22).

Although there appear to be few opportunities in
Canada for matching the full output of a reactor to a
single industrial operation, it is possible to extract a
portion of the reactor output as process heat, while
using the remainder for electricity production. This
approach is now used in Canada for the production of
heavy water, which requires large quantities of heat
and significant amounts of electrical energy. For
example, a large plant, producing about 100 kg per
hour of heavy water, requires about 600 MW of heat
energy at temperatures up to 130°C, and about 70
MW(e) of electricity (20).

At the Bruce Nuclear Power Development (Fig. 8)
the Douglas Point reactor has for several years supplied
process heat for heavy water production, and the
Bruce Heavy Water Plant will use steam from the
Bruce reactors, The LaPrade Heavy Water Plant, under
construction near Trois Rivières, Québec will be sup-
plied with steam by the two reactors at Gentilly (23,
24, 25, 26).



ENERGY STORAGE

The energy supplied by an electrical uti l i ty may be
considered to consist of two components: a constant
minimum requirement, or "base load", and a cyclic
component which varies in response to daily, weekly
and annual changes in demand. Utilities respond to
these variations in demand by operating some units at
high capacity to supply the base load requirements,
and other units at lower capacity factors to supply
the peak loads. The choice of units for each class of
service is made on the basis of minimizing the overall
cost of power. For each type of unit, the cost of gen-
erating power is a function of its capital, operating,
and fuelling costs. Nuclear units, for example, have
relatively high capital costs and very low fuelling
costs, making them ideal for base load operation. Oil
or gas burning units will have lower capital costs, but
much higher fuelling costs, and are better suited to
peak load duty.

In a large system with a variety of units, it is
economically sound to expand the system by adding
large nuclear units to assume as much of the base load
as possible, while relegating the units that burn the
more expensive fossil fuels to peak load duty.

As more nuclear units are added, the nuclear
capacity will eventually exceed the base load re-
quirements, and it may then be necessary to "load-
fo l low" with some of the nuclear units. Nuclear
reactors can be designed for this type of operation,
but the reduction in capacity factor results in higher
unit energy costs. Two alternatives are available: one
is to change the demand curve, for example, by alter-
ing the rate-structure for the cost of energy (27). The
other is to include some form of energy storage in
the system. With suitable storage capacity available,
the units with the lowest fuel (operating) cost, can
operate at full capacity, storing energy during periods
of low load, with much of it returning to the system
during peak load periods. The storage units may be
distributed among the users, such as the domestic
storage heaters used in England, in conjunction with
an adjusted rate structure, or may be centralized in a
large storage facility, probably operated by the util ity.

Many schemes have been proposed for large scale
energy storage. The best-established method is the
pumped-storage hydro-electric system, which is a
hydro-electric generating station that incorporates
pumps to reverse the flow of water during the off-
peak periods. Large pumped-storage installations have
operated in America and Europe for a number of
years. Geological and environmental considerations
are of major importance in establishing such systems.
In some cases, it may be possible to adapt existing
hydro-electric sites to include pumped storage (28).

Other systems of pumped-energy storage that
have been considered are: the use of "steam-accu-
mulators" to store high pressure hot water as a source
of peaking steam for turbines; storing of boiler feed-
water in rock caverns, and the storage of compressed
air, also in rock caverns, for use in gas turbines. The
first of these schemes has been demonstrated on a
relatively small scale in Europe, the latter two exist
only as proposals (29, 30).

In recent years there has bsen considerable inter
est in the concept of storing kinetic energy in large
flywheels. This interest stems from the development
of high-strength composite materials, reinforced with
glass or carbon fibres. However, detailed examination
of the concept suggests that flywheel systems of suffi-
ciently large capacity for load levelling in an electric
distribution system would be very expensive, and the
technical feasibility of such systems remains to be
demonstrated (31, 32).

The costs of any of these techniques of energy
storage appear to be sufficiently high as to provide
incentive for investigating and possibly developing
reactors with load-following capabilities. It may be
difficult to justify a storage system on the basis that
it eliminates the need for nuclear units to load-follow.
However, as fossil fuel costs rise, i t may become
cheaper to add storage facilities than to add new fossil
fired units for peak loading handling (29).

With the current interest in the development of
renewable energy sources, considerable attention is
being given to the direct use of solar energy, and a
number of experiments and demonstration projects
are being conducted. Due to its fundamentally inter-
mittent nature, any substantial application of solar
energy will require an energy storage facility as part
of the system. Once the storage system is installed,
solar heating may find itself competing with electric
heating at off-peak rates, rather than the average or
peak rates (33, 34, 35).

An alternative method of energy storage is the
use of off-peak electricity to generate hydrogen by
electrolysis, thus transforming the electricity into a
gaseous fuel. Hydrogen can be easily distributed by
pipelines, and can be used in fuel cells, as a chemical
feedstock, or as a replacement for natural gas. Used
for the production of methanol it provides a source
of portable liquid fuel for transportation, which
might eventually compete with liquid hydrocarbons
derived from tar sands or coal liquefaction (36).

There has been considerable discussion of propo-
sals that developed countries should move to a
"hydrogen economy" rather than to an "all-electric
economy", but this appears to be an extreme sugges-
tion, as hydrogen cannot replace electricity for many
applications, and hydrogen produced by electrolysis
can never be cheaper than the off-peak nuclear energy
used to produce it (37, 38). 105
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AECL is particularly interested in the possibility
of large scale production of hydrogen as a source of
heavy water through the application of the Combined
Electrolysis and Catalytic Exchange Process (CECE).
This is a method of deuterium exchange involving
waterproof platinum catalysts that is currently under
development by AECL (39). (Fig. 9)

Recently, Trans-Canada Pipelines, the Province of
Manitoba, and AECL have taken part in a joint study
of the feasibility of electrolytic hydrogen-heavy
water production, and this study has resulted in a
proposal for the construction of a 100 MW demonstra-
tion plant.

A combined process such as this has the obvious
virtue of producing two saleable products simultane-
ously. Possible drawbacks are the increased complex-
ity of the system, compared to separate facilities, and
the necessity of maintaining a market for both
products if the system is to operate economically.

ELECTRO-NUCLEAR BREEDING

The physical basis for the operation of all nuclear
reactors is the self-sustaining chain reaction. A fissile
atom captures a neutron, and subsequently fissions,
i.e. breaks up into two or more fragments, releasing
energy and another neutron, or neutrons. The number
of neutrons released in fission is subject to statistical

106 fluctuations, but on the average this number is greater

than one. Of the neutrons resulting from each fission,
one is required to carry on the chain reaction, while
the remaining neutrons will either be captured by non-
fissile material within the core, such as control ele-
ments or structural components, or else "leak" out of
the core, and be captured in the surrounding structure
or shielding material. (Fig. 10)

Slow
Nwtron

Uranium
235

w o
Fission

o

Fig. 10 The Fission Process

The natural uranium used to fuel the CANDU
reactors is composed of two types of atoms. One type,
which is fissile, is known as the uranium-235 isotope,
and accounts for only 0.71 per cent of the uranium;
the remaining 99.3 per cent consists of the non-fissile
uranium-238 isotope. Since it constitutes such a large
fraction of the fuel, a reactor fuelled with natural
uranium will have a significant fraction of its excess
neutron captured by the non-fissile component.

Fortunately, the uranium-238 isotope belongs to
the dass of atoms known as "fertile". When a fertile
atom captures a neutron, it undergoes a series of



spontaneous reactions that transform it into a fissile
atom, which may then contribute to the chain reac-
tion. Specifically, the uranium-238 is transformed
into plutonium-239, a fissile isotope that contributes
a significant fraction of the energy released in the
CAMDU reactors. Thus the excess neutrons from the
'ission process generate additional fuel for the reactor.

This process of converting fertile material to fissile
is loosely referred to as "breeding". A true breeder
reactor is one in which there is a sufficient excess of
neutrons for the reactor to produce more fuel than it
consumes. A CANDU reactor operating on the natural
uranium fuel cycle converts a useful proportion of the
fertile uranium to plutonium, but does not generate
enough excess neutrons for breeding. However, when
operated on the thorium fuel cycle, the CANDU sys-
tem will be a "near-breeder", producing as much fuel
as it consumes, and so is capable of a self-sustaining
equilibrium (12).

Although the total amount of energy available in
this equilibrium situation depends only on the supply
of fertile material, the ability to expand the system is
limited by the supply of fissile material, because the
excess neutrons from the fissile atoms are required to
initiate the process, although once started, the cycle
is self-sustaining.

This possible limiting dependence on naturally
occurring fissile material can be removed by providing
an alternative source of neutrons. Two possible means
of generating neutrons in substantial quantities are by
fusion reactions and spallation reactions, both of
which may be considered to be "electrical" means of
neutron generation. Of these processes, fusion is per-
haps the better known, but has yet to be demon-
strated. Fusion is discussed in the next section.

Spallation reactions occur when energetic protons
strike heavy element targets, * and in effect knock
neutrons out of the target nuclei. An electro-nuclear
breeding system might thus consist of a high energy,
high current proton accelerator, producing spoliation
reactions in a heavy metal target, with a blanket of
fertile material surrounding the target to capture the
neutrons. Fissile material would be generated in the
blanket, and might have to be extracted chemically
before fabrication into fuel for fission reactors. Alter-
natively, one might link the accelerator to a nuclear re-
actor in a hybrid system, and so directly increase the
number of excess neutrons in the reactor core ( Fig. 11 ).

Studies have shown the concept of electro-nuclear
breeding to be scientifically feasible, and that it would
require relatively little development, mainly of the
accelerators, to establish engineering feasibility. If the
cost of uranium were to rise substantially, electro-
nuclear breeding might be economically justified. In
any event, such systems will not be required until the
advanced fuel cycles using fertile materials are fully
'Proton energies in excess of 1 billion volts (1 Gev) are generally

necessary.

A A A
Fig. 11 — Simplified diagram of a possible spallation reaction.
A total of 20 • 25 neutrons, each with a mean energy of about
3.5 MtV, results from the cascade.

Fig. 12 Therac 6 Line» Accetlerator

established, so there is ample time for their orderly
development (40).

Meanwhile, AECL has a continuing program of
accelerator development that has produced a team of
knowledgeable experts who maintain a current aware-
ness of progress in this general area of physics and
engineering, and who have also achieved a number of
advances in the development of medical accelerators,
industrial accelerators, and physics accelerators for
fundamental research (41). (Fig. 12)

i^^

FUSION
ï̂r̂ ^̂ ^

The fusion process is often described as the logical
and desirable successor to fission as a source of
energy. The main arguments in favour of fusion are
that the problems of radioactive wastes wou Id be much
less severe than with the fission process, and that
fusion would consume or.'y deuterium, of which
there is an almost limitless supply. (Fig. 13) 107
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Fig. 13 Simplified diagrams of two possible fusion reactions.

In the fusion process, two light atomic nuclei are
combined to f o rn a single larger nucleus, resulting in
the release of energy, and the emission of particles,
including neutrons. Al l atomic nuclei are positively
charged and are mutually repulsive. To produce
fusion, it is necessary to overcome this repulsion by
simultaneously confining the nuclei and heating them
to extremely high temperatures. The existence of
fusion reactions is apparent in the sun, and in the
hydrogen bomb, but despite a massive research effort
in a number of countries, controlled fusion reactions
have not yet been achieved in the laboratory (42).

Although a fusion process involving only two
deuterium nuclei, the so-called D-D reaction, is pos-
sible, there is good reason to expect that the fusion of
deuterium and tr i t ium will be easier to achieve, and
efforts to demonstrate controlled fusion are at present
concentrated on t'.'s D-T reaction. Deuterium and
trit ium are both isotopes of hydrogen. Deuterium
occurs naturally at concentrations of a few hundredths
of a per cent in all water. The oxide of deuterium is
heavy water, which Canada now produces in tonne
quantities.

Trit ium does not occur naturally, but can be pro-
duced by the neutron bombardment of lithium. A
fusion reactor using the D-T reaction would therefore
consume lithium as well as deuterium. Although
lithium is a relatively abundant element, on the basis
of equivalent energy, the reserves of lithium are
roughly equivalent to the total reserves of fossil fuels
(43). The trit ium could be produced in the fusion
reactor itself, by surrounding it with a lithium blanket
to capture the neutrons released in the fusion reac-
tions. The system would have to incorporate facilities
for extracting the trit ium from the blanket material.

Trit ium is a radioactive material, and the high
flux of neutrons from fusion reactions wil l also in-
duce intense radioactivity in the reactor structure.
Fusion reactors are expected to be as intensely radio-
active as fission reactors, and wil l have similar require-
ments for containment, shielding and precautions

108 against exposure of personnel.
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Current attempts to demonstrate fusion reactions
follow one of two approaches. The first is referred to
as "magnetic confinement", and involves the localiza-
tion and compression of a hot plasma, i.e. an ionized
gas containing the deuterium and trit ium nuclei, by
means of various configurations of magnetic fields
(44). The second is a more recent development called
"inertiai confinement", and involves the compression
of small pellets containing the reacting nuclei by mul-
tiple beams of charged particles, or laser light. This
compression should simultaneously produce the high
densities and temperatures required for fusion to
occur (45, 46).

While both techniques have their enthusiastic
proponents, a controlled fusion reaction has yet to be
demonstrated. After this technical feasibility has been
established, there are formidable engineering and
material problems in the design of a practical fusion
power reactor. Until solutions to these problems have
been demonstrated, no detailed economic assessment
of fusion energy sources is possible, but i t seems un-
likely that fusion energy will be appreciably cheaper
than fission energy. A major portion of the capital
cost of a fission power station is concerned with the
"conventional" plant — the steam generators, tur-
bines, alternators and structures, and very similar units
will be required for a fusion powered generating
station.

It is clear from examining the history of existing
energy technologies that the time required to demon-
strate, develop, introduce and establish a new system
on the scale of a national energy program can take
many decades, and there seems little likelihood of
fusion power making a major contribution to our
energy supply before the second half of the next
century (47, 48).

Three advisory bodies: the Science Council of
Canada (49), the Project FC Consortium (50), and
the Advisory Committee on Project FC (51) have
recommended that the Canadian government should
initiate and manage a co-ordinated program in fusion
energy. It is not recommended that Canada attempt
to develop a fusion reactor at this stage, but that we
establish a co-ordinated national program of scientific
research related to controlled nuclear fusion, as a step
towards meeting Canada's long term needs for energy.

The program supports research in selected specific
areas, where there is a good possibility of Canadian
efforts making a significant contribution. A t the same
time a general awareness of the complete field is
being maintained, so that we are in a position to
exploit any major breakthroughs when they occur.

The National Research Council has assumed re-
sponsibility for co-ordinatii 3 the initial research phase
of the fusion program. AECL is participating with
NRC, and maintains a modest in-house Fusion Aware-
ness Program, including theoretical studies related to



fusion research. It has been agreed with NRC that
AECL is the logical agency to assume responsibility
for the selection and execution of a Canadian fusion
reactor project if, and when, the prospects for fusion
improve sufficiently to warrant a ma/or commitment.
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The CANDU reactor system is established as a signifi-
cant source of energy for Canada. A large and grow-
ing fraction of Ontario's energy requirements are now
supplied by nuclear stations. Nuclear power systems
are being introduced in Quebec and New Brunswick,
and are being considered by other provinces. This
trend will continue as the costs of fossil fuels rise
relative to nuclear fuels, encouraging the substitution
of the much more abundant nuclear fuels for the de-
pleting supplies of oil and natural gas (48).

Although the CANDU design has now achieved a
competitive position as a source of electrical energy,
its development potential is very far from being ex-
hausted. The inherent flexibility of the design gives it
an exceptional ability to cope with changing patterns
of fuel supply and energy demand. By adapting to ad-
vanced fuel cycles and possibly alternatives heat trans-
fer systems, we can confidently predict a continual,
evolutionary development of the system that will
maintain its competitive position, and ensure an eco-
nomical secure supply of energy well into the next
century (52, 53, 54).

Our studies have indicated only very limited in-
centive for large scale process heat or energy storage
facilities under present conditions, but nuclear fission
can readily supply the energy for these applications
when changes in the economic and social patterns
make them viable.

Nuclear power will supply an increasing propor-
tion of our energy requirements through a continuing
process of scientific and engineering development.
This could include not only the further evolution of
the fission reactor and its fuel cycle, but also the ex-
pansion of nuclear technology into the areas of
electro-nuclear breeding, and fusion power reactors.
AECL maintains a modest level of effort related to
these more advanced systems so as to be in a position
to assess and exploit their long term potential at the
appropriate time (55).
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