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SUMMARY
ENVIRONMENTAL EFFECTS
Fuel Recovery and Upgrading
Coal, oil and uranium recovery from the environment, whether
the material is to be used as fuel or for some other purpose, involves
high levels of damage and disturbance to the natural ecosystem.

Implicit

in our continued demand for more energy is an acceptance of this fact.
While on the surface it may appear that the disturbance caused
by coal and uranium mining far outstrips that of oil recovery, any such
view largely ignores the infrequent but nevertheless devastating oil
spills which pose great potential threats to the natural balance of
biological species.
The fuel recovery phase of the natural gas power plant cycle is
of much less concern as both a pollution source and a physical danger.
However, natural gas does tiave some unique problems which surface later
in the cycle.
The fuel upgrading and processing sections of the cycles also
show large potentials for the release of harmful effluents.

Coal up-

grading shows the largest amount of undesirable by-products released,
followed by uranium milling and fabrication, oil refining and natural
gas refining.

Fuel Transportation
Fuel transportation is an area where there are two different
kinds of dispersal of pollutant.

In the case of coal transportation, the

dispersal of the fuel to the environment takes place over a large area,
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which parallels the railway lines on which the coal is transported, and
is largely a nuisance issue.

It is rare that any effect of the loss of

coal fines during transit represents anything other than an aesthetic
problem.

Problems arising from the transport of oil and natural gas are

of an acute nature as in contrast to the chronic nature of those arising
from the transport of coal.

A break in a pipeline or the foundering of

a tanker carrying oil or natural gas results in great damage to localized
areas of the biosphere.

This also raises the question, to be considered

elsewhere as well, as to whether small, frequent accidents are more or
less serious than a single, large one.
This problem has not been adequately dealt with by society in
the past and is especially pertinent to this study as a number of
issues concerning the use of nuclear power stations revolve around this
question.

The transportation of nuclear fuel, whether newly fabricated

fuel bundles or spent fuel casks, is one of these issues.

In Canada a

serious accident concerning the transportation of nuclear fuel has not
occurred.

Given enough time, one will.

The time period until this

happens has not, and perhaps cannot, be determined with any surety.

The

agencies involved with the transport of fuel elements will undoubtedly
continue to exercise all reasonable care.

Fuel Utilization
Power plant emissions of the non-radioactive sort are clearly
largest in coal fired power plants, followed by oil and natural gas plants.
The emissions may contain both irritants and carcinogens.
coal plant ash contains radioactivity.

In addition

Although the levels of the
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radioactivity in coal ash are quite low, care in the disposal of this
ash is indicated.
Emissions from nuclear plants are controlled in basically two
ways.

The largest fraction of the potential emissions is trapped inside

the plant by various decontamination procedures.

That portion which does

leave the plant is made less dangerous by dilution effects.

The nuclear

industry is required to meet stringent emissions levels, as non-nuclear
power plants have recently been required to.

In general the goal of

nuclear power plant design is to keep the releases so low as to coincide
with approximately 1% of the Derived Release Limit (DRL).

Non-nuclear

plant operation is more commonly very close to the equivalent emission
ratings.
Reprocessing of nuclear power plant wastes is not part of the
present CANDU cycle.

It is during reprocessing of spent fuel elements

that the majority of the gaseous radioactivity from the fuel would be
released.

For the present the CANDU system requires the storage of spent

fuel elements under water inside storage tanks.

As these tanks are

filled and more are built, there will undoubtedly be a real pressure to
reprocess the fuel in order to reduce the stored volume and, perhaps,
provide fuel for a modified CANDU cycle.

Before this can occur answers

must be found to ihe problems associated with fuel reprocessing.

HEALTH EFFECTS
Fuel Recovery and Upgrading
The accidental death and injury figures for fuel recovery show
that coal mining is more hazardous than oil recovery which is in turn
more hazardous than uranium mining.

Both frequency of injuries and
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days lost per Injury are greatest for coal and least for uranium.

There

are approximately five times as many coal mining accidental deaths as
uranium minning accidental deaths.
for the period studied.

Oil recovery has no deaths reported

These figures all relate to the amount of fuel

needed to run a 1000 MW(e) plant for one year.

Natural gas production is

usually associated with oil production so that comparable figures could
not be factored out for natural gas.

This does not imply no accident-

related health costs for natural gas recovery.

However it is probably low.

Coal and uranium mining also have chronic disease risks associated
with them.

Pneumoconiosis from coal mining may be expected to involve

approximately 60 cases per 1000 MW(e) plant-year.

Silicosis and lung

cancer from uranium mining may be expected to involve 0.43 and 0.07
cases per plant-year respectively.
Ontario Hydro figures indicate that lost-time injuries to power
plant personnel are approximately twice as frequent per man-hour'worked
in fossil fuel plants as compared to nuclear power plants.

In no cases

were any of the lost time accidents reported in nuclear plants due to
radioactivity.

Fuel Transportation
Public health risks due to fuel transportation and storage are
difficult to quantify.

Any oil spill, natural gas explosion, coal pile

fire, or uranium fuel transit accident could have extreme public consequences.

In the United States natural gas explosions are fairly common.

Coal pile fires at mines and utility plants have also occurred.

In

both instances there is a danger not just from the primary event but also
from the concentrations of combustion products.

Oil spills, if somehow
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ignited, also share this problem.

The transportation of nuclear fuel is

similar in its potential for public damage.

However the small quantities

shipped make it far more economical and technically practical to provide
a greater degree of transit security.

Fuel Utilization
Risks to public health from normal operation of power plants
are based on the health effects of the emitted pollutants.

For fossil

fuel plants the two of most concern are sulphur dioxide and particulates.
Health effects caused by radiation in excess of the background level are
those of concern for nuclear plants.

Analysis performed by various inves-

tigators suggest that if a number of people equal to the entire Canadian
population were to be exposed for their lifetimes to the levels of these
pollutants known as the

U.S.

standard levels, there would be a

number of excess deaths attributable to the effects of the emissions.
The numbers of premature deaths would be approximately 15,000, 6,700, and
1,700 for particulate, sulphur dioxide, and radioactivity respectively.
(The radioactivity deaths are figured on the basis of the Derived
Release Limit, which is approximately one hundred times actual releases.)
Power plant accidents could have serious public consequences.
Coal and natural gas plant accidents are not very probable and, in
general, would have relatively small public consequences.
Oil-fired plant fires could result in great damage to public both
as a result of the effects of the fire itself and the combustion products
released.

In the case of a nuclear plant, it is release to the environ-

ment of large quantities of radioactivity which could cause public
health problems.

The very nature of these sorts of accidents means that
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little actual data ire available.

It has been estimated that the pro-

bability-public impact profiles of these accidents are such that an
accident causing 10 deaths in the public sector is one million times more
likely for an oil fired plant than for a nuclear power plant.

As the

impact per accident decreases, the probabilities become more nearly equal.

OVERVIEW
The analysis reported on here would indicate that, in terms of
environmental disturbance and health effects, nuclear power generation
involves a comparable risk to that of conventional methods of thermoelectric power generation.

The latter risk has been accepted implicitly

by society and, subject to continued - and even improved - standards does
not seem unreasonable.

Questions of resource depletion, conservation,

and power plant safety from deliberate acts of destruction, that is,
sabotage or terrorism, have not been addressed.

Any of these could

require important decisions with respect to the future of nuclear power
generation.
It is pertinent to point out that, while the figures included
here for premature deaths by various causes associated with power
generation may seem large, compared to the level of death by disease in
Canada (approximately 145,000 per year), by industrial accidents as a
whole (approximately 800 per year), or by motor vehicle accidents
(approximately 6,000 per year), the deaths due to power generation are
not large.

This is not to say that standards should not be improved.

It

is the mandate of governments and the expectation of society that deaths
by whatever cause be reduced or delayed.
determined by economics.

The balance point is usually

It is not foreseen that this will change.

(vii)
TABLE OF CONTENTS
Page
SUMMARY

i

LIST OF FIGURES

x

LIST OF TABLES
INTRODUCTION
1.1 Socio-technical Risk Parameters
1.2 Definition of Risk and Risk Parameters
1.3 Cost-Benefit Considerations and Risk Parameters
1.3.1 Resource Depletion
1.3.2 Environmental Damage
1.3.3 Health and Safety
ENVIRONMENTAL EFFECTS OF FOSSIL FUELED ELECTRIC POWER GENERATION
2.1 Fuel Recovery
2.1.1 Coal
2.1.2 Oil and Gas
2.2 Up-grading and Processing
2.2.1 Coal
2.2.2 Oil and Gas
2.3 Fuel Transportation
2.3.1 Coal
2.3.2 Oil and Gas
2.4 Power Generation
2.4.1 Coal-Fired Electric Power Generation
2.4.2 Oil-Fired Electric Power Generation
2.4.3 Gas-Fired Electric Power Generation
2.4.4 Combustion Gas Turbines
2.5 Emissions from Power Generation and Their Effects
2.5.1 Particulates
2.5.2 Oxides of Nitrogen
2.5.3 Oxides of Sulphur
2.5.4 Carbon Monoxide
2.5.5 Carbon Dioxide
2.5.6 Hydrocarbons
2.5.7 Radioactive Pollutants
2.5.8 Other Hazardous Materials
2.5.9 Effects on the Physical Environment
2.6 A Quantitative Assessment of Environmental Damage due to
Fossil Fuel Electric Power Generation

xi
1
3
4
4
5
5
6
7
7
7
10
13
13
13
14
14
14
16
16
16
17
17
18
18
18
19
19
19
20
20
21
21
23

(viii)

3

ENVIRONMENTAL EFFECTS OF NUCLEAR FUELED ELECTRIC POWER GENERATION
3.1 Introduction
3.2 Nuclear Reactors
3.2.1 Nuclear Fuel
3.2.2 Moderator
3.2.3 Coolant
3.3 Sources of Radioactive Effluents from a Nuclear Reactor
3.4 Emission Rates
3.5 Environmental Effects of Nuclear Fueled Power Cycles
3.5.1 Nuclear Fuel Recovery
3.5.2 Uranium Milling and Refining
3.5.3 Fuel Reprocessing
3.5.4 Canadian Nuclear Steam Electric Generating Plants
3.6 Environmental Releases from Future Levels of Nuclear Power
in Canada

31
31
31
32
34
36
36
38
41
41
41
42
47
48

HEALTH AND SAFETY EFFECTS OF THERMO-ELECTRIC POWER GENERATION
4.1 Occupational Risks
4.1.1 Risks of Accidents in the Fuel Extraction Industry
4.1.2 Risks of Occupational Disease in the Fuel Extraction
Industry
4.1.3 Occupational Risk to Power Plant Personnel
4.2 Public Health Risks
4.2.1 Fuel Transportation and Storage
4.2.2 Normal Operation of Power Plants
4.2.3 Power Plant Accidents
4.2.3.1 Coal Fired Power Stations
4.2.3.2 Natural Gas Fired Power Stations
4.2.3.3 Oil Fired Power Stations
4.2.3.4 Nuclear Power Stations

58
58
58
63
69
71
71
80
104
106
106
110
114

5

POWER GENERATION RISKS IN PERSPECTIVE
5.1 Introduction
5.2 Leading Causes of Fatalities due to Accidents
5.3 Industrial Carcinogenesis as a Cause of Death
5.3.1 Organic Carcinogens and Their Sources
5.3.2 Inorganic Carcinogens
5.3.3 Radiological Carcinogenesis in the Fluorspar Industry
5.4 Other Pollution Related Diseases

123
123
123
127
128
130
135
141

5

CONCLUSIONS
6.1 Environmental Considerations
6.1.1 Fuel Recovery
6.1.2 Upgrading and Processing
6.1.3 Fuel Transportation
6.1.4 Power Generation
6.2 Occupational Health Considerations
6.2.1 Coal Plant Cycle
6.2.2 Oil Plant Cycle
6.2.3 Natural Gas Plant Cycle
6.2.4 Nuclear Plant Cycle

143
143
143
144
144
145
146
146
146
146
146

4

(ix)

6.3

Public
6.3.1
6.3.2
6.3.3

Health Considerations
Fuel Handling Accidents
Mortality due to Normal Plant Emissions
Power Plant Accidents

6.4

Final Evaluation

147
147
147
148
148

REFERENCES CITED

150

APPENDIX I - CONVERSION FACTORS

A-l

APPENDIX II - UNITS OF RADIOLOGICAL IMPORTANCE

A-2

APPENDIX III - PASQUILL ATMOSPHERIC STABILITY CATEGORIES

A-3

(x)
LIST OF FIGURES
1. Process Flow-sheet for Coal-Fired Thermo-electric Power Generation.

Page
24

2. Process Flow-sheet for Oil-Fired Thermo-electric Power Generation.

27

3. Process Flow-sheet for Natural Gas-Fired Thermo-elp-itric Power
Generation.

29

4.

33

Schematic Diagrams of Conventional and Nuclear Power Plants.

5. Block Diagram of a typical CANDU PHWR.

33

6.

35

Fuel Fabrication Process for CANDU PHWR's.

7. Process Flow-sheet for a Nuclear Thermo-electric Generating Cycle.

46

8. Dose Rate as a Function of Distance from Reactor for typical U.S.
PWR's and BWR's.

96

9.
10.

Size of Oil Fire versus Frequency of Occurrence.

112

Comparison of Public Risk from Individual Accidents at Oil-Fired,
and Nuclear Generating Stations.

113

(xi)
LIST OF TABLES
Page
1.

1964 Cost Attributable to Reclamation of Surface Mined
Land in the United States.

2.

Predicted Environmental Effects of Coal-Fired Power Generation
in Canada - 1980, 1990, and 2000.

8
25

3. Predicted Environmental Effects of Oil-Fired Power Generation
in Canada - 1980, 1990, and 2000.

28

4.

Predicted Environmental Effects of Natural Gas-Fired Power
Generation in Canada - 1980, 1990, and 2000.

30

5.

Expected Activities of Radionuclides in the Primary Coolant
Water of a BWR.

39

6.

Emission Rates of Noble Gases from a BWR.

40

7.

Radionuclides in Light Water Reactor Fuel.

45

8. Average Stack Releases from Canadian Nuclear Reactors,
1964 - 1970.

49

9.

Liquid Waste Discharged from Canadian Nuclear Reactors,
1964 - 1970.

50

10.

Environmental Effects of Light Water Reactor Power Generation
at Predicted Levels of Canadian Heavy Water Nuclear Power 1980, 1990, and 2000.

52

11.

Total Radio-isotope Inventory for a Pressurized Water Reactor
with Fuel Reprocessing - 1980, 1990, and 2000.

54

12.

Total Radio-isotope Inventory for a Pressurized Water Reactor
without Fuel Reprocessing - 1980, 1990, and 2000.

54

13.

A Comparison of Typical CANDU-PHWR (Pickering) Emissions with
those of U.S. BWR*s and PWR's.

55

14.

Estimated Environmental Effects of CANDU-PHWR Power Generation
in Canada - 1980, 1990, and 2000.

57

15.

Hazards of Coal Mining in Canada (1965 - 1975).

59

16.

Hazards of Oil and Gas Extraction In Canada (1965 - 1974).

60

17.

Occupational Hazards of Uranium Mining in Canada (1964 - 1974) 61

18.

Accident Statistics of Fuel Recovery for Electrical Power
Generation.

62

(xii)

19.

The Workforce in the Coal Mining Industry in Canada,
1965 - 1975.

65

20.

Occupational Hazards (Chronic Diseases) of Fuel Extraction
in Canada, Coal vs. Uranium.

66

21.

Power Plant Accidents at Ontario Hydro Power Plants,
1971 - 1975.

70

22.

Causes of Accidents at Ontario Hydro Power Plants, 1971 - 1975. 70

23.

Coal Transportation in Canada by Train, 1969 - 1974.

73

24.

Reported TAnker Spills in Excess of 150 Meters , 1957 - 1971.

75

25.

Recorded Spills Involving Pipelines, Refineries, and Storage
and Transfer Facilities, 1967 - 1971.

76

26.

Oil Pipeline Failure Frequency and Volumes Spilled in Canada,
1968 - 1973.

78

27.

Total Petroleum Transportation and Estimated Spillage in
Canada, 1968 - 1971.

79

28.

Comparison of Modern Nuclear Plants with Modern Coal-Fired
Plants.

84

29.

Dilution Volumes and Site Boundary Concentrations for
Representative Power Plants.

88

30.

Estimated Upper Limit on Population Exposure from the Douglas
Point Nuclear Power Station.

92

31.

Radiation Damage to the Canadian Population by Hypothesized
Exposure Levels of Radiation.

100

32.

Summary of 'BEIR' Model Estimates of the Consequences of
Exposure of the Canadian Population to a Radiation Level of
1 mrem/yr.

101

33.

Fatalities from Accidental Poisoning by Gases and Vapours,
Canada, 1968 - 1971.

108

34.

A Comparison of Industrial Fatalities (both Nuclear and
124
Non-nuclear) with other Leading Causes of Accidental Fatalities
in Canada, 1967 - 1974.

35.

Projected Manpower Requirements of the Canadian Nuclear
Industry.

126

36.

Summary of Airborne Dust and Fluoride Concentrations in Six
St. Lawrence Mines, 1956 - 1957.

139

37.

Summary of Radioactivity Data Relating to Two St. Lawrence
Mines, 1959 - 1960.

140

1

INTRODUCTION
Each technology man has developed to provide the goods and ser-

vices he needs, whether the essentials of food, clothing and shelter,
or the additional elements that have raised his standard of living
above bare subsistence, has involved an inexorable element of risk to
his health and well being, including the well being of the ecosystem
on which his survival depends.

Traditionally, man has accepted this

as part of the cost he must pay for the goods and services he receives.
Basic to this acceptance, however, both at the individual and societal
level, is a process of empirical balancing of the benefits against
the risks.
A review of technological advances over the years, however, shows
that society has dealt rather unevenly with the development of guides
for determining acceptability in balancing benefits against risks.
In the earlier years, for example, the introduction of technology
into industry and commerce was determined almost entirely by its
effectiveness in producing new or better or cheaper goods and services,
with little consideration for the unwanted and unanticipated harmful
by-product effects.

It was customary to proceed first, with applica-

tion, and then wait for an empirical balance to be established between
safety and social utility.

Important examples of this approach include

automobiles, air transport, and pesticides.

Corrective legislation

and preventive programs have been slow in coming, the majority being
of very recent origin.
Although much greater attention is being given today to the
health and safety characteristics of technology a consistent set of

guidelines has not yet been developed for determining acceptability
of risks. Each situation is dealt with separately, and the methods
used, even for comparable problems, often vary widely in terms of
public input, governmental involvement, and the experiences and
techniques used in the various scientific disciplines involved.
It is essential that the benefits and risks of a particular
technology be plactd in perspective with those of other activities
already accepted by society.

Health and safety issues in nuclear

energy thus far, and for the foreseeable future, appear to be not significantly different from other health and safety issues facing society.
The objective of this study is twofold:

(i) to identify and

assess the present and future dimensions of environmental effects
and impacts of various energy generation alternatives; and (ii) to
place safety and environmental risks associated with the nuclear
industry in Canada in perspective with the risks from other sources.
Chapters 2 and 3 address the first objective.

Chapters 4 and 5 concern

the second objective, that is, the development of a risk perspective
for the Canadian nuclear industry.

In this development, the approa-

ches are (a) to review and evaluate socio-technical risk parameters,
and (b) to evaluate the nuclear industry in terms of risk to workers
and to the public.

In Chapter 6 conclusions are drawn with respect

to the relative risks and benefits associated with the generation of
electricity from nuclear reactors.

1.1

Socin-technical Risk Parameters
Before it is possible to discuss how the risks of socio-technical

systems

such is generation of electrical power from nuclear reactors

may be assessed,it is necessary to make some observations on the
conceptual difficulty of defining such terms as "socio-technical risk"
and "socio-technical risk parameter".
The worst possible misfortune that can befall an individual is
death.

Therefore, when the application of a technology is evaluated

in terms of the risks it poses to society, what is usually implied
by the term "risk" is the risk of death to a member of the working
force or the general public.

However an evaluation of different

types of energy system alternatives can be performed realistically
only when all relevant attributes are considered.
outcome of risk.

Death is but one

In this study, the term "socio-technical risk",

will be used to describe the entire spectrum of risk and will include
as consequences resource depletion, environmental damage, the cost
of the generation system and the social implications of its cost; and
the health and safety of both the workers and the public.
The socio-economic implications of resource depletion are beyond
the scope of this work.

Introductory remarks only will be made on

this topic.
The economics of power generation from various sources of energy
are well documented in extensive studies in most countries of the
world.

Nuclear power is now cheaper than many existing alternatives.

The economic advantage of nuclear power should therefore be borne in
mind in evaluating the risks of nuclear energy.

1.2

Definition of Risk and Risk Parameters

It is not possible to define risk in an absolute sense.

Risk is

a relative term and its perception is related, in an extraordinarily
complex way, to human value judgment systems.

Human value judgments

vary from individual to individual, and between the individual
and the society in which the individual lives.
Risk consequences can be direct (discrete statistical events,
for example automobile accidental deaths) or indirect (for examples,
continuous exposure to a pollutant).
No human activity is entirely risk-free.

Risks are always present.

This study is based on "acceptable risk" rather than absolute risk.
What we do every day, either;consciously or unconsciously, is
weigh each contemplated action in terms of possible undesirable consequences and the benefits, the enjoyments, or the advantages that
may accrue from it.

It would be ideal if all risks and benefits could

be reduced to a common unit of measure.

1.3

Cost-Benefit Considerations and Risk Parameters

Cost-benefit analysis is a valuable tool for comparing benefits
and risks associated with alternative socio-technical systems.
Traditionally, technical performance and economics have provided the
criteria for engineering design decisions.

What is required, however,

is inclusion of all social costs, indirect as well as direct, and all
measures of utility.

Inclusion of all social costs, however, is

really not possible.

The problem may be made manageable by considering

four categories of social cost, namely:

(1) resource depletion;

(2) environmental damage; (3) health and safety; and (4) economics.

1.3.1

Resource Depletion

It is important to consider resource depletion in energy generation.

Energy resources may be classified as renewable (for example,

hydraulic energy, wind energy, and solar energy), or non-renewable
(for example, nuclear fission, coal, oil, and gas). Coal, oil, and
gas have important energy uses.

In addition, they represent important

sources of raw materials for petrochemicals and fertilizers.

Unlike

such fossil fuels, nuclear fuels are used almost exclusively for the
production of heat energy.

1.3.2

Environmental Damage

The environment is affected in a variety of ways by the multitude of activities connected with the production and utilization of
energy.

Environmental damage thus represents a composite risk in

the context of cost-benefit analysis.
Environmental effects caused by the production and use of energy are
discussed in Chapters 2 and 3.
considered are:

The principal environmental impacts

land damage, pollution, and accidents.

Each of these

impacts results in financial, aesthetic, and health and safety costs
to man.

Some of the costs can only be expressed implicitly.

1.3.3

Health and Safety

In general, health risks arise in the generation of electricity.
For this work, the unit of measure is selected to be the annual
fatalities and disability days resulting from the operation of a given
size of energy generation system.
Health risks can be separated into two categories, occupational
and public.

Occupational risks are experienced by workers during the

extraction, transportation and generation stages of energy systems.
Risks are also experienced by the public.

Health risks must be evalua-

ted both for normal and abnormal operations of the system, with respect
to both the present and the future generation.

2

ENVIRONMENTAL EFFECTS OF FOSSIL FUELED ELECTRIC POWER GENERATION

2.1

Fuel Recovery

2.1.1

Coal

Coal mining results in certain environmental problems.

Strip

mining disturbs extensive areas of landscape and, unless the land
is carefully reclaimed, may result in infertile tracts where revegetation is slow or impossible.

(2)

In some places where there are

appreciable coal deposits, strip mining is required.

Disruption of

the land involved is part of the price that must be paid in order to
recover the resources.
(3)
The National Energy Board

predicts that Canadian coal production

will rise to about 65 million tonnes/year by 1990.

U.S. figures

indicate that roughly 7620 tonnes of coal are produced for every
(4)
hectare disturbed by surface mining.

Assuming that this figure

is also appropriate for Canada and that 70% of all the coal mined
in Canada is surface mined, the amount of land disturbance in 1990
is 6070 hectares.

The Board further predicts that between 1975 and

2000, in order to surface mine 76 billion tonnes of coal, 121 million
hectares of land will have been disturbed.
Stripping the top layers of soil to reach the coal seam can
alter drainage patterns.

If these patterns are not restored, sub-

sequent rainfalls may result in landslides, pollution of the waterbed,
and erosion.

In 1964 the cost of total reclamation of surface mined

land in the United States averaged 568 per hectare.
clamation costs averaged $368 per hectare (Table 1 ) .

Partial reCosts in Canada

Table 1:

1964 Cost Attributable to Reclamation of
Surface Mined Land in the United States

Middle Atlantic
South Atlantic
East Northcentral
East Southcentral
West Northcentral
West Southcentral
Mountain
Pacific

Total acreage and
average cost

Source:

1758

308
5049
1182

399
13
5.3
4.0

8,718

Reference (4)

895
418
474
620
225
121
988

123
115
—

645
240
418
183
311
546
237
—

568

4,527

368

2382

713
724
1684

984
184

would

not be less.

The cost of complete reclamation of all surface mined

land in Canada between 1975 and 2000, could reach 70 billion dollars,
not including any costs to clean polluted water before use by industry
or municipalities.
Subsidence is a major problem associated with underground coal
mining.

Removal of rock material, changes in the cohesion and strength

of the rock structures, or failure to leave enough coal behind to
support the overburden can cause large areas of a coalfield to subside.
Uneven subsidence in rural areas can make the land unsuitable for crop
farming.

In urban areas, damage to streets, homes and other struc-

tures can result.
In 1972 nearly 1.45 million tonnes of coal were mined by underground mining methods in Nova Scotia.

In Alberta 2.36 million

tonnes were mined and in British Columbia, 1 million tonnes.

This

4.8 million tonnes of coal minad could result in the subsidence of
about 270 hectares of land.
Mine fires often occur in abandoned coal mines or along the
outcrop of coal seams.

The heat from these fires can destroy vegeta-

tion andi by burning the supports in the mine, can cause additional
subsidence.

Fumes reaching the surface may endanger lives.

The

costs of controlling mine fires are high,as are the damages they cause.
Strip mining can cause acid mine drainage when inadequate or
limited reclamation of the disturbed land is undertaken.

However,

a much greater portion of the acid mine drainage comes from underground mines when the sulphur-bearing coal comes in contact with the
surface runoff.

The sulphuric acid thus formed pollutes nearby
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streams and rivers.

The damage caused by acid mine drainage in the

U.S is estimated to be $3.5 million per annum.

(4)

Methods used to control acid mine drainage depend on the type
of mine, geologic and hydrologie conditions, and on whether the mine
is active or not.

Control of acid mine drainage is difficult as well

as expensive.
In Canada acid mine drainage is of concern mainly in the Atlantic
provinces since the sulphur content of western coal is low.
Underground mining of coal produces waste material which is
brought to the surface with the coal and usually dumped on the surface.
Surface mining creates solid wastes by disturbing the land and leaving
heaps of overburden close to the mining site.

The ugliness of coal

mining wastes has caused and will continue to cause concern.
Serious erosion may occur at surface mining sites.
streams and ponds may be destroyed by sediment deposits.

Adjacent
If the total

107 billion tonnes of coal in the Western provinces were mined by
open-pit methods, about 100 billion tonnes of overburden would be
created and about 14.2 million hectares of land would be damaged.

2.1.2

Oil and Gas

The recovery of oil and gas also results in multiple impacts on
the environment.

Impacts include blow-outs from both oil and gas

wells which pollute land, water and air, and the production of brines
and other wastes.
Disturbance of tundra soils with high ice content and damage to
the aquatic environment are important consequences of oil and gas recovery.
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The dollar cost of ecological damage to the north is difficult to
estimate.
Canadian natural gas reserves are estimated to be about 3.4
trillion cubic metres of which 2.0 trillion cubic metres of pipeline
gas is recoverable?^ If it is assumed that 80% extraction efficiency
can be achieved and that all the gas is concentrated in one contiguous
area, the space required for gas-well development alone is about
35,600 hectares.

The actual situation may result in human and machine

damage to much greater areas.

Processing plants, for example, may

require more than one million hectares and land damage by gas pipelines
may be hundreds of times greater.
Blow-outs and other accidents can result in the escape of large
amounts of oil or gas, causing heavy local pollution.

The distinctive

characteristics of the terrain and the presence of permafrost in the
petroleum areas of northern Canada make this problem even more serious
than it would be elsewhere.

Clean-up in these areas is also more

difficult and severe weather conditions make accidents all the more
likely.

Off-shore drilling must also contend with the presence of

icebergs in the east coast areas.
Extensive air pollution results from flaring gas or burning oil
in waste pits.

The environmental effect of this practice depends on

fuel composition (particularly the sulphur content), location, and
design of the burning device.
Brines are produced in oil and gas exploration and development.
These can contaminate surface and ground water.

Proper management

requires a knowledge of the surface and sub-surface hydrology of the
region.
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Large quantities of solid wastes (overburden, gravel, drilling
mud, discarded machinery) are created by exploration and development
operations.

Solid waste disposal is particularly difficult in the

Arctic where drilling muds are not easily incorporated into the
drainage system or the soil.

Off-shore operations present even more

difficulties.
Canada has a very large oil resource in the form of oil sands,
the extent of which has been estimated at about

110 billion m

3 (2)

Currently, the oil is recovered by open-pit mining followed by processing.

In-situ methods are being developed.

The problems will be

similar to those encountered in open-pit mining and conventional
petroleum extraction respectively.

The enormous scale of projected

operations (digging up or undermining thousands of hectares of landscape coupled with changes in the natural drainage) could affect the
local wildlife significantly.
The disposal of processed waste sand and overburden is a huge
problem.

Currently from 3 to 5 tonnes of material would have to be

moved, processed and disposed for each barrel of oil produced by
(2)
stripping and quarrying methods (approximately 20 kg/Si) .
In view of the low relief of much of the tar sands area, the
prevalence of underground and interrupted drainage, the low stream
gradients, the high proportion of fines and silt in the surface material,
and the presence of discontinuous permafrost, disposal of waste will
inevitably cause some environmental damage.
If an in-situ recovery method is used, the waste and overburden
problems are lessened, but the recovery of petroleum is expected to
be much less and the water pollution problems greater.
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2.2

Up-grading and Processing

2.2.1

Coal

Coal processing and cleaning plants produce leachable waste and
contaminated process waters.

In most cases the waste can be returned

to the mine, the water recycled and the run-off purified.

In some

instances strict environmental controls may make the mine uneconomic.
Large amounts of medium to low grade by-product coal are accumulating in western Canada as a consequence of the increased production
of metallurgical coal.

In addition to the aesthetic problem there is

a potential for dust and coal pile instability problems.

The magni-

tude of the problem will grow in proportion to the increasing production of metallurgical coal.

This production is expected to double

from 1972 to 1980 to 16 million tonnes per year.

2.2.2

(2)

Oil and Gas

The refining of crude oil and gas has the potential to pollute
water, soil, and air if not properly controlled.

Some of the solid

and liquid by-products of refining and processing can cause local
environmental problems because of their corrosive or toxic nature or
their susceptibility of leaching.
The most common effluents from oil and gas processing operations
are flue gas, sulphur dioxide, nitrogen oxides, hydrocarbons, aldehydes,
other organics and particulate matter.

The water used is contaminated

with suspended solids- phenols, sulphides, metals, oil and greases,
and ammonia.

The solid vastes are in the form of refinery sludges.
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2-3

Fuel Transportation

2.3.1

Coal
Transportation of coal in Canada is predominately by rail.

Associated environmental problems are minor, mainly those of land use,
wind blown dust, and locomotive exhaust. The environmental effects
of coal transportation will, however, increase as more of Canada's
coal needs are met from national sources. Currently, the bulk of
Canada's coal exports proceed to coastal ports of British Columbia
via modern unit-trains employing special rolling stock»

Haulage of

coal from western Canada to central Canada is still being effected
by mixed-train systems. The cross country transportation of coal in
open-top railway cars can result in air-borne dusts. The same applies,
through wind action, to large stockpiles at the shipping docks.
(2)
use of covers and sprays may be a solution to this problem.

2.3.2

The

Oil and Gas
Crude oil is transported by tanker ship or by pipeline to the

refinery; the refined products are transported by pipeline, rail or
highway to their markets. In Canada, natural gas processed or unprocessed, is transported almost exclusively by pipeline. The amount
of gas moved in liquified form is negligible but consideration has
been given to moving liquified natural gas from the Arctic islands by
tanker sometime in the future.
The greatest potential for environmental damage lies in normal,
as well as accidental, spillage from super tanker transport.
Statistically speaking, however, super tankers constitute a safe
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method of transportation.

The small tankers, comprising only 8% of

the world's tanker tonnage, account for about 50% of the current
pollution from spills.
Canada is vulnerable to environmental damage from tanker transport on all three coasts and in the St. Lawrence-Great Lakes waterway.
Major environmental emergencies can result from spillage of crude
oil or residual oil from tankers through accidents and as a result
of normal day-to-day operations, including deballasting and hold
(2)
cleaning/ ;
Information on the behaviour of oil in Canadian waters, particularly in the Arctic and during winter, is lacking and the environmental damage is accordingly difficult to assess.
In non-permafrost areas, environmental damage from transportation of petroleum products by pipeline is less per barrel of oil
transported than from transport by ship or rail.

The main damage is

through escape of oil through rupture or leakage, or environmental
dislocation caused simply by the pipe, service roads, and right of way.
Escape of gas from a pipeline poses a potential fire hazard.
The presence of a pipeline and right of way may result in disruption of local drainage, increased soil erosion, dislocation of
wildlife, and aesthetic problems.

The most serious problem of oil is

contamination of streams with a possibility of widespread effects on
downstream aquatic life.
In areas underlain by permafrost, the construction and operation
of a pipeline, particularly a hot pipeline, poses special problems.

(2)
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2.4

Power Generation

2.4.1

Coal-Fired Electric Power Generation

The majority of utility coal-fired boilers built since 1940 are
fired with pulverized coal.

The coal burns almost instantaneously

leaving the ash and a small amount of carbonaceous waste.

Some of this

ash drops to the bottom of the furnace and is removed periodically
through a bottom hopper to an ash disposal area.

Agglomeration makes

the bottom ash particles large and reduces their tendency to become
airborne.

Fly ash, on the other hand, consists of particle sizes

ranging from 250 micrometre down to below 1 micrometre, and is
carried out of the furnace with the flue gas.

Fly ash is removed

from the flue gas by electrostatic précipitators.

Current electro-

static precipitators are 97.5 to 99.5 efficient on particle sizes
down to about 1 micrometre.

At least this level of efficiency is

needed to meet current and projected air quality regulations.

2.4.2

Oil-Fired Electric Power Generation
Until recently, the only oil burned in power stations was a heavy

residual oil known as ASTM No. 6 fuel oil, or Bunker C.

This oil

is a low-priced refinery by-product and contains most of the ash and
much of the sulphur content of the crude oil.

The sulphur content

of these oils as used in Canada ranges from 2 to 6 percent.

Recently

utilities have been buying low sulphur crude oil, desulphurized fuel
oil, or a blend of ASTM No. 6 and distillate oils in order to comply
with sulphur dioxide emission standards.
expensive than ASTM No. 6.

All of these oils are more
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Nitrogen oxide levels in a well-designed boiler are of the order
of 200 to 300 ppm in the flue gas.

Considerable work has been done

on reducing these levels by modifying firing conditions and varying
the primary and secondary furnace air.

These are the only feasible

control methods at present; it is not yet possible to remove nitrogen
oxides from the stack gas economically.

2.4.3

Gas-Fired Electric Power Generation

Gas-fired power plants produce lower emissions of nitrogen oxides
and particulates, and essentially no sulphur dioxide.

2.4.4

Combustion Gas Turbines

Combustion gas turbines can be used to run electrical generators.
Sizes range from 5,000 to 50,000 kW per unit and by using multiple
driving units attached to a single generator capacities up to 250,000
kW have been achieved.
A simple, open cycle, non-regenerative unit is inexpensive, quick
to start and easy to control.
refined fuel.

However all gas turbines require highly

This results in their use for peaking power only and

not as base-load units.
The nature of the fuel used means that the exhaust gas does not
contain particulates, has little or no sulphur dioxide, and, by the
use of the proper combustion conditions, usually meets nitrogen oxide
emission standards.

There is no aquatic thermal pollution since the

waste heat is contained in the flue gases and no cooling water is needed.

18

The major environmental problem associated with these units is intake
and exhaust noise levels.

Inlets and outlets must be ^..irefully de-

signed and provided with efficient silencers.

2.5

Emissions from Power Generation and Their Effects

2.5.1

Particulates

The source of particulates emitted into the atmosphere by coalburning boilers is the ash content of the coal.

Boiler design and

the method of operation can determine to a small degree the extent
to which the ash in the fuel leaves the boiler as bottom ash rather
than as fly ash.

Bottom ash typically represents about 20% of the

total ash content of the coal.
In the case of oil, the ash content is much lower.

Chemical

reactions occurring during combustion contribute to ash formation.
Natural gas contains no ash content, and any particulates emitted
result from combustion reactions.

2.5.2

Oxides of Nitrogen

Oxides of nitrogen, primarily NO plus small quantities of NO-,
arise primarily from the chemical combination of some of the oxygen
and nitrogen in the air during the combustion of fuels.

The relevant

reaction is
N 2 + 0 2 - 2 NO
The majority of the NO oxidizes to NO_ in the environment.
The amount of oxides of nitrogen formed by a power plant is a
function of the plant's design and operation.

In general, with
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existing plants, a reduction in nitrogen oxide emissions will be
accompanied by a reduction in thermal efficiency.

2.5.3

Oxides of Sulphur
These pollutants have as their source the sulphur content of the

fuel being burned.

Unless control systems are used to remove oxides

of sulphur from the combustion gases, essentially all of these gases
pass into the atmosphere. Only extremely small quantities are contained
in the bottom ash or removed with the fly ash by electrostatic precipitators.

Sulphur dioxide is the most abundant of the sulphur oxides.

In urban atmospheres it is largely converted to sulphuric acid or
sulphate aerosols.

2.5.4

Carbon Monoxide
Carbon monoxide is formed by incomplete combustion of carbon.

On burning oil or natural gas in conventional boilers the quantity
produced is negligible.

Somewhat more CO is formed on combustion of

coal, but still insignificant in its impact on the environment in
relation to the far greater quantities produced from automobiles.
CO emissions from gas turbines are substantial, however, and require
consideration.

2.5.5

Carbon Dioxide

A major product of the combustion of a carbon containing fuel
is carbon dioxide. Large amounts of carbon dioxide are released into
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the atmosphere from many sources in quantities greater than from
electric power generation.

There is no practical technology available

for reducing the overall emission rate of CO, to the atmosphere.
There is concern as to the long-term effect on the climate of CO»
emissions.

2.5.6

Hydrocarbons
This class of air pollutant is emitted as a result of incomplete

combustion, or upon certain chemical reactions.

Emissions from natural

gas fired steam boilers are considered negligible. Large amounts
are produced during the combustion of oil or coal in steam boilers,
but emissions can be adequately controlled by good combustion practice.
Hydrocarbons are emitted in greater quantities from gas turbines.

2.5.7

Radioactive Pollutants
Trace amounts of uranium and thorium and their decay products

are released in fly ash from large fossil fuel steam electric plants.
The radioactive nuclides of greatest concern are Ra-226, Ra-228,
Th-232 and Th-230.

These radioactive materials are discharged in the

flue gas, in the liquid from the fly ash recovery system, and in the
bottom ash.
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2.5.8

Other Hazardous Materials

Heavy metals such as cadmium, mercury and lead are present in coal
and oil, and are emitted on combustion.

2.5.9

Effects on the Physical Environment

Small diameter particles (0.1 to 2 micrometre) emitted from
fossil power plants contribute to haze and smog formation.

Gaseous

emissions - sulphur and nitrogen oxides and hydrocarbons - also
contribute indirectly to particulate loading via chemical reactions.
It has been estimated

that more than half of the aerosols in the

lower atmosphere come from chemical reactions involving these gases
and ammonia.
of thé 10

The man-made contribution of these gases is about
tonne per day emitted froro^all earthly sources,

which
lich

may cause an 11% increase in aerosol concentration by the year 2000.
Small particles are particularly effective in scattering and
reflecting, as well as absorbing, light.

A reduction in the total

amount of solar radiation reaching the earth may be due to this
accumulation of particulate matter in the atmosphere.
It has been demonstrated that materials of many kinds corrode
and discolour more rapidly in atmospheres containing sulphur oxides
and particulate matter.

Buildings, metals, clothes, paints, and

rubber are affected.
An increased sulphate and sulphuric acid content of rainwater,
lakes and soil in areas near to and far from pollution sources has
been demonstrated in several areas of the world.

The immediate

(8)
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consequences to the biota from current power plant emissions thus
far are small, but may not always be so.
In recent years there has been growing speculation that air
pollution is responsible for world-wide disturbances of weather and
(9)
climate.
There are at least six ways in which man's activities
could significantly perturb the atmospheric heat balance and thus
(9)
the climate:
1.

Increased carbon dioxide loading of the atmosphere could

result in an increase in the atmospheric temperature by the
'greenhouse' effect.
2.

Atmospheric transparency could be decreased by aerosols

resulting from industry, automobiles and space heating.
3. Atmospheric transparency could also be decreased by a secular
increase of global particulate loading from human activities.

4.

Direct heating of the atmosphere could result from the

burning of fossil and other fuels.
5.

The albedo (fraction of the incoming solar radiation directly

reflected outward) could be changed by urbanization, agriculture,
or deforestation.
6.

The rate of transfer of thermal energy and momentum between

the oceans and the atmosphere could be changed by the oil film
resulting from incomplete combustion of fuels and oil spills
from oceangoing vessels.
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It has been estimated that the burning of fossil fuels releases
about 1.5 x 10

g of CO- per year compared to the estimated amount

of CO2 consumed in photosynthesis of 1.1 x 10

g per year.

The

total anthroprogenic particulate loading is reported to be comparable
(9)
to the average stratospheric dust load from volcanic eruptions.
The effect on the climate is not presently known.

2.6 Â Quantitative Assessment of Environmental Damage due to Fossil
Fuel Electric Power Generation
Use of coal in power generating stations in Canada is increasing.
(2)
Projections made by the Department of Energy, Mines and Resources
indicate that the amount of electricity generated from coal will
increase from 34 x 10 6 MWh in 1970 to 76 x 10 6 , 127 x 10 6 , and
151 x 10 MWh in 1980, 1990, and 2000 respectively. These figures
follow the same trend as the projected increase in total power
generated.
A flow chart for electric power generation from coal has been
presented by Wilson and Jones.

This flowchart shows the required

inputs for and the outputs from a 1000 MW(e) coal fired thermal generation plant. It is shown here as Fig. 1. This chart may be used in
conjunction with the Energy, Mines and Resources power generation
predictions in order to predict the various emissions for Canadian
thermal electric power generation in 1980, 1990 and 2000.

The figures

for coal are presented in Table 2.
Energy, Mines and Resources figures for oil fired power generation
in 1980, 1990 and 2000 are 29 x 10 6 , 72 x 10 6 , and 118 x 10 6 MWh
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Table 2: Predicted Environmental Effects of Coal-Fired Power
Generation in Canada - 1980, 1990, and 2000.
1000 MW(a)
Input coal, open pit
, underground

I960

tonnaa

4.47 x 10 6

4.25 x 10 7

tonnta

6.28 X 10 6

5.98 x 1O 7

1990

2000

7.11 X 10 7 8.45 x 10 7

Land damage, open pit

hectarea

596

5670

9480

11,300

Subaldence, underground

hectarea

352

3350

5590

6650

Solid waste, overburden
, other

tonnea
tonnea

4.17 x 10*
1.29 X 10 5

3.97 x 10 7
1.23 x 10 6

Acid
Suspended solids

tonnes
tonnes

3.01 X

Dissolved solids

tonnes

2.88 x 1<T

2.87 x 10 J
5.15 x 10 5
2.74 x 10 J

tonnes

4.12 X 1 0 5

3.95 X 10

tonnes
tonnea

27.5
5.51 X lO1
8.23 x 10:

261
5.24 X 10 7
7.83 X 10

437

9.07 x 10 3

8.63x10*

1.44 x 10 5

4290
227
537
360
2860
20.7
20.7
712

7160
379
897
601
4780
34.6
34.6
1190

Liquid vaate, open pit
4.79 x :

5.70 x 10*

Liquid waste» underground
Acid
Processing waata
Particular**
Liquid
Solid

tonnea

Transportation losaca

tonnea

Generating Plant Liquid Baissions
Suspended solids
tonnes
Chloride
tonnea
tonnes
Organica
tonoes
Phosphates
tonnes
Boron
tonnes
Chroaate
tonnes
BOS
tonnes
Sulphuric acid

451
23.9
60.1
37.8
300
2.2
2.2
74.8

1.72xlO J

B530
4SI
1070
716
5680
41.2
41.2
1410

Generating Fl&nt Gaseous Emissions
Total gas

cubic aetere 2.74 x 10

Waste heat
Sulphur oxides
Nitrogen oxides
Carbon monoxide
Hydrocarbons
Aldehydes
Radioactive gaa
Th-230 + Ra-226
Th-228 + Th-232 +
Ra-228

kl)h
tonnes
tonnes
tonnes
tonnca
tones
«Ci
aCl

2.3 x 10 9
5.22 x 10
2.48 x 10
1380
412
6.91
5.0
8.0

2.61 x Iff.11
2.2 X 1 0 1 0
4.97 x 10 5
2.36 x 10 5
13,100
3920
65.8
47.6
76.2

3.66 x 10 1 0 4.35 x 1 0 1 0
8.30 x 10 5 9.88 x 10 5
3.94 x 10 5 4.68 x 10 5
21,900
26,000
6550
7790
110
128
79.5
127

94.6
151

Generating Plant Ash Haste
Non-radioactive
Radioactive ash
Th-230 + Ra-226
Th-228 + Th-232 +
Ra-228

toi
mCi
aCl

Source: After Reference (10).

6.59 x 10*
116
196

6.28 x 10 S
1100
1870

1.05 X 10* 1.25 x 10*
1840
3120

2190
3710
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respectively.

Their predictions for natural gas fired generation are

11 x 10 , 9 x 10 , and 17 x 10 MWh for these years. These figures
may also be used in conjunction with charts by Wilson and Jones as
above.

The oil fired data presented in Figure 2 and Table 3. The

natural gas data are shown in Figure 3 and Table 4.
On the basis of equivalent sized plants natural gas is the
preferred fuel in that the environmental emissions are much less
than those from either oil or coal.
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Table 3: Predicted Environmental Effects of Oil-Fired Power
Generation in Canada - 1980, 1990, and 2000.
1000 HW(e)
Input oil, off-shore

cubic meters

, continental cubic meters
Oil spills, off-shore

cubic meters

, continental

7.25 x 10

7

9.67 x 107

1980
2.63 x 10

1990
8

3.51 x 10 8

6.54 x 10

2000
8

8.72 x 10 8

1.07 x 10
1.43 x 10 9

5.80 x 10

2.11 x 10

5.23 x 10 4

8.58 x 10*

3.18 x 10 3

1.15 x 104

2.87 x 104

4.70 x 10*

Brine produced

cubic neters

8.39 x 107

3.05 x 10 8

7.57 x 10 8

1.24 x 10 9

Oil spills in transit

cubic meters

2.03 X 10

7.39 X 10*

1.83 X 10

3.00 x 10

Refinery Gaseous Emissions
Particulates
Sulphur dioxide
Hydrocarbons
Nitrogen oxides
Aldehydes
Ammonia
Carbon monoxide

tonnes
tonnes
tonnes
tonnes
tonnes
tonnes
tonnes

2840
30,800
16,700
18,700
712
2110
1180

10,300
112,000
60,500
67,800
2580
7670
4280

25,600
278,000
150,000
169,000
6420
19,100
10,600

42,000
456,000
246,000
276,000
10,500
31,200
17,400

Refinery Haste Hater

tonnes

3.81 x 10

1.38 x 10'

3.44 X 10 9

5.63 x 10 9

tonnes
tonnes
tonnes
tonnes
tonnes
tonnes
tonnes
tonnes

6370
5460
7.89
3.95
11.0
29.6
1300
1580

23,100
19,900
28.7
14.3
40.1
107
4730
5730

57,400
49,300
71.2
35.6
99.6
267
11,700
14,200

94,000
80,700
117
58.3
163
437
19,200
23,300

Suspended solids
BOD
Phenol
Sulphides
Chromium
Zinc
Ammonia
Oil & grease

Generating Plant Gaseous Emissions
Total gas

cubic meters

Haste heat

kWh

Sulphur dioxide

tonnes

Nitrogen oxides

tonnes

Hydrocarbons
Aldehydes
Particulates
Carbon monoxide
Radioactive gas
Th-230 + Ra-226
Th-228 + Th-232 +
Ra-228

tonnes
tonnes
tonnes
tonnes
•Ci
•Cl

2.50 x 1O 10 9.06 x 10 1 0

2.25 x 1011 3.69 x 101

2.30 x 10 9

2.07 x 10.10 3.40 x 10

8.35 X 10 9

3.40x10 1.23x10
2.25 x 10* 8.17 X 10*
428
214
1350
8.53

1550
777
4910
30.9

0.27
0.25

0.98
0.91

tonnes
tonnes
tonnes
tonnes
tonnes
tonnes
tonnes
tonnes

451
2.2
2.2
78.4
23.9
37.8
300
60.1

1630
7.91
7.91
272
86.6
137
1090
218

tonnes

7070

3.07x10
2.03 x 105
3860
193G
12,200
76.8
2.43
2.25

5.02 x 10 5
3.33 x 10 5
6330
3170
20,000
126
3.99
3.69

Generating Plant Liquid Emissions
Suspended solids
BOD
Chromâtes
Sulphuric acid
Chlorides
Phosphates
Boron
Organics

4060
19.6
19.6
675
215
341
2700
541

6660
32.2
32.2
1100
353
558
4440
887

63,800

105,000

Generating Plant Ash Hasta
Non-radioactive
Radioactive ash
Th-230 + Ra-226
Th-228 + Th-232 +
Sa-228

mCi
mCi

Source: After Reference- (10)

1.40
1.33

25,700
5.08
4.83

12.63
11.99

20.69
19.66
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Figure 3: Process Flow-sheet for Natural Gas-Fired
Thermo-electric Power Generation.
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Table 4:

Predicted Environmental Effects of Natural Gas-Fired Power
Generation in Canada - 1980, 1990, and 2000.

1000 MH(e)

Input natural gas
Transmission line HO

cubic meters
tonnes

3.31 x 10 9
1990

1980

4.56 x

1990

109

2740

3.74 x

2000

109

2240

7.05 x

109

4230

Processing Plant Gaseous Emissions
Total gas
Sulphur dioxide
Nitrogen oxides
Carbon monoxide
Farticulates
Hydrocarbons
Aldehydes
Organics

cubic meters
tonnes
tonnes
tonnes
tonnes
tonnes
tonnes
tonnes

6.03 x 10 6
0.36
2770
0.24
11.0
24.4
1.83
4.28

8.3 x 106
0.50
3810
0.34
15.1
33.7
2.52
5.90

6.80 x 106
0.41
3120
0.27
12.3
27.5
2.07
4.83

7
1.29 x 10
0.77
5890
0.52
23.4
52.0
3.90
9.12

Senerating Plant Liquid Emissions
Suspended solids

BOD
Chromate
Sulphuric Acid
Chloride
Phosphates
Boron
Organics

tonnes
tonnes
tonnes
tonnes
tonnes
tonnes
tonnes
tonnes

451
2.2
2.2

621
3.0
3.0
103

508

960

2.45
2.45
84.4
26.8
42.6

4.63
4.63

74.5
23.8
37.8

32.8
52.2

300
60.1

414

338

82.7

67.7

159
50.8
80.5

639
128

Senerating Plant Gaseous Emissions
Total gas
Waste heat
Nitrogen oxides
Sulphur dioxide
Aldehydes
Hydrocarbons
Organics
Participates

cubic meters

2.42 x 1 0 1 0

3.33 x 1 0 1 0
9

kWh

2.30 x 10 9

3.17 x 10

tonnes
tonnes
tonnes
tonnes
tonnes
tonnes

1.20 x 1 0 4
18.5
92.5
1230

1.65 x 104
25.5

Source: After Reference (10)

123
462

2.72 x 1 0 1 0

5.14 x 1 0 1 0

9

4.90 x 109

1.35 x 104
20.9

2.55 x 104
39.4

2.59 x 10

127

104

197

1700

1390

2620

170

139

262

638

522

985
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3.1

ENVIRONMENTAL EFFECTS OF NUCLEAR FUELED ELECTRIC POWER GENERATION

Introduction

A nuclear power plant is similar to a fossil fired plant except
that the heat used to produce the steam which is used to generate the
electricity comes from nuclear reactions instead of from fuel
combustion.
The basis of nuclear energy is the nuclear fission reaction.
This reaction is initiated by interaction between a neutron and a
fissionable nucleus, such as U-235. The nucleus then splits into two
fragments releasing a large amount of energy and producing several
new neutrons. These neutrons can in turn cause more fission, initiating a chain reaction. Many different reactions are possible from
the fission of one isotope. A typical U-235 fission reaction might
produce as initial products Ba-144 and Kr-89 along with 3 neutrons.
The two products will subsequently undergo nuclear decay to Nd-144
and Y-89 respectively.

The total mass deficiency of the reaction is

0.2146 amu (atomic mass units).

This is the amount of mass converted

13
to energy by the reaction and represents 8.2 x 10
J/kg of
U-235 (3.527 x 10

BTU/lb).

The enormously greater energy per unit

mass of nuclear fuels relative to fossil fuels is one of the properties which makes nuclear power attractive.

3.2

Nuclear Reactors
A schematic view of both a conventional power plant and a nuclear

power plant is shown in Fig. 4.

The basic operation of a nuclear plant
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is depicted in Fig. 5. Although there are several different ways of
building a nuclear reactor, the essential components are nuclear fuel,
moderator, coolant, and structural materials. The usual arrangement
has the fuel dispersed in a regular fashion throughout the moderator.
This results in a chain reaction in which the neutrons which are
released initiate further fission, which causes the fuel to heat up.
The coolant carries this heat out of the reactor to exchange with the
power plant's working fluid.

(A slight variation of this arrangement

use the reactor coolant as the generation plant working fluid.)

3.2.1

Nuclear Fuel

The basic fuel for a nuclear reactor is uranium.

Naturally

occurring uranium is predominantly a mixture of two isotopes of
uranium.

These isotopes, U-235 and U-238, differ in mass and fission-

ability.

The U-235 atoms are the only ones which will undergo fission

in thermal reactors of a practical nature. To make U-238 fission
requires special techniques not presently used in power reactors.
In natural uranium, there is approximately one atom of U-235 for
every 139 atoms of U-238. Therefore reactors using natural uranium
are designed with special care to make effective use of these low
U-235 levels. The design problem may be eased by the use of enriched
uranium, that is, processed uranium in which the U-235 level has been
artificially increased. Other nuclear fuels which are being used are
Pu-239, produced by absorption of neutrons by U-238, and U-233, produced
in a similar manner from natural thorium.
In actual practice, reactor fuel consists of a mixture of fissionable
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Schematic Diagrams of Conventional and
Nuclear Power Plants
Source: Reference (ll).
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Block Diagram of a t y p i c a l CANDU
Source: Reference (11).
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material (U-235, Pu-239, or U-233), which is the primary source of
neutrons, and fertile material (U-238 or Th-232), which consumes
neutrons to produce additional fissionable material.
Nuclear fuel for a reactor may be present as metal, oxide or
other suitable chemical form.

In Canadian power reactors, the fuel

used is natural uranium oxide. (Fig. 6)

3.2.2

Moderator
The moderator, which fills the space between the uranium fuel

rods, serves to slow down the neutrons to appropriate energy levels.
Normally the neutrons released during fission travel at very high
speeds as a result of which their likelihood of striking a nucleus
to continue the reaction is small. By moderating their speeds, more
effective use can be made of the neutrons.

To be effective, a modera-

tor should contain a large proportion of atoms of certain light
elements which have good neutron slowing properties. The best moderators are water (H,0), heavy water (D-0), graphite (C), and beryllium,
either as metal (Be) or oxide (BeO).

In the current counnercial CANDD

design, moderating is effected by heavy water.

Enriched fuel permits

the use of cheaper moderators such as ordinary water.

In American

designed nuclear reactors fueled with enriched uranium, ordinary
water is used.

In most British and French power reactors, solid

graphite is used.
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Fig. 6

Fuel Fabrication Process for CANDU PHWR's
Source: Reference (12).
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3.2.3

Codant
The heat generated by fission would cause the fuel material to

melt if it were not cooled. All power reactors except those in
which the fuel itself circulates employ a coolant for two purposes,
to prevent the fuel from melting, and to transport heat away from
the reactor core for eventual use in steam raising.

Fluids used

for this purpose include air, carbon dioxide, helium, ordinary water,
heavy water, and liquid sodium.

Liquid organic compounds may also

be used.

3.3

Sources of Radioactive Effluents from a Nuclear Reactor
Emissions to the atmosphere during normal operation of a nuclear

power plant may consist of radioactive materials formed in the reactor,
either by fission or by neutron absorption.

Fission fragments are

the source of thermal energy, and represent the largest source of
radioactivity in a nuclear power plant. To a large extent, these
fragments remain in the fuel material from which they originate.
The fuel and nearly all the fission fragments are contained within a
relatively inert sheath that serves to prevent corrosion and erosion
of the fuel and to provide structural support for the fuel.

The

cladding is usually stainless steel or zirconium metal or alloy although
aluminum has been used.

The thickness, which is dictated by structural

strength, neutron economy and heat transfer considerations, is from
0.25 to 0.85 mm.
A finite probability of cladding failure exists for any reactor
and once the cladding does fail the coolant becomes contaminated.
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Another source of coolant activity is tramp uranium.

In the manu-

facture of fuel elements, the outer surface of the cladding tends to
become contaminated with uranium.

Cladding material itself, as well

as some of the coolants used, may contain uranium as an impurity.
This uranium gives rise to fission products whose movement within the
primary system is not inhibited by the fuel cladding.

This tramp

uranium is a source of radioactivity that is a possible effluent.
Generally speaking, the tolerable amount of uranium on the outer
surface of all the cladding present in a reactor is in the neighbourhood of 50 mg.
A major source of activity in the coolant of some reactors is the
oxygen contained in the coolant itself.

Several nuclear reactions

can lead to the production of radio-nitrogen from oxygen.

Fortunately

the products decay in a matter of minutes and the decay facilitates
their disposal.
A further source is the recoil of fission product tritium from
the surface of the fuel.

This fragment, with 19 MeV of kinetic

energy, is capable of penetrating the thinner fuel element cladding
and may be found in the coolant of some reactors.

In heavy water

reactors neutron activation of deuterium also occurs.
There are minimum levels of impurities beyond which further
purification is impractical.

These residual levels are sufficiently

high, in the case of some coolants, that after the impurities are
made radioactive by neutron bombardment in the reactor core, they
make a substantial contribution to total coolant activity.

Most

of the activity present however is from impurities that are added to
the coolant from metallic sources in the reactor system via corrosion
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and erosion.
Some reactor designs incorporate ventilation of the area in
which the core vessel is located.

This entails exposing air to fairly

large neutron fluxes which can activate the argon content of the air.
This radio-argon is disposed of as a component of the ventilation air
exhausted to the environment.

3.4

Emission Rates

Table 5 lists the typical longer-lived fission product radionuclides in liquid form that are usually found in the primary coolant
of a Boiling Water Reactor (BWR).

(13)

The abundance of any one isotope

depends on the type as well as the number of cladding defects. There
may be several different types of imperfections in the core at any
one time.

The concentrations in Table 5 are those expected in the

typical BWR primary coolant. Based on cumulative experience to date
they represent the amount of activity expected to be present with
25 fuel defects of various kinds. The distribution will be similar
for a Pressurized Water Reactor (PWR) or a High Temperature Gas
Reactor (HTGR).

'

Table 5 also contains typical activation products and representative concentrations found in reactor systems. The nature of the
activity depends on the materials exposed and the level of impurities
in the coolant.
Gaseous fission products are constantly removed from all types
(13)
of reactor systems.
Typical release rates of the gases at various
times of removal are given for a BWR in Table 6.
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Table 5:

Isotope

Expected Activities of Radionuclides in the
Primary Coolant Water of a BWR.

Fission Products
Half-life
Activity
(mCi/Bl)

Cs 138
Y 91m
I 134
Ba 139
Br 83
I 132
Sr 92
Y 92
Ic 99m
I 135
Sr 91
Y 93
Zr 97
I 133
Ce 143
Rh 105
La 140
Np 239
Y 90
Ho 99
Te 132
I 131
Nd 147
Ba 140
Cs 136
Pr 143
Eu 156
Ce 141
Nb 95
Te 129m
Ru 103
Sr 89
Y 91
Zr 95
Cm 242
Ce 144
Ru 106
Eu 155
Cs 134
Sr 90
Cs 137

32 nin
51 min
53 min
83 Bin
2.3 hr
2.3 hr
2.7 hr
3.6 hr
6 hr
6.7 hr
9.7 hr
10.3 hr
17 hr
20.8 hr
33 hr
36 hr
40 hr
56 hr
64 hr
66 hr
77 hr
8 day
11 day
13 day
13 day
14 day
15 day
33 day
35 day
37 day
40 day
51 day
58 day
65 day
163 day
280 day
lyr
1.7 yr
2yr
12 yr
29 yr

0.06
0.06
0.08
0.06
0.0005
0.04
0.035
0.04
0.18
0.04
0.23
0.015
0.00001
0.03
0.00001
0.009
0.005
0.08
0.003
0.0075
0.017
0.0045
0.00002
0.003
0.000035
0.000013
0.000002
0.000013
0.000014
0.000045
0.0000065
0.001
0.00065
0.000014
0.0000005
0.000012
0.00000009
0.000001
0.000055
0.00008
0.00008

Half-lives greater than 30 minutes.

Corrosion and Activation Products
Isotope
Half-life
Activity
(mCi/al)
F 18
Mn 56
Nl 65
Cu 64
Zn 69m
Na 24
W 187
P 32
Cr 51
Fe 59
Co 58
Ta 182
Zr 65
Ag 110m
Co 57
Ma 54
Fe 55
Co 60

1.8 hr
2.6 hr
2. 6 hr
12. 7 hr
13. 8 hr
15 hr
24 hr
14 day
27 day
45 day
70 day
115 day
245 day
270 day
290 day
300 day
2. 7 yr
5 yr

0.004
0.052
0.00025
0.02
0.00003
0.006
0.003
0.00002
0.001
0.00008
0.028
0.00002
0.000008
0.000063
0.00002
0.000042
0.0002
0.0044

Half-lives greater than 1 hour.
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Table 6:

Isotope
Kr 83m
Kr 85m

Emission Rates of Noble Gases from a BWR.

Half-life

Release Rate at t • 0 min.
(yCi/sec)

Release Rate at t - 30 min.
(yCi/sec)

1.86 hr

0.85 x 10 3

hr

3

0.73 x 10 3
1.4 x 10 3
2.5 to 5.0*
0.38 x 10 4
0.45 x 10 4
0.45 x 10 2

4.4

Kr 85

10.74 yr

Kr 87
Kr 88

76

Kr 89

2.79
3.18

Kr 90

32.3

Kr 91

8.6

Kr 92

1.84

Kr 93
Kr 94

1.29

Kr 95
Kr 97
Xe 131m
Xe 133m
Xe 133
Xe 135m
Xe 135
Xe 137
Xe 138
Xe 139
Xe 140
Xe 141
Xe 142
Xe 143
Xe 144

1.0
0.5
1.0
11.96
2.26
5.27
15.7

min
hr
min
sec
sec
sec
sec
sec
sec
sec
day
day
day
niHn

1.5 x 10

2.5 to 5.0*
0.5 x 10 4
0.5 x 10 4
0.33 x 10 5
0.7 x 10 5
0.33 x 10 5
0,33 x 10 5
2.5 x 10 4
0.48 x 10 4
0.43 x 10 3
0.35 x 1O 1
0.38 x 10 1
2

0.38

X

101

0.73 x 10
2.1 x 10 3

0.7 X 10 2
2.1 X 10 3

0.65 x 10 4

1.7

X

104

9.16 hr
3.82 min

4

0.45 x 10
0.38 x 10 3

0.45 X 10 4
1.7 X 102

min
sec
40
13.6 sec
1.72 sec
1.22 sec
0.96 sec
sec
9

2.23 x 10 4

0.43 X 104

14.2

Totals

0.7 x 10

5

0.75 x 10 5
0.6 x 1O 5
1.83 x 1O4
0.3 x 10 4
1.4 x 10 2
=2.5 x 10 6

=1.0 x 10

These rates are based on sufficient fuel cladding defects to result in,a
total off gas release rate of 25,000 jiCi/sec after a 30 minute decay.
Estimated from experimental observations.
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3.5

Environmental Effects of Nuclear Fueled Power Cycles

3.5.1

Nuclear Fuel Recovery

Uranium has been mined for centuries, particularly in
Czechoslovakia, and has been used as an ingredient in fluorescent,
decorative glass. The hazards of uranium mining have also been long
recognized and discussed.

'

The use of uranium as a nuclear fuel

for the generation of electricity has however only recently come
about.

Uranium mining is much like non-ferrous hard rock mining.

The health effects of fuel recovery will be discussed in a later
section.
In order to obtain the 77,750 tonnes of 0.2% ore necessary to power
a 1000 MW(e) power station for one year, about 6.5 hectares of land
would be damaged and 2.3 x 10

tonnes of overburden would be produced.

While the land damage and overburden produced is just as severe a problem on a per unit mined basis as coal mining, the much higher energy
content of the nuclear fuel makes the damage to the environment much less.

3.5.2

Uranium Milling and Refining
Uranium ore is not used directly from the mines. Prior to use

at the reactor the uranium ore must be milled (mechanical and chemical
processing to extract U,Og), enriched with respect to the concentration of fissile uranium, U-235, (this step is not necessary for CANDU
reactors), and fabricated into fuel elements.
A major problem of uranium milling, and to a lesser extent of
uranium refining, is the production of uranium tailings.

These
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are the solid residues obtained after the uranium is chemically
separated.

Normally the residue is piled near the mill or refinery.

Radioactive radon-222 gas is produced from the decay of Ra-226.
Contact with water results in a slow leaching of radioactive Ra-226,
of half life 1622 years. Radioactive isotopes formed by the decay
of radon-222 include polonium-218 and polonium-214, which have
chemical and physical properties that cause them to be deposited in
the lung causing a possible health hazard.

3.5.3

Fuel Reprocessing
Reprocessing of spent fuel elements from nuclear power reactors

is part of the nuclear fuel cycle (although not at present in the CANDU
reactor system). A concern frequently expressed is that the large
scale handling of plutonium in the fuel cycle will unavoidably lead
to losses of plutonium into the environment.

In view of its toxicity,

the maximum permissible concentration of plutonium in air and water
has been set in the United States at 6 x 10~

and 5 x 10~ pCi/ml

respectively.
As discussed previously, plutonium is produced in the nuclear
reactor itself as a result of neutron absorption by U-238. Commercial power reactors in the United States and many other countries in
the world are fueled by enriched uranium. When the fuel is replaced
after perhaps three years exposure in the reactor there is a significant amount of U-235 remaining in the fuel element, together with
the plutonium produced by neutron absorption. About 240 kg/yr of
plutonium can be recovered from the spent fuel discharged from a
1000 MW(e) water reactor/ 18 '
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Although the plutonium will be most useful eventually for the
start-up inventory of fast breeder reactors (if they are developed),
plutonium can be re-cycled as make-up fuel for existing thermal reactors.

In the CANDU system, no credit for plutonium produced is taken

into account in the economics.

There is therefore no present incen-

tive for reprocessing CANDU irradiated fuel.

Incentives for fuel

reprocessing in the CANDU fuel cycle may arise if the demand for
plutonium for future fast breeders becomes sufficiently high.
There is also the possibility of re-cycling plutonium in the CANDU
system itself should the economics become favorable.
Fissioning of uranium-235 produces, in addition to the prompt
release of energy, a slower release of energy in the form of radioactive fission products.

Although this delayed energy release accounts

for some of the useful heat production in a reactor it also produces a
potential problem in disposal or reprocessing of the products.

In

reprocessing, the fission products which have been so carefully
retained in the fuel element while in the reactor core are unlocked
from the fuel matrix, and are separated from uranium and plutonium.
During the various steps of the actual separation process (aqueous
or non-aqueous), there is always a possibility of leakage of these
radionuclides.
fission products

Given the situation that accidental releases of these
during the plant operation

can be taken care of

by safe design and good housekeeping practices, the storage, management
and eventual disposal of these radioactive wastes poses the greatest
problem.
The yearly rates at which radioactivity in the irradiated fuel
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from a 1000 MW(e) light water reactor appear at the reprocessing plant,
after 150 days of cooling, are listed in the fifth column of Table 7.

(19)

When the fuel is dissolved, all of the noble gas fission fragments,
containing 373,000 Ci/yr of 10.76 yr Kr-85, are discharged to the atmosphere through a stack tall enough to obtain adequate atmospheric
dispersion, so that the radionuclide concentrations will be well
below the Maximum Permissible Concentrations (MPC) before the discharge gas reaches the site boundary.
The indicated iodine release of 0.06 Ci/yr is based on an iodine
decontamination factor of 1000 for the iodine scrubber system.

The

release of 3.7 Ci/yr of Ru-106 in the liquid waste, 0.9 Ci/yr of other
airborne fission products, and the 0.0037 Ci/yr of transuranics in
gaseous effluents were derived from data in reference (20).

The

volumes of high-level wastes shown in Fig. 7 were also derived from
data in this reference.

Plutonium remaining with the high level

wastes is 0.5% of the total plutonium processed.
Solid wastes of lower activity result from off-gas cleanup,
solvent washes, spent ion-exchange resin and other clean-up and decontamination operations.

These wastes, principally in the form of

nitrate and nitrite salts evaporated from solution, are stored in
metal containers inside a concrete vault.

Typically these wastes

contain 8 g of plutonium, 0.2 kg of uranium, and less than 0.01% of
the total fission products per tonne of uranium processed.

(21)

The yearly quantities for the 1000 MW(e) nuclear plant are 3600 Ci
plutonium, 0.002 Ci uranium, and less than 13,000 Ci fission products.
The release figures for a 1000 MW(e) CANDU reactor would be
similar, differing only in the amount of plutonium, tritium and cer-
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Table 7: Radlomiclldea In Light Water Reactor Futl
Radtonuclldea

Tritium. H-3

Half-life

Reactor Inventory
(106 Curlea)

12.26 yr

0.0723

In Dlacharge Fuel (10 Ci/yr)
at
150 day
diacharga decay
0.0239
0.0241

Krypton , 83a
85a
85
87
88
89
90
Total

1.86 hr
4.4 hr
10.76 yr
76
aln
2.8 hr
3.18 aln
33
sec

5.71
17.2
1.16
34.0
49.0
61.8
58.5
325

1.90
5.70
0.383
11. 3
16. 5
20. 3
22. 7
107.7

Strontlua 89
90
Total

52,.7 daya
27,,7yr

71,.6
7,.8
526

23. 8
2.58
174

Iodine

129 1.7 x io;'yr
131
8.05 daya
132
2..26 hr
133
20..3 hr
134
52..2 aln
13S
6.68 hr
136
83
aec

Total
Zenon

External Radiation

3.22
2.56
5.78

0
2.02
2.02

Internal Hazard, Bone and Lung

.1.03
1.00 l<io- 6 1.02
23. 9
6.01 x 10J 0
34. 2
0
0
45. 6
0
0
51. 8
0
0
40. 7
0
0
17. 9
0
0
,.-6
S
337
6.,11 x 10"
1.03 x

0.582
3.29
137
36. 8
25. 7
132
128
107
680

0.193 9.05 x 10" 5
1.09
0
45. 6
0
12. 2
0
8.52
0
43. 8
0
42. 5
0
35. 6
0
225
9.05 x 10" 5

134
137

2.046
30.0 yr

19. 0
9.92
595

6.32
3.29
198

Zr, Mb, Ho, Tc, Xu, Rh,
Fd, Ag, Cd, In, Sn, Sb
Rare Earths:
4140
La, Ce, Pr, Sd, Pa, Sa,
Eu, Gd, Tb, Dy, Ho
Total Fiaalon Producta

Uranium 237
239
Total

11,970

6.75 days 108
23.5 ain 1708
1816
(90.4 tonnes)

Plutonlua
238
86.4
239 24,390
240 6,580
241
13.2
242 379,000
243
4.98
Total

yr
yr
yr
yr
yr
hr

Fiaalonable Plutonlua
(Pu-239 + Fu-241)

External Radiation

0.215
2.61
2.83

Internal Hazard» Muacla Tlaaue

54.1

0.0450

External and Internal Hasard

48.8

0.416

External and Internal Hazard

5.49
3.26
8.75

3970
130
(0.97 tonnea/yr)

(0. 57 tonnes)

(0.188 tonne/yr)

Total Actlnldea
3614
Th, Fa, V, Np, Fu, Aa, Cu
Activated Zircaloy Cladding 12.9
and Inconel Spacera
(25.6 tonnes)
(Cr, Mn, Fe, Co, Ni, Zr, Nb, Sb)

9.98

35.9 7.42 x 10"' 0
566
O
0
601
2.72 i l O 3 2.1!> x 10,-5
(29.9 tonnea/yr)
0.0459
0.0483
0.,0105
0.0107
0.,0166
0.0166
4. 11 . 4.04
4.14 x 10"' 4.14
7.,35
0
11. 57
4.11
(0.188 tonnea/yr)

1.14

0.0463
0.0107
0.0166
2.42
4. 14
0
2.49

3.79

1198

Internal Hasard, Thyroid

0
0
0
0
0
0
0
0
0

0.138
0.0318
0.0500
12.4
,
1.24 x 10 *
22.2
34.9
(0. 81 tonnes)

Aaerlciua (241, 242a, 242,
243) and Curlua (242, 243,
244)

Source: Reference (19)
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Internal Hazard

0
0
0.201
0
0
0
0
0.201

11. 8 daya
2.26 daya
5.27 daya
15. 6 aln
9.14 hr
3.9 aln
17. 5 aln
43
aac

Total

Health Consideration!

0
0
0.373
0
0
0
0
0.373

131a
133a
133
135a
135
137
138
139

Total
Cealua

3.03 x 10.-6
71,,9
103
137
156
123
54.0
1017

10 year
decay
0.0139

External and Internal Hazard

Internal Hazard, Bone, Llv*r,
Lunge, Lyaph

Internal Hazard

4.45

4.28
0.967
(8.5 tonnea/yr)

2.55

External and Internal Hazard
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tain fission products (such as strontium) produced.

The releases

Indicated on the flow sheet are those resulting from the reference
1000 MW(e) plant.

Commercial fuel reprocessing plants are now designed

to handle uranium throughputs of from 1 to 4 tonnes per day.
larger plants are indicated for most economical operation.

Even

Therefore,

the total release from the fuel reprocessing plant will be much greater
than indicated on the flow sheet.

A 4 tonne per day plant could handle

the requirements of 42 light water reactors of the indicated size
and would therefore have about 42 times the effluent.
A fuel reprocessing plant represents a far greater source of
environmental release in normal operations than a nuclear power plant.
Essentially all of the Kr-85 and H-3 (tritium) formed in fission by
the many reactors served by it would be released at the reprocessing
plant.

3.5.4

Canadian Nuclear Steam Electric Generating Plants

Nuclear energy generation has been growing steadily in Canada.
Canada's first demonstration nuclear power station, the NPD (Nuclear
Power Demonstration) has been operating since April 1962.

The net

output of NPD is 22.5 MW(e), and the reactor is situated at Ralphton,
Ontario.

The first commercial power station, Douglas Point, has a

net output of 208 MW(e) and has been operating since November 1966
in Triverton, Ontario.

The second commercial station, Gentilly, is

situated at Point-aux-roches, Quebec and has a power output of
250 MW(e).

The reactor became critical in November 1970.

Canada's

biggest nuclear power station is at Pickering, Ontario and is a four
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unit system, each having a capacity of 514 MW(e).

The units achieved

criticality in February 1971, September, 1971, April, 1972, and
May, 1974 respectively.
Other Canadian nuclear reactors include the 20 MW(e) NRX
research reactor which was subsequently (in the early 1950*s)
modified to 40 MW(e), the 200 MW(e) NRU reactor which commenced operation in 1958, and the 40 MW(e) WR-1 Whiteshell Nuclear Research
liquid organic cooled reactor which began operation in 1965. The
average stack and liquid effluent releases from all Canadian reactors
(22)
up to 1970havebeen discussed by Marko and Barry.
Their results
are reproduced here in Tables 8 and 9.

The total Canadian nuclear

electricity generation capability in March 1973 was 2000 MW(e).
further 4,100 MW(e) were under construction or committed.
Department of Energy, Mines and Resources

(2)

A

The

estimates that by 1985

there will be about 15,000 megawatts of nuclear power capacity installed in Canada. Figures for 1990 and 2000 are 30,000 megawatts and
100,000 megawatts respectively.

3.6

Environmental Releases from Future Levels of Nuclear Power in
Canada
The Department of Energy, Mines and Resources predicts the nuclear

power generation capability in Canada in the years 1980, 1990 and 2000
to be 45 x 10 , 180 x 10 and 502 x 10 MWh respectively.^2'

These
ese

figures may be used along with the figures from Wilson and Jones (10)
to obtain an estimate of the extent of the emissions and disposal
problems for nuclear power generation in Canada. The data of Wilson
and Jones pertain to U.S. light water reactors. The figures on input
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Table 8:

Average Stack Releases from Canadian
Nuclear Reactors, 1964 - 1970.
1964

NRX + NRD
.
Noble Gases
Tritium (oxide)
1-131

1965

1966

1967

1968

1969

1970

12.5

12

11

27

45
28

21

110
7

280
26

Ci/day
16.5

WR-1
.
Noble gases
Tritium (oxide)
1-131
NPD
Noble gases
Tritium (oxide)
1-131
Douglas Point .
Noble gases
Tritium (oxide)
1-131 (x 10~4)

Reactors at full power

Source: Reference (22 )

10

17

6400
15
<0.01

30
Not detectable
<0.002
—

25
<5 x 10.-6

15

440
30
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Table 9:

Liquid Waste Discharged from Canadian
Nuclear Reactors, 1964 - 1970.
1964

1966

1967

1968

1969

1970

mCi/day

HRX + NRU
Gross Beta
Sr-90
WR-1
Gross Beta
(x 10~3)
NPD
Tritium (oxide)
Gross Beta

1965

317
34

64
5.1

58
2.9

55
2.0

56
1.7

331
7.5

na
na

-

-

-

=1

=1

=1

=1

1500
0.56

Douglas Point
Tritium (oxide)
Gross Beta

Source: Reference (22 )

740
0.07

1100 10,100 15,900 14,800
0.04
0.35
0.21
0.05
1200
15

2700
33

9600
0.06
2600
58
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in terms of tons of ore and nuclear grade U.Og for nuclear reactor
fueling were adjusted for a 1000 MW(e) PHWR.

The tritium release

figure of 0.280 Ci/MW(e) was obtained from Marko's and Barry's
work

(22)

on Canadian sectors. Table 10 shows the results of this

analysis.
A comparison was made of the total radioactive isotope inventory
of the nuclear power cycle with and without fuel reprocessing.

Fuel

which is not reprocessed is assumed to be stored in its original
cladding in suitable underground storage locations. This comparison
is shown in Tables 11 and 12.
Since CANDU PHWR's are greatly different in construction and
operation from light water reactors it is difficult to use data for
the latter to make comparisons with fossil fuel plants.
Table 13 shows the environmental radioactivity releases from
Pickering Nuclear Generating Station in 1974. This station generates
2056 MW(e) in four 514 MW(e) units. The fourth unit was brought into
service in June 1973 so that the figures here are those from the
first full year of operation.

These figures from Pickering may be

compared with the releases from U.S. BWR's and PWR's.

The release

figures are in all cases those from the generating plant alone. No
other part of the nuclear cycle is represented in this comparison.
The CANDU fuel cycle is somewhat more simple than that for U.S.
power reactors since no fuel enrichment is needed.

Likewise, at

this time, no credit is given for reprocessing spent fuel.

These

two areas, especially the fuel reprocessing, are the source of most
of the effluents from the nuclear cycle. An estimate of the impact
of nuclear power generation in Canada in 1980, 1990 and 2000 is given
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Table 10: Environmental Effects of Light Water Reactor Power
Generation at Predicted Levels of Canadian Heavy
Water Nuclear Power - 1980, 1990, and 2000.
1000 W(e)
Input uranium ors
Land dasage
Overburden

1980

7.77 x 10' 4.38 x 10 5

tonnes

6.48

hectares
tomes

36.4

2.30 x 10° 1.30 x 10'

1990

2000
4.89 x 10°

1.75x10"

407

146

5.20 x 10' 1.45 x 10*

Milling and Concentration Gaaeoua laissions
xn-222
U-226
Th-230
Uraolua
Nitrogen oxldee

Cl
56.7
Cl
0.0226
Cl
0.0226
Cl
0.0334
tonnes
6.42

319.6
0.127
0.127
0.1SB
36.2

1278
0.510
0.510
0.753
US

3565
1.42
1.42
2.10
404

Milling and Concentration Liquid laissions
UraaluB
Th-230
la-226

Cl
Cl
Cl

0.134
3.20
0.051

0.755
18.04
0.287

8.43
201
3.21

3.02
72.14
1.15

end Concentration Solid Vaatea
Total
Th-230
la-226

tonnes 7.75 x 10* 4.37 x 10 5
Cl
53.5
301.5
Cl
31»
5C.6

1.75 x 10*
1206
1276

tonnes 3.34
tonnes 0.10
tonne» 0.20
Ci
0.0132

18.8
0.56
1.15
0.074

75.3
2.25
4.63
0.298

4.88 x 10*
3364
3559

Conversion Gaseous laissions
Nitrogen oxides
Fluorides
Sulphur oxides
Oraalua

210
6.28
12.9
0.830

Conversion Liquid Baissions
Dra
Th-230
ta-226

Cl
Cl
Cl

0.027
0.025
0.25

0.152
0.141
1.41

0.609
0.564
5.64

1.70
1.57
15.7

kg
Cl

34.2
15.5
0.26

193
87.4
1.46

771
349
5.86

2150
975
16.35

11.1
0.626
20.3
0.0002

62.4
3.53
115
0.0011

249
14.2
458
0.0045

Conversion Solid Wastes
Total ash
Stored ash
0» Th In stored aah

Isotope Separation Caseous Baissions
nitrogen oxides
Fluorides
5ulphur oxides
Oranluei

tonnes
tonnes
tonnes
Cl

690
39.4
1280
0.0126

Isotope Separation Liquid Emissions
Sodlus chloride
Calclua
Sulphate
Dranlua

tonnes 22.1
tomes 7.17
tonnes 7.17
Cl
0.029

125
40.4
40.4
0.163

499
161
161
0.654

1391
4SI
4SI
1.82

Isotope Separation Depleted uranium

0-235

tonnes

154

869

3480

9700

Cl

56.3

317

1269

3540
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Converalon and Fabrication Gaaaoua Editions
nitrogen oxidea
«xaonla
Fluorldea
uranlua

tonnea 20.9
tonnaa
9.1
tonnea
0.35
Cl
0.00019

US
51.2
2.00
0.0011

471
204
7.97
0.0043

1310
S71
22.2
0.0119

0.110
0.055

0.442
0.221

1.23
0.616

173
0.33
0.135

691
1.33
0.S41

l»30
3.71
1.51

ralon and Fabrication Liquid Emissions
uranlua
th-234

ci
ct

0.0196
0.0098

rslon and Fabrication Solid Waataa
Calcium Fluoride
tTranluai in CaF.
Othar uranius

tonnaa 30.7
Cl
0.059
Cl

0.024

ftael Keprocesalng Gaecous Zaleaiona
Kr-85
1-3
1-129. 1-131
Other fission products
Transuranlcs
nitrogen oxldea

Cl 3.73 x 10* 2.10 x 106
Cl 2.06 x 10* 1.16 x 10S
0.06
0.34
Cl
0.918
Ci
5.17
0.0037
Cl
0.021
tonnea 6.71
37.8

8.41 x 10 6

2.34 x 10 7

4.64 x 10 5

1.30 x 10*

1.35
20.7
0.083
151

3.77
57.7
0.233
422

Fuel keprocesalng Surface Hater kun-off
g-3
tu-106
Sodliai

Chlorlita
Sulphate
Nitrate

Cl 3.34 x 10 3 1.88 x 10*
Ci
3.G7
20.7
25.8
tonnea 4.56
1.18
tonnaa 0.21
2.12
tonnaa 0.38
0.90
tonnaa 0.16

7.53 x 10I*
82.7
103
4.71
8.49
3.60

2.10 X 10 S

231
2«7
13.1
23.7
i.0.0

Fuel keproceeslng High Level Hastes
Total
Flutsclua
Cladding Hull»
Storage Area

Cl 1.3 x 10° 7.33 x 10°
Ci 2.05 x 10 1.16 x 10"
Cl 4.28 x 10* 2.41 x 1O7
2.3
hectares 0.40

2.93 x 10*

8.17 x 10*

4.62 x 10 S

1.29 x 10*

9.65 x 10 7
».l

2.69 X 10°
25.5

Fuel keproceaalng Intenwdlate Level tfaaces
m3

Liquid

31.4

in

70»

1970

Fuel kaprocesslng Low Level Waatea
B 3 1550

Liquid

8730

34,800

97.300

1100

4420

12,300

Awl leproceaeing Burled Solid Hastes
a3

local
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Sale, kecyele, or storage Flutonliai

9.22 x 107

2.57 x 10*

Cl
10
Cl
0.3
0 5.0 x 10*

56
225
1.69 ,
6.76 K
2.82 X 10* 1.13 x 10°

62»
18.» ,
3.14 x 10 s

Cl
50
Cl
0.S ' ,
Ct 7.0 x 10*

282
4.51 .
3.94 x 10*

3144
50.3 ,
4.4 x VT

Cl 4.09 x 10 6

2.31 x 10'

Ceneratlng Plant Gaacoua laissions

m

i-3
1-131
KP

+ Xa

rat i-3

1-131
ft + Xa

Sauna: After leferasce (10)

1127
18.0 ,
1.58 x MT
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Table 11: Total Radio-isotope Inventory for a Pressurized Water Reactor
with Fuel Reprocessing - 1980, 1990, and 2000.

1990

1980

2000

Rn-222

319.6

1278

3565

Ra-226

320.8

1283

3579

319.8

1279

3S68

Ci
Ci
Ci
Th-230
Uranium (except U-235) Ci
Ci
U-235
Ci
Th-234
Ci
Kr-85
Ci
H-3
Ci
1-129, 1-131
Other fission products Ci
Ru-106
Ci
Plutonium
Ci
Ci
Cladding hulls
Ci
Krypton and Xenon

10.58

2.64

1269

317

29.52
3540

2.32 x 10 7

9.26 x 107

2.41 X 10

7

9.65 x 10 7

2.82 x 10

S

1.13 X 106

0.616
2.34 x 107
1.51 x 106
54
57.7
231
2.58 x 108
2.69 x 108
3.14 x 106

2.93 x 10 9

8.17 x 109

0.055

0.221

2.10 x 106

8.41 x 10 6

1.35 x 105

5.39 x 10 3
19.35

4.85
5.17

20.7

20.7

82.7

Total high level fuel reprocessing waste
Ci

,8
7.33 x 10'

Source: Based on Reference (10).

Table 12: Total Radio-isotope Inventory for a Pressurized Water Reactor
without Fuel Reprocessing - 1980, 1990, and 2000.

NO CHANGE FROM ABOVE
NO CHANGE FROM ABOVE
NO CHANGE FROM ABOVE
NO CHANGE FROM. ABOVE
NO CHANGE FROM ABOVE
NO CHANGE FROM ABOVE
NOT PRESENT TOTAL SOURCE IS FROM REPROCESSING PLANT
282
1127
3144
H-3
Ci
1-129, 1-131
Ci
4.51
18.0
50.3
Other fission products Ci
SPECIFIED ONLY IN FUEL REPROCESSING PLANT DATA
Ru-106
PRESENT ONLY IN REPROCESSING PLANT SURFACE WATER RUN-OFF
Ci
Plutonium
Ci
REMAINS LOCKED IN FUEL MATRIX
Cladding hull*
Ci
FART OF FUEL MATRIX, STORED
Krypton and Xenon
NO CHANGE FROM ABOVE
Ci
Total high level fuel reprocessing waste
STORED
Rn-222
Ci
Ci
Ra-226
Th-230
Ci
Uranium (except U-235) Ci
0-235
Ci
Th-234
Ci
Kr-85
Ci

Source: Based on Reference (10).
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Table 13:

A Comparison of Typical CANDU-PHWR (Pickering)
Emissions with those of U.S. BWR's and PWR's.
Tritium
(H s )

Iodine

Noble IBases

Particulate

B + Y

(I"1)

Radioactivity Released by
Pickering PHWR (2056 MW(e))
Stack
Liquid

(Ci)

2.49 x 10*

(Ci)

4

1.44 x

4.0 x 1O" 3

4.4

X 103

3.38 x 10" 2

10

2.61

Radioactivity Released
per 1000 MW(e) PHWR
Stack
Liquid

1.21 x 10*

(Ci)
(Ci)

0.70 x

i..95 x 10" 3

3
2.15 X 10

1.64 x 10~ Z

4

1.27

10

Radioactivity Released
by a U.S. PWR (1000 MW(«>)
Total

(Ci)

50

o.s

7.0 X 103

10

0.3

5.0 X 104

21

2.24 X

Radioactivity Released
by a U.S. BWR (1000 MH(e))
Total

(Ci)

Derived Release Limita

(DRL's)
Stack

(Ci)

Liquid

(Ci)

1.15 x

106

1.66 x 10

106

52
—

6

900

Pickering Release* as m
percentage of the DEL
Stack

0.2 X

Liquid

0.08 Z

0.02 Z

0.2 Z

0.06 Z

Source: Based on Ontario Hydro Submissions to the Porter Royftl
Commission on Electrical Power Generation.
Note: Pickering data i s based on 1974 emissions.

0.3 X
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in Table 14.
It is recognised that there will be some effluent (particularly
uranium oxide dust)

from CANDU fuel fabrication; however, in

the absence of any hard data on the

effluent, no projections for

this part of the cycle are made. In any event, it is expected that
the CANDU fuel fabrication portion of the power cycle will not
release any more activity in the form of uranium isotopes than the
conversion and fabrication part of the U.S. cycle. The nitrogen
oxides, fluorides, ammonia, and calcium fluoride emissions listed
for the U.S. scheme will be absent.
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Table 14: Estimated Environmental Effects of CANDU-PHWR Power
Generation in Canada - 1980, 1990, and 2000.
1000 MW(e)
Input uranium ore
Land damage

tonnes

7.77 x 10*

hectares

Overburden

6.48

tonnes

1980
4.38 x 10

1990
5

36.4

2.30 x 10

6

1.30 x 10

7

2000

1.75 x 10*

4.89 x 10 6

146

407

5.20 x 10

7

1.45 x 1O8

Milling and Concentration Gaseous Emissions
Rn-222
Ra-226
Th-230
Uranium

Ci
Ci
Ci
Ci

56.7
0.0226
0.0226
0.0334

320
0.127
0.127
0.188

1280
0.510
0.510
0.753

3570
1.42
1.42
2.10

0.755
18.0
0.287

3.02
72.1
1.15

8.43
201
3.21

Milling and Concentration Liquid Emissions
Uranium
Th-230
Ra-226

Ci
Ci
Ci

0.134
3.20
0.051

Milling and Concentration Solid Wastes
Total
Th-230
Ra-226

tonnes
Ci
Ci

7.75 x 10* 4.37 x 10 S
53.5
302
56.6
319

1.75 x 10 6
1210
1280

4.88 x 10 6
3360
3560

Generating Plant Gaseous Emission»
CANDU PHWR H - 3

Ci

1-131

Ci

Noble gases

Ci

Particulates Ci

1.21x10*

2.72 x 105

6.82x10*
3

2

1.95 x 10" 1.10 x 10"
2.15 x 10

3

0.0164

1.21 x 10*
0.0925

4.39 x lo"
4.84 x 10*
0.369

7.61 x 105
2

1.23 x 10"1
1.35 x 105
1.03

Generating Plant Liquid Emissions
CANDU PHWR H-3

Ci

B+ Y

Ci

7000
i.:n

39,500
7.16

158,000
28.6

440,000
79.9

Generating Plant Solid Wastes

155
8.83 x 109
150 days cooling
Ci
2.57 x 108
10 years cooling
Ci
2.07 x 107
Estimated storage area hectares
36
CANDU PHWR Total

At discharge a c t i v i t y

tonnes
Ci

880
4.98 x l O 1 0
1.45 x l O 9
1.17 x 10 8
202

9780
3500
1.99 x 10 1 1 5.55 x 1 0 1 1
5.78 x 10 9 1.62 x 1 0 1 0
4.66 x 10 8 1.30 x 10 9
2270
810

t

A l l figures for Generating Plant Solid Wastes are based on U.S. l i g h t water r e a c t o r ' '
fuel a c t i v i t y f i g u r e s . The differences between these reactors and CANDU reactors w i l l
make some difference to the actual irradiated fuel a c t i v i t y and decay pattern, however,
as a f i r s t approximation the data shown here should be representative.

1

These storage figures are extrapolated from U.S. data on high l e v e l waste storage
where approximately 1 acre i s used t o store each 100 megacuries of discharge irradiated

fuel activity.
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4

HEALTH AND SAFETY EFFECTS OF THERMO-ELECTRIC POWER GENERATION

4.1

Occupational Risks

4.1.1

Risks of Accidents in the Fuel Extraction Industry
The extraction of fuels from the earth, in the form of mining

and cleaning coal, mining and milling uranium, and drilling for,
producing and refining petroleum and natural gas, involves certain
hazards in terms of accidents. The extent of these hazards varies
with the types of fuel extracted and the method of extraction. In
the following, comparison is made using fatalities and injuries resulting from accidents, and the disability day time-loss due to injuries.
The comparison is based both on available data and on estimates made
for this work.

The data used are shown in Tables 15, 16 and 17 in

which the assumptions involved in the calculations are also noted.
In order to smooth the fluctuations that might occur in accident
frequencies from year to year, averages are used where possible.

The

injury figures for coal, however, are based on the experience in
Canadian coal mines for the year 1970. These figures may, therefore,
be slightly higher than the true average figures for this situation.
Table 18 compares deaths, injuries and disability day totals for
the coal, oil and uranium necessary to operate a 1000 MH(e) power
plant of each type for one year. The contrast between coal and the
other fuels is striking, both in terms of the number of fatal and
non-fatal injuries and the number of disability days.

Table 15: Hazards of Coal Mining in Canada (1965-1975)
Production & Related Worker»
Total
Underground

Year

Production
Thousand tons

1965

10,433

9076

7715

—

14.54 Million

11 t

17

1

1966

10,142

8564

7279*

-

13.72

10 t

16

t

2846 S

1967

10,107

8227

6993*

-

13.18

21 t

15.4 t

2734 S

1968

9,969

7669

6519*

-

12.29

5 t

14.4 f

2549 S

1969

9,681

6670

5896

-

10.69

16 t

12.3 I

2217 S

1970

15,063

6963

6033

-

11.15

11

12.6 1

1971

16,722

7184

6343

11.626

-

7 t

13.2 1

2387 S

1972

18,782

7911

6552

12.283

-

10 t

13.6 f

2629 S

1973

22,473

7782

6445

12.939

-

11 t

13.4 I

2586 S

1974

21,270

7902

6443

12.442

-

6 t

13.4 t

2626 S

1975

25,259

8425

7161*

15.8 I

2800 S

estimated @ 85Z of Total Workers
S Calculated from the actual figure for
1970 and the total number of miners
working in each year.

Number of Mining-hours
Actual
Estimated

13.50

Number of Fatalities Number of Injuries
3 Provinces Canada
Actual Estimated
-

3016 S

-

2314

t

Actual fatalities in 3 provinces: Nova Scotia, Alberta and
British Columbia. (1970 figure is actual figure for total
fatalities in Canada)

1

Calculated from average 3 province fatality frequency over
the ten year period (except for the 1966 B.C. figure since
this included a disaster wherein 16 miners died) and the
total number of miners working in each year.

Sources: Statistics Canada Reports and Annual Reports of Departments of Mines of the various provinces.
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Table 16: Hazards of Oil and Gas Extraction in Canada (1965-1974)
Injuriesf

Disability Days'
10 3 days

Production
Oil Natural Gas
10 6 ta3 1 0 6 MCM

1965

:47.12

40.8

7910

4648

3262

16.35

9.30 1

7.05 S

166.7

19.22

1966

50.96

37.9

7803

4428

3375

15.89

8.86 1

7.03 5

162.0

18.68

1967

55.85

41.6

7800

4249

3551

15.97

8.50 f

7.47 S

162.9

18.78

1968

60.32

47.9

7901

4434

3467

16.34

8.87 f

7.47

i

166.7

19.22

1969

65.34

56.1

8367

4821

3546

17.11

9.64

t

7.47

i

174.5

20.12

1970

J3.32

64.6

8063

4267

3796

16.82

8.53 1

8.28

!

171.5

19.78

1971

78.34

70.8

8175

4093

4082

17.10

8.19 f

8.91 S

174.5

20.11

1972

89.34

82.4

9141

4817

4324

18.99

9.63 1

9.36 S

193.7

22.33

1973 104.27

88.4

8874

4470*

4404

18.21

8.94 t

9.27

i

185.8

21.42

97.57

87.2

9315

4470*

4845

19.27

8.94 1

10.33 S

196.5

22.66

1974

Average Number of Empli
Total Drilling Produci

Million Han-hours

fear

f Estimated @ 2000 hours per worker-year

Average of 1965-1972
# Estimated 9 1176 disability days per 10
nan-hours
Source: Reference (23).

6

S Actual man-hours from Statistics Canada
+ Estimated @ 10.2 injuries per 10 «an-hours
Source: Reference (23).
MCM « Millions of Cubic Meters
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Table 17: Occupational Hazards of Uranium Mining
in Canada (1964 - 1974)
Year

Production
tonnes

Millions of
Mining Manhour*

Number of
Fatalities?

Number of
Number of
Injuries! Disability dayst

1964

6670

4.498

2.97

1965

4031

2.743

1.81

91.75

2569

1966

3567

2.427

1.60

81.18

2273

1967

3386

2.308

1.52

77.20

2162

1968

3358

2.285

1.51

76.43

2140

1969

3496

2.379

1.57

79.58

2228

1970

3723

2.534

1.67

84.76

2373

1971

3726

2.536

1.67

84.83

2375

1972

4428

3.014

1.99

1973

4231

2.879

1.90

96.30

2696

1974

4323

2.960

1.95

99.01

2772

150.4

100.8

4211

2822

1 Based on average fatality per million man-hours of 0.66 (Reference 24)
S Based on average injury per million man-hours of 33.45 (Reference 24)
t Based on average time loss per injury of 28 days
Source: Statistics Canada

(Statistics Canada 1972)
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Table 18: Accident Statistics of Fuel Recovery for Electrical
Power Generation.
EVENTS PER 1000 MCT(e) PLANT YEAR
TYPE OF FUEL

DEATHS

INJURIES

549

15,372

OIL

3.3
*

5.1

596

URANIUM

0.7

3.54

99

COAL

DISABILI

No deaths reported.
Note: All accidents listed in Table
for oil and gas recovery were
arbitrarily assigned to oil recovery in the absence o£ specific
data since the energy content of the oil is much greater than
that of the gas produced.

Source: Data presented in Tables 15, 16, and 17.
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4.1.2

Risks of Occupational Disease in the Fuel Extraction Industry

The occupational hazards of fuel extraction are not limited
to accidents alone. Coal miners, for example, experience pneumoconiosis
(black lung) and other chronic respiratory diseases. Lainhart

(25)

has

shown a linear increase in the prevalence of pneumoconiosis among
working miners in the United States having 15 or more years of underground experience with the number of years worked. He derived the
following formula for the percentage of workers with definite
pneumoconiosis:
Worker

percentage = -12.12 + 0.95 y

(2)

where y = the number of years of underground experience.
Similarly, the Incidence of severe dyspnoea (shortness of breath)
and persistent cough were found to Increase with years underground.
In a random sample of bituminous coal miners and ex-miners 45-58 years
old,

(T?fi\

the prevalence of pneumoconiosis was found to be 46% and

that of progressive massive fibrosis, 7%. The severity of the pneumoconiosis was related to the number of years the men worked underground.

In the United States about 25% of coal miners get black lung

disease from the inhalation of coal dust.

(27)

In 1969, when the U.S.

government enacted a federal black lung benefit program to provide
special aid to coal workers totally disabled by pneumoconiosis, more
(28}
than 300,000 requests were received.
About 4,000 miners succumb
to this disease in the United States every year.

In the United Kingdom,

about 300,000 miners were working for the National Coal Board in 1970.
Of these, about 10,000 were receiving benefits for respiratory disabilities caused by pneuoconiosis attributable to their w'ork.

(29)
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Uranium miners should also be expected to have abnormal rates of
chronic disability because of occupational exposure to dust and radon
and its daughters. One aspect of the dust's presence is similar to
that for any hard rock mining; the dust produces silicosis in the
miner's lungs. A second aspect is more peculiar to uranium mining.
The mines are radioactive and therefore expose the miners to whole
body radiation.

In addition, the dust particles are small and radio-

active and thus deliver an especially high dose to the lungs. Many
studies have shown as association between uranium mining and ventilatory
dysfunction, and between uranium mining and lung cancer.
Table 19 gives the number of miners involved in underground coal
mining in Canada for the years 1965 - 1975. The assumptions used in
generating the numbers where documented data were not available are
explained in the notes to the table. Based on the regression noted
above (Lainhart) and incidence data on silicosis among uranium miners
as reported by the Ontario Workmen's Compensation Board,

(31)

the

numbers of expected cases of pneumoconiosis and silicosis for the
years 1965 - 1975 have been calculated and are given in Table 20.
The assumptions used in the calculation are as follows. Statistics
on the number of employees in Canadian coal mines show that through
1965 - 1975 the workforce has remained essentially the same size. It
may be reasonable to assume that this workforce has remained composed
of essentially the same men throughout this period.

If it is further

assumed that these men joined the mining industry about 1950 with
no underground experience, then according to the regression 2.13%
will be expected to develop definite cases of pneumoconiosis in the
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Table 19:

Tear

Nova

The Workforce in the Coal Mining Industry
in Canada (1965 - 1975).

Scotia

Alberts

British Columbia

Canada

Total Underground

Total Underground

Total Underground

Total Underground

1965

6,277

5,649*

1,186

296*

649

405

9,076

6,350

1966

5,875

5,288*

1,140

285*

614

347

8,564

5,920

1967

5,703

5,133*

1,126

282*

457

260

8,227

5,675

1968

5,311

4,780*

1,072

268*

553

195

7,669

5,243

1969

4,367

3,930*

1,197

299*

700

245

6,670

4,474

1970

3,653

3,102

1,654

414*

1,275

242

6,963

3,758

1971

3,319

2,763

2,068

517*

1,457

444

7,184

3,720

1972

3,695

3,075

1,890

472*

1,985

214

7,911

3,758

1973

3,573

2,469

1,644

411*

2,216

265

7,782

3,145

1974

3,392

3,053*

1,719

430*

2,017

202*

7,902

3,718

1975

2,703

2,433*

2,413

603*

2,834

283*

8,425

3,319

Estimated number of underground workers.
Yukon Territory.

Source:

Statistics Canada data.

Total figures for Canada include

Table 20: Occupational Hazards (Chronic Diseases) of Fuel Extraction in Canada, Coal vs Uranium
Coal
tear

Uranium

Number of Underground Coal Expected Cases of
Miners at Risk
Definite Fneunoconiosis

Huaber of Uraniun
Miners at Risk

Cases of Silicosis
New 4 Hating New 5 Rating Total
(Radiological)

1965

6,350

135

1,873

11.43

3.37

1966

5,920

182

1,213

7.40

2.18

9.58

1967

5,675

229

1,154

7.03

2.08

9.11

1968

5,243

261

1,142

6.97

2.05

9.02

1969

4,474

265

1,189

7.25

2.14

9.39

1970

3,758

259

1,267

7.73

2.28

10.01

1971

3,720

294

1,268

7.73

2.28

10.01

1972

3,758

329

1,507

9.19

2.71

11.90

1973

3,145

306

1,439

8.78

2.59

11.37

1974

3,718

397

1,480

9.03

2.66

11.69

Source:

Number of miners at risk data source is Statistics Canada
Fneumoconiosis frequency data is based on data from Reference (25)
Silicosis frequency data is based on Ontario Workmen's Compensation Board figures.
Lung Cancer data are from Reference 24

14.8

Cases of Lung
Cancer
Cumulative
from
1955
to
1974:
36
(see text)
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year 1965, 3.08% in 1966, and so on.
Two categories of silicosis cases for uranium miners have been
examined and the number of miners exhibiting these types of silicosis
estimated.
For the new " 4 " rating, which corresponds to "generalized
arborization", an incidence factor of 6.1 per 1000 man-years exposed
to risk has been used.

For the new " 5 " rating, "generalized

arborization with partial mottling", that is, the first definite sign
of radiological silicosis, an incidence factor of 2.5 per 1000 manyears has been used.
Uranium mining also causes lung cancer through exposure to radon
daughters.

Lundin et al

(32)

have estimated a dose-response curve for

lung cancer based on U.S. and European data on uranium miners, and
conclude that a linear relation fits the data as well as a quadratic
form (at least below 5000 WLM) and that 1000 WLM will increase the
lung cancer rate by 26 cases per 10,000 exposed miners.

Based on the

U.S. uranium miners median exposure level of slightly in excess of
1.0 WL, 1 miner-year is approximately 12 WLM or 1.2% of 1000 WLM.
Thus 1 miner-year can be equated to a lung cancer rate of 3.1 x 10
cases per year.
In Canada, the Royal Commission on the Health and Safety of
(24)
Workers in Ontario Mines
cancer due to uranium mining.

has established the excess risk of lung
The number of excess cases is estimated

from vital statistics data to be 36 for the period 1955 - 1974.
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If, for the sake of comparison, it is assumed that the median
level of exposure of Canadian uranium miners is also about 1.0 WL,
then the. expected number of cases of lung cancer for the period
1955 - 1974 can be estimated.
In view of the limited data available on the number of uranium
miners in Canada for the period concerned, it was assumed that the
average number of miners is about 2000.

Hence the cumulative exposure

of these miners from 1955 to 1974 works out to be 6 x 10
the corresponding number of lung cancers is 19.

WLM and

This figure is

comparable to that of the Royal Commission on Ontario miners.

(24)

The discrepancy could be in the correlation used, or in the estimate
of 1.0 WL as the median exposure of Canadian miners, or both.
The uranium industry is small enough that the current estimates
may not be appropriate if nuclear power is to be expanded substantially.
Many of the values used in the calculations here are estimates rather
than actual rates.

These estimates neither

encompass all the relevant

variables nor take into account other occupational diseases such as
bronchitis and emphysema or symptoms such as dyspnea.
It is desirable to convert data on occupational diseases to the
same basis as those for emissions and occupational accidents, that is,
normalized for one year's operation of a 1000 MW(e) power plant.
However, since occupational diseases are a function of both the amount
of labor involved in producing the fuel, and also the cumulative
exposure of the workers over many years, it is difficult to relate
these diseases to any one plant-year.
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Nevertheless, a one year average derived from several years of
data may be used as a first approximation.

If the total number of

cases of disease over the years 1965 - 1974 is added and divided
by the number of plant-years of fuel produced in those years an
average figure for each plant year may be obtained.

The values

which result are:

4.1.3

Pneumoconiosis from coal mining:

59.1 cases per plant-year

Silicosis (ratings 4+5) from
uranium mining

:

0.43 cases per plant-year

Lung cancer from uranium mining:

0.07 cases per plant-year

Occupational Risk to Power Plant Personnel

Some statistics on accidental injury and disability rates for
individual segments of the nuclear industry in Canada are published
by the Department of Labour but these are not fully differentiated
by the type of operation, and do not cover all the sectors of the
industry.

The accident rates for operation and maintenance of

fossil-fueled power plants are also not well documented.
The few statistics on mortality and injuries of atomic energy
workers that are available are given in Tables 21 and 22.

Table 21

presents the accident experience of Ontario Hydro, the major operator
of power reactors in Canada, from 1971 to 1975.
nature of these time-loss accidents.

Table 22 shows the

It may be noticed that no

injuries due to nuclear radiation exposure have, so far, been reported.
On the basis of data given in Table 21, the 5-year averages of
the number of time-loss injuries per million man-hours of operation
for nuclear and non-nuclear power stations are 4.0 and 8.6 respectively.
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Table 21:

Causes of Lost Time Injuries, Ontario
Hydro Nuclear Stations

197J.

1972

0
<1
14

0
0
14

1973

1974

1975

NUCLEAR FUELED STATIONS
Fatalities
Disabilities
Lost-time injuries
FOSSIL FUELED STATIONS
Fatalities
Disabilities
Lost-time injuries

All figures are per million man-hours worked.
Réf. C33)

Table 22: Ontario Hydro Industrial Safety Statistics

CAUSE

1972

1973

1974

1975

60
20
7

93
0
0

47

62

72
9

7

7

6
0
0
0
0

0
0
0
0
0

100
15

(PER CENT)

Body Mechanics
Mechanical
Electrical
Light
Heat
Chemicals
Radiation
Sound
Compressed Fluids
NTAGE TOTAL
L NUMBER TOTAL
Ref.

1971

(33)

12
0
0
18
18
0
6

23
0
8
0
0
0
0
8

100

101

99

99

14

17

13

11

0

0
9
0
9
0

0
0
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It may, however, be argued that phases of the nuclear industry
involve excess cancer mortality risks, and that other industries do
not involve such risks.

This is, however, not true, since there are

many industries which involve excess cancer mortality risks.

These

include the petrochemical industry, nickel smelting, the asbestos
industry, and the fluorspar industry.
The excess cancer mortality risks of the non-power activities of
the nuclear industry can be estimated from data on occupational exposure to employees of AECL and AECB licencees.

Other than the uranium

mining industry, no such deaths in any sector of the Canadian nuclear
industry have been reported.

The average dose from external radia-

tion reported for 1.237 workers at various AECL sites in 1966 was
0.75 R for Y radiation, and 0.6A rads for 6 radiation.

4.2
4.2.1

(34)

Public Health Risks
Fuel Transportation and Storage

Statistics Canada data on transportation accident rates are not
completely differentiated by commodity.
Transportation of coal in Canada is dominated by rail, using
mixed train systems.

The cross country transportation of coal in

railway cars, its loading and un-loading, involve problems of airborne dust and normal accident hazards.

In the past, most imported

coal for power generation in Ontario originated from the Appalachian
region of the United States.

This is a high quality steam coal,

relatively easy to handle and unload from rail cars and boats, and not
prone to generate a large amount of dust.

During handling and storage
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at the station, however, some dust is generated as a result of movement of mobile equipment over the coal piles. Future coal requirements
of the province are planned to be met with bituminous coal from western
Canada. Coal movement is expected to start in 1978 and reach about
(35)
3.6 million tonnes by 1980.
The coal will be moved from western
Canada to Thunder Bay in rail cars.

Although it is planned to spray

the coal surface in each car with a bitumastic solution, to form a
crust and prevent loss of coal dust, environmental problems of coal
transportation may be expected to increase.
Statistics on accidents and consequent injuries due to coal
transportation in Canada are not available. However, since the
number of coal shipments per electric megawatt is many times the
number of uranium shipments, more accidents and therefore more
accident disabilities must result from coal transportation.
Table 23 shows the amount of coal transported by train in
Canada during 1969 - 1974, excluding that imported from the U.S.
which was mostly moved by ship. The imports for this period amounted
to about 96 million tonnes. Of the total of about 75 million tonnes
of coal used for the production of electricity in Canada during the
period 1970 - 1974, about 37 million tonnes or about 49 per cent was
imported (almost exclusively from the United States); as such it
involved long-distance transportation.

In comparison, the amount of

uranium used to generate electricity during the same period amounted
to only about 674 tonnes, all from domestic sources involving shortdistance movement.

In fact, the total quantity of uranium production

and transportation, during this period, amounted to only about
21,000 tonnes.

i
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Table 23: Coal Transportation in Canada by
Train, 1969 - 1974.

Lignite

Other

Total

1969

6,624,056

440,974

28,196

7,093,226

1970

8,573,229

1,190,171

17,175

9,780,575

1971

10,162,642

776,978

15,552

10,945,172

1972

11,626,599

720,446

15,022

12,362,067

1973

12,732,946

668,736

24,730

13,426,412

1974

14,083,121

390,306

35,366

14,508,793

Total

68,116,246 tonnes

Source:

Statistics Canada data
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Crude petroleum and natural gas obtained from domestic sources
is transported, in Canada, almost exclusively by an extensive pipeline
network.

Imported crude and related products are transported by

tanker ship or by pipeline to the refineries.

The refined products,

both domestic and imported, are transported by pipeline, railways or
highways.

Natural gas, processed or unprocessed, is transported

almost exclusively by pipeline.
The potential for accidents and consequent occupational and
public-health risks in oil and gas transportation is present and
should be taken into account in risk assessments.

Canadian

statistics are not available, but using data from other countries,
visualization of the risk potential in Canada is possible.
In 1970 the ship Arrow ran aground in the Straits of Canso.
3
the course of the accident, 6,800 m
ocean.

In

of oil were spilled onto the

Much of this oil reached the shores of Chedabucto Bay where

great damage was done to the area's ecology.
The large spills make news, but in 1970 about one million tonnes
of oil were spilled in over 3,700 spills in the western hemisphere.
( 36}
According to Thor Heyerdahl,
"The major Atlantic trade routes are
covered not only with flotsam and jetsam but with an almost continuous
oil slick.".

In Table 23 are shown the recorded oil spills of over

150 m 3 for the years 1957 - 1971.

The total oil spilled in the U.S.
3
and its territorial waters alone was nearly 41,000 m in 1971 (Table 24).
The effects of these spills are many and varied.

Large spills

such as listed in Tables 24 and 25, can endanger a whole species of
fish by destroying a complete hatchery.

Even small quantities of

oil spilled can spoil the pleasure of a bathing beach by covering it
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Table 24:
Name/Location

Reported Tanker Spills in Excess of 150 Meters , 1957 - 1971
Date

Torrey Canyon, Scillies
3/18/67
6/13/68
World Glory, South Africa
Keo, Massachusetts
11/ 5/69
R.C. Stoner, Hake Island
9/ 6/67
2/20/66
A.M. Browig, 35 miles west of
Heligoland
Andron, West Coast of Africa
5/ 5/68
Ocean Eagle, Puerto Rico
3/ 3/68
5/ 5/70
Polycommander, Spain
Tampico, Baja California
3/57
2/70
Arrow, Straits of Canso
Pacific Glory, 6 miles nw of the 10/21/70
Isle of Wight
Gen. Colocotronis, Bahamas
3/ 7/68
4/29/68
Esso Essen, South Africa
7/17/62
Argea Prima, Puerto Rico
3/ 3/70
Ocean Grandeur, Australia
Oregon Standard, San Franciso
1/18/71
Esso Gettysburg, Connecticut
1/22/71
Otto N. Miller, 10 miles south of 3/27/65
Beachy Head
Witwater, Canal Zone
12/13/68
Bénédicte, 13 miles off Trelleborg 5/31/69
Floreal, 2 miles off Gibraltar
9/11/65
Evje, Alaska
5/ 2/67
Gironde, off Brittany
8/19/69
Tim, Pennsylvania
2/18/68
Eftyscosts, Bristol Channel
3/ 8/70
Esso Wandsworth, Thames River
9/23/65
4/30/69
Hamilton Trader, Liverpool Bay
12/27/70
Barge, New York
R.L Polling, H.H.
5/10/69
9/20/62
Marita, California
Florida, W. Falmouth, Haas.
9/10/69
Algol, New York
2/ 9/69
Hullgate, 4 miles off Beachy Head 4/ 8/71
Monti Ulis, Coryton
7/27/70
Barge, New York Bay
5/22/70
5/26/70
Barge, Florida
1/11/71
Texaco Caribbean, 9 miles off
Dungeness
Barge, Louisiana
5/23/69
Heruluv, 2 miles ene of South
5/15/71
Goodwin Light Vessel
7/12/70
Barge, Maryland
5/26/70
Barge, Louisiana
Kenai Peninsula, Pennsylvania
11/ 5/68

Source: Reference (23)

Cause

Type Spilled

Grounding
Hull Failure
Hull Failure
Grounding
Collision

Crude
Crude
No. 4
Mixed
Crude

Sinking
Grounding
Grounding
Grounding
Grounding
Collision

Crude
Crude
Crude
Diesel
Bunker C

Grounding
Grounding
Grounding
Grounding
Collision
Grounding
Collision
Hull Failure
Collision
Collision
Grounding
Collision
Sinking
Collision
Collision
Collision
Grounding
Collision
Collision
Grounding
Grounding
Collision
Grounding
Collision
Collision
Collision

?
Crude
Crude
Crude
Crude
Bunker C
Kerosene, No. 2

?
Mixed
Crude

?
Jet
?
No. 6
Î

?
Residual
No. 2
No. 2
Bunker C
No. 2
No. 6

?

?
No. 6

Gas

?

?

No. 2

Collision

?

Human Error
Collision
Collision

No. 6
Crude
Crude

Estimated
Spillage (a 3 )
110,000
51,000
33,000
23,600
18,900
18,900
13,200
13,200
9,450
5,700
5,300
4,900
4,900
4,540
3,400
3,200
2,950
2,760
2,380
2,230
2,120
1,590
1,590
1,100

840

840
800
760
760

680
651
637
625
530
496
318
318
288
272
254

254
' 159
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Table 25:

Recorded Spills Involving Pipelines, Refineries,
and Storage and Transfer Facilities, 1967 - 1971.

Location

Cause

Reported Amount

Date

4

Pipelines
West Delta Area, Louisiana, OCS
Persian Gulf
Buckeye, Lima, OH
Alabama
Chevron, HP 299, LA, OCS
Gulf, St. 131, LA, OCS
Michigan
Tennessee
Louisiana
Missouri
Texas
Kansas
Illinois
Tennessee
North Dakota
Wyoming
Immigration Canyon, Utah
Virginia
Indiana
Illinois
Indiana
Mississippi
Texas
Pensylvania
Texas
New Mexico

oJ
Anchor Dragging
6,600,000
4,000,000
Break in line
690,000
Unknown
590,000
Rupture
Unknown
310,000
Anchor Dragging
250,000
210,000
Human Error
Break in line
184,000
Unknown
155,000
Human Error
147,000
Rupture
140,000
Rupture
118,000
108,000
Break in line
100,000
Vandalism
84,000
Unknown
84,000
Break in line
84,000
Rupture
75,000
Rupture
60,000
Leak
Break in line
60,000
Break in line
60,000
55,000
Break in line
42,000
Break in line
42,000
Break in line
Struck by bulldozer
42,000
42,000
Unknown

25,000
15,140
2,600
2,230
1,170

Refineries
Moron, Venezuela
Humbolt Bay, California

Dumped through sewer 678,000
60,000
Hose Eruption

2,570

227

3/29/68
12/68

Bulk Storage and Transfer
Seawarren, New Jersey
Indiana

Tank Failure
Tank Collapse

8,400,000
3,500,000

31,800
13,200

11/69
11/23/70

Source:

Reference (23)

945
800
700
586
556
530
446
409
379
318
318
318
284
227
227
227
208
159
159
159
159

10/15/67
4/20/70
1/14/69
12/10/70
2/11/69
3/12/68
10/ 7/71
10/ 6/71
3/17/71
12/20/71
12/ 6/71
10/18/71
7/23/71
12/26/71
5/ 4/70
3/ 3/69
9/ 7/69
5/ 6/71
1/ 9/70
7/ 8/71
5/ 9/71
3/ 5/71
11/21/71
11/28/71
6/23/71
7/14/71
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with globules of tar.
about $2190/m
costs".

The cost of oil spills is estimated to be

spilled, which does not include "hidden ecological

On the basis of this cost, in Canada the oil spilled (0.01%)

in transporting the crude necessary to run a 1000 MW(e) power plant
for one year costs about $500,000; (see Table 27).
Oil pipeline failures are quite frequent in Canada.

Although

data on injuries resulting from such failures are not available,
data on the frequency of these failures are reported by the
Canadian Petroleum Association in their Statistical Year Book.

(37)

Table 26 shows the frequency of oil pipeline failure and the volume
of oil that was spilled during 1968 - 1974. Data on the failure
6
frequency per 10

3
m

3
-km and per 10

columns 6 and 7, and spillage per 10

km of pipeline are given in
m

tion in columns 8 and 9, respectively.

-km production or transportaOn the basis of these statistics

the average frequency of failure and the corresponding spillage can
be calculated.
Table 27 gives the pipeline movement of total crude, liquified
petroleum gases and related products in Canada during the period 1968 1971.

On the basis of the average spillage per 10

m

of oil trans-

portation in Canada during the period 1968 - 1974, the spillage for
this total movement of petroleum products can be calculated and is
given in column 6 of Table 27.
Shipment of natural uranium, used to fabricate fuels for Canadian
nuclear reactors, in itself does not involve any significant radiation
hazard.

A problem would occur if the transportation accident involved

breaking the fuel casks carrying spent fuel, thus releasing significant
amounts of radioactivity.

Canadian nuclear reactors currently store

Table 26: Oil Pipeline Failure Frequency and Volume Spilled in Canada, 1968 - 1973

ïear

Number of Failures
Volume Spilled
Volume
Volume
per 10 3
Number of Volume per 10 1 2
per 10 6 m 3
Produced Transported Failures Spilled
of pipeline produced transported
106»3

10 6 m3-ka

1968

-

72,260

106

-

97

1969

-

81,860

59

-

1970

-

94,080

80

1971

.'93U

102,750

1972 1105i8
122.9

1973

m3

»3

m3

4.4

-

-

46

2.2

-

-

-

56

2.9

-

-

91

9,522

59

3.2

102

0.15

122,370

102

19,706

54

3.5

186

0.26

143,400

83

9,395

38

76

0.10

m -km

Note: 1 m -km represents the moving of 1 m of oil (6.29 bbl) a distance of one kilometre.
Source: Adapted from Canadian Petroleum Association
Statistical Year Book, 1975 (Reference 37).
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Table 27:

Total Petroleum Transportation and Estimated
Spillage in Canada, 1968 - 1971
CANADIAN SOURCES

Year

Crude Oil
and
Pentane Plus

Liquid
Petroleum
and Products
000's m

Total

Imports

Total

Spillage

3

1968

64,768

13,776

78,544

21,629

100,173

11.98

1969

70,669

14,093

84,762

22,850

107,612

12.89

1970

79,701

16,443

96,144

25,145

121,269

14.54

1971

85,531

18,534

104,065

25,515

129,580

15.54

Source:

Statistics Canada data
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spent fuel in underground pools safely within the reactor buildings.
No transportation of spent fuel is, therefore, involved to date.
Present storage facilities are rapidly becoming filled, however.
In countries where, because of reprocessing, some transportation of
spent fuel is required, no significant radiation exposure has so far
occurred as a result of transportation accidents.

Extraordinary care

is taken to design and build spent fuel casks to be unlikely to
break under any conceivable accident circumstance.

Brobst

has

estimated that a truck driver involved in a transportation accident
while transporting spent reactor fuel is one thousand times less
likely to be injured from radiation exposure than he is from nonradiological crash effects.

However, it is possible that great public

property and health damage could occur under adverse circumstances.
In the event that transportation of spent fuel and other radioactive wastes is required in Canada, the actual quantities transported
will be so small that the chances of producing serious public exposure to radioactivity should be small.

Further, this risk should,

in the eventual analysis, be compared with other risks to society and
balanced in the same way against the benefits.
Public concern is growing over the shipment of all kinds of
dangerous materials and especially spent nuclear fuel, and the debate
is not yet over.

4.2.2

Normal Operation of Power Plants

The normal operation of electric power plarts, both nuclear and
fossil-fueled, results in the release of heat, radioactivity, and
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chemicals which can have public health implications.
The principal pollutants from fossil fueled power plants are fly
ash, the sulphur oxides, the nitrogen oxides, carbon monoxide, smoke
and soot.
Carbon dioxide is of concern from the point of view of possible
climatic change.

In addition, trace amounts of heavy metals such as

lead, zinc, and mercury, and carcinogenic hydrocarbons such as
benz(a)pyrene (BAP) are released.

Small amounts of radioactivity in

the form of thorium, uranium, and radium (Th-230, Th-228, Th-232,
U-238, Ra-226, and Ra-228) have also been found in ash from coal
combustion.
Of these pollutants, SO^ is considered to be of great concern
since it easily changes into sulphuric acid mist in the atmosphere
and can affect the human respiratory system causing various respiratory diseases, for example, chronic bronchitis.

The gaseous oxides

of sulphur and nitrogen may also react with hydrocarbon and other
suspended particulate pollutants in the atmosphere, causing photochemical smog which can affect vegetation.

Suspended dust may also

have serious effects on human health when combined with oxides of
sulphur and nitrogen, especially when the particulate matter contains
certain metals (Pb, Zn, Fe, Mh, V, Sn, Hg, Ni, Cu, etc.).
Nuclear reactors, on the other hand, release gaseous radioactivity
(noble gaoes, radio-iodines, and tritium oxide) and some liquid
radioactive waste, a small fraction of wliich reaches water in the
human environment.

This consists of a fraction of a microcurie/ml in

water of mixed fission products such ar :-'--3, Sr-90, Cs-137, etc. and
induced radionuclides such as H-3, Na-24, P-32, CO-60, etc.
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A complete comparison of nuclear and fossil fueled power plants
from a public health standpoint should consider all these factors.
However it is difficult to compare hazards due to chemical effluents
from fossil fueled plant with hazards due to radioactive effluents
from nuclear power plants because of the different nature of the
hazards.

This difficulty is further increased because, while exten-

sive quantitative studies have been made on the biological and medical
effects of radiation and radioactive substances, there have been
very few quantitative studies on the relationships between the effects
of various chemical pollutants at low environmental concentrations.
Even in the case of radiation studies, the quantitative dose-effect
relationships that have been established are based on the somatic
and genetic effects of radiation at higher doses, from which extrapolation of risk at very low levels of radiation or at very low
concentration of radioactivity at best remains uncertain.
However, recommendations on radiation protection have been issued
by the ICRF based on such studies, and can be used to estimate the
risks of normal releases from nuclear power plants.

Similarly, the

very few studies made on the effect of SO. on the incidence of bronchitis can be used to estimate the risks of fossil fueled plants.
Since fossil fuel plants discharge fly ash containing trace
quantities of uranium and thorium and their products of radioactive
decay, it is firstly of interest to compare the significance of these
radioactive discharges with those of a nuclear fueled power plant.
(39)
Martin et al.

have presented a careful comparison of radio-

active stack releases from power plants, extending the earlier work
of Eisenbud and Petrow.

The amounts of radioactive material
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released by oil burning generators were almost undetectable, hence
their comparison consisted of coal fired and nuclear power plants.
However, even where coal burning generators were compared with nuclear
generators, problems arise because the radioactive releases take
such different forms. Some of the radium and thorium isotopes released
from coal combustion are extremely long lived and chemically active.
Further, the radionuclides in the ash which are water soluble are
considered a threat to the lungs. For nuclear plants, whole body
exposure from noble gases released from the stack is considered most
significant.

These isotopes are relatively short lived compared to

the Ra-226 in coal ash.
(39)
For coal fueled and nuclear plants, Martin et al.
calculated
the dose that a new 1000 MJ(e) plant would give to individuals in the
vicinity of the plants under specified meteorological conditions. To
take account of the different forms of radioactive effluent, they
calculated the dose as a fraction of the maximum permissible dose
recommended by the ICRP.

Their results, based on 1968 and 1969 data,

are reproduced here in Table 28. The coal plant data in Table 28
represent a plant burning coal with 9% ash content (which contains the
same natural radioactivity as Widows Creek coal), having 97.5% air
cleaning efficiency and a
about 460 m.

240 m

stack with heated plume rise to

The dose rate shows that the coal plant releases about

5 times the relative dose of a PWR, but only about 1/14,000 times the
releases of a BWR.

For insoluble fly ash, the fraction of the

International Commission on Radiological Protection (ICRP) lung dose
rate for the coal plant is about twice as large as the fraction of
the ICRP dose for the PWR and about 1/35,000 times that of the BWR.

Table 28: Coapariaon of Modern Nuclear Plants vlth Modern Coal Fired Plant*

SIZE
STACK HEIGHT
EFFECTIVE HEIGHT
STACK DISCHARGES
Fly Ash
Ra - Th
Noble Gases

COAL PLANT

PRESSURIZED HATER
REACTOR

BOILING WATER
REACTOR

COAL PLANT

1000 MH(e)

462 HH(e)

200 HJ(e)

1000 Mtf(e)

240 a
460
9
4.5 10 g/yr
47.9 nCl/yr

LIQUID DISCHARGES
Fission Products
Tritium
DISPERSION (TYPE D)
Wind Speed
X-raax (Type D)

2.1 x 10" 8 sec/a3
8 m/sec
35,000 m

BONE
CRITICAL ORGAN (ICRP)
Dose Limit (ICRP)
333 urem/hr
Dose Rate
35.2 x 10
rea/hr-MH(e)
Dose Rate/MW(e) as
10.6
x
10
Fraction of ICRP Dose

61 a
0 a

91.5 a
91.5 a

91.5 m
4.5 x 1O 9 g/yr
47.9 aCi/yr

3.7 Ci/yr

240,000 Ci/yr

3.«) Ci/yr
1735 Ci/yr

6.0 Ci/yr
2.9 Ci/yr

2.5 x 10" 5 sec/a3
8 m/sec
840 a
TOTAL BODY
57 uren/hr,
1.2 x 10" 6
2.1 x 10-8

1.7 x 10" 6 sec/a3
6 - 8 m/sec
8 m/sec
1800 m
3000 m
TOTAL BODY
BONE
57 jirem/hr, 333 jirem/hr .
8.7 x 10
2.86 x 10 *
1.53 x 10.-8
8.6 x 10.-6

Coal plant data are based on 9X ash content, 97.5Z fly ash rénovai and radioactivity levels as in
Widows Creek coal.
PWR data are for the Connecticut Yankee plant and are based on 1968 discharge data.
BWR data are for the Dresden-I plant; dose rates vere linearly adjusted from field measurements of
1968 discharge data.
The only change in the coal plant data in this column is the reduction of the effective stack height
to 91.5 m, the sane height as that of the BWR. The changes in the dose rates are calculated accordingly.
Source: Reference (39)

CO
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In order to account for the variations in the comparison due to
stack height, the authors assumed that the hypothetical coal plant of
Table 28 discharged its radioactivity from an effective height of
91.5 m, the same as the BWR stack.
final column of Table 28.

This assumption is shown in the

When compared on this basis, the coal

plant dose, as a fraction of the ICRP recommendation, is about 400
times that of a modern PWR or about 1/180 times that of the BWR.
However, since this is a hypothetical situation removed from the
realities of coal plant operation, the value of this comparison seems
small.
A direct comparison of CANDU reactors with coal burning stations
in Canada on the basis of data obtained by Martin et al.
be made without corrections and adjustments.

(39)

cannot

CANDU reactors are

different from both PWR's and BWR's in terms of the composition of
their fuels, their moderator systems, their coolant cycles, and certain
built-in safety design features.

Also, in Canada, the coal burned

for power generation differs from province to province.

The western

provinces use western Canadian coals (bituminous, sub-bituminous,
and lignite) which differ from U.S, Appalachian coal, the main imported
coal in Ontario.

Western Canadian coals have less desirable combus-

tion characteristics, namely lower heating value, higher ash content,
and, in some cases, lower volatile content.

They are, however, low

in sulphur.
The comparison is further complicated by the different types of
power plants, the efficiency of the ash-collection equipment used and
the differing waste treatment practices.

For example, some fly ash

from Ontario Hydro's coal burning stations is presently being disposed
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of in land fill sites, and some is being used in light weight aggregates.

Since the combined radioactivity of recovered fly and bottom

ash from a coal burning plant is about 100 times more than the radioactivity contained in the fly ash discharged into the atmosphere, the
extent of total risk to human health would, to a certain extent,
also depend upon the method of disposal of recovered fly and bottom ash.
However, with due consideration of the points noted above, the
health impact of radioactivity released from a Canadian coal burning
power plant may be compared with that of the releases from a CANDU
reactor on the same basis as the comparison attempted by Martin et al.

(39)

The radioactive releases of Pickering nuclear power station are
given, for the year 1974, in Table 13 (page 5 5 ) . The dose rate from
this station, on a per 1000 MW(e) basis, works out to be roughly 2.4
mrem/yr.

This is about 4 times higher than the corresponding coal

burning station.

However, it should be emphasized that the off-site

dose rate from the atmospheric releases of Pickering is less than 1%
of the Derived Release Limit, so that the fact that it is 4 times
higher than the coal station is of only of relative significance and
of little concern from a public health standpoint.
One may of course argue that this comparison is based on only
atmospheric releases, whereas a complete comparison should also consider the radiation exposure significance of liquid radioactive wastes
from the power plants.

To this, it may be pointed out that a complete

comparison should also include the health effects of the chemical
pollutants from the fossil fueled plants.

However, as was noted

earlier, and even though some quantitative relationships are established
between the effects and the contamination levels for various types of
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pollutants, It may still be difficult to make direct comparison between
the two types of risks.

For example, one type of hazard might result

in a non-fatal immediate public nuisance to a large percentage of the
population, while another might be fatal in the remote future, though
with a very small probability of occurrence.
Indirect comparison can, however, be made.

Terril, et al.

(41)

compared power plants in terms of the volume of air that would be
required to dilute their stack effluents each year in order to meet
conventionally accepted concentration standards.

Hull

(42)

updated

these dilution factors, making use of radioactive emissions from a
much larger sample of plants and imposing a more stringent standard
on the concentration of chemical pollutants.

On the basis of 1969

releases, the radioactivity released from coal burning stations was
more significant than that of PWR's but less significant than that
from BWR's.

However, as noted earlier in this discussion, modern

BWR's do not release the same quantities of noble gases as the old
ones, so that it may be concluded that a coal burning station is worse
even than a BWR.

It was also noted that the Canadian PHWR releases had

comparable radioactivity except for tritium, and that this too, when
corrected for stack height, becomes small compared to the natural
radioactive emissions of a coal burning station.

Again, however, it

should be noted that the stack height correction procedure is of
doubtful validity.
In Table 29 the latest calculations of Hull comparing the pollution standards of nuclear and fossil fueled stations are presented.
An interesting comparison can be made by taking the cases of the
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Table 29:

PLANT TYPE

Dilution Volumes and Site Boundary Concentrations for
Representative Power Plants.

POLLUTANT

STANDARD'

SITE BOUNDARY4
CONCENTRATION

DILUTION
VOLUME

DISCHARGE
QUANTITY

(109m3)
COAL

0.03 ppm

1.66 x 108

NO2
CO

0.05 ppm

2.50 x l O

7

9.0

Hydrocarbons

SO 2 (3.5!î S)

(97.5Z removal) Particulates

OIL

0.63 x 1 0 6 kg.

63.5

0.02 ppm

0.24 ppm*

2.50 x l O 5 kg.

156

0.001 ppm

75 ug/m3

0.57 x 107

75,500

18 ug/a 3

ppm

0.017 Ci

Th-228

2 x 10" 13 Ci/m 3

kg.

kg.

8.5

4,.2 x 1 0 " 1 6 Ci/a 3
2,.6 x 1 0 " 1 6 Ci/a 3

0.108 Ci

708

SO 2 (1.5Z S)

0.03 ppm

0.56 x 108 kg

6.95 x 105

0.07 ppa

NO,

0.05 ppm

2.46 x l O 7 kg

5
2.45 x 10

0.04 ppa

CO

9.0 ppa

0.95 x l O 4 kg

0.95

2.61 x 10~ 4 ppn

4,720

0.004 ppa

35,400

8.4 ug/a 3

Ra-226
Th-228

0.53 x l O

75 ug/a 3

2.67 xlO 6 kg

12

3

13

3

2 x 10" Ci/m

(97.5Z removal) Particulates

0.03 ppm

6.0 x 10"

4

1.3 x 10"

3

6
0.47 x l O

3.0 x 10
Ci/a

3

Ci

xlO kg
kg

1.23

,
Ci/m

Ci

7

0.05 ppm

7

kg

1.26 x l O 4 kg

75 ug/m 3

Kr-85 & Xe-133
3 x 10
Short-lived
radioactive
gases

6

0.24 ppm*

2 x 10" Ci/m

so2

S

0.04 ppa

2 x 10" 12 Ci/m 3

Hydrocarbons

NUCLEAR

0.20 ppa

5
2.49 x 10

Ra-226

(97.5Z removal) Particulates

GAS

kg. 2.14 x 106

9.65C» Ci

PWR

1.66 x 1 0 6 BWR
Ci

0.3

1.,5 x 1 0 " 1 8

Ci/m 3

6.7

18

Ci/m3

3.,2 x 1 0 "

157
1.23 x 10

1.5 x 10" 5 ppa
5

6,290

33.2

0.02 ppm
1.5 ug/a 3

2.3 x XO~X1Ci/m3

5.54 x 104 4.0 x 10" 9 Ci/a 3

1-131
1.0 x 10"10Ci/m:3
(Inhalation)

0.2 Ci
5.3 Ci

PWR
BWR

2.0
53

4.2 x 10~.,Ci/a1.3 x 10~ Ci/a

1-131
1.4 x 10"13Ci/m:
(Air-Grass-Milk)

5.3

2 Ci
Ci

PWR
BWR

1,430
37,800

4.2
1.3 x 10" 14 Ci/a 3

EPA "National Primary and Secondary Air Standards", (Federal Register,
Vol. 36, Ho. 84, Part II, pp. 8186-87, 4/30/71), and AHC "Standards for
Protection Against Radiation", 10CFR20.
Discharges from PWR and BWR are derived from weighted average 1967 - 1972
release data as summarized by the Directorate of Regulatory Operations,
USAEC.
Based3on average X/Q at 500 m (for release, height of 100 m) of 6.2 x 10
sec/m , for 25 operational or proposed nuclear power stations.
Maxiaua 8 hour concentration, once a year.

Yearly average not specified.

Maximum 3 hour concentration ( 6 - 9 A.M.) once per year.
"Concentration Factor" of 700 applied to inhalation standard for 1-131.
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Lambton (coal), Lennox (oil), and Pickering (nuclear) stations.
of these stations is almost the same size.

Each

Since they are located

in the same province (Ontario) they have to meet the same standards.
If Hull's estimates are adjusted tor changed Canadian conditions
(quality of fuel, and regulatory standards), the following conclusions
result.
According to the Ontario Environmental Protection Act of 1971
the ambient air quality criteria are given as:

0.02 ppm or approxi-

3
mately 55

g/m

(43)

3
for SOj (yearly average); 0.10 ppm or

NOg (24 hour average); 13 ppm or
CO; and 60 ppm or

72,500

g/m

15,700

g/m

200

g/m

for

(8 hour average) for

(yearly average) for suspended parti-

culate.
Lambton burns imported U.S. coal which has, on the average,
2.4% sulphur content.

Lennox is expected to burn Venezuelan crude

with 2.5% sulphur content.

Thus the emissions of pollutants will be

higher than those obtained by straight extrapolation of Hull's values.
Further, environmental standards in Canada are more stringent.

If

the importance of complying with air quality standards is given the
same weight as the importance of complying with standards for the
release of radioactive substances, the potential of nuclear power
in limiting the increase of air pollution as more electricity is
generated is obvious.
Another important conclusion can be drawn from this comparison.
If it is assumed that the values of site boundary concentration from
Hull's calculations are applicable to Canadian plants, then, unless
limited to low sulphur fuels, the Lainbton coal and Lennox oil plants
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would exceed the SO. concentration standards.
In the analysis of relative public health risks of nuclear and
fossil fueled plants it has been possible, so far, to compare the
relative radiological hazards of the air-borne releases from the two
types of plants.

As noted earlier, however, this comparison has not

been easy since the critical organs involved in the two cases have
been different.

Gaseous radioactivity from a nuclear power plant

is predominantly noble gas which produces whole body exposure,
whereas radionuclides in the flyash, If soluble, are long half-life
bone seekers and, if insoluble, lead to radiation exposure

of the

lungs.
Nuclear power reactors are designed to limit releases of radioactivity into the environment to small fractions of the levels that
are required by atomic energy control regulations.

Consequently the

amounts of radioactive material released are typically so small that
the resultant radiation exposure to members of the public is virtually
negligible relative to natural background radiation or radiation
exposure from medical X-rays, etc.

Both air-borne and liquid-borne

radioactive releases at Pickering during 1974 were less than 1% of
the Derived Release Limit (DRL), which is set so as to limit the
annual average exposure rate at the site boundary to not more than
500 millirems per year.

This means that an individual present out-

doors on the site boundary 24 hours a day, 365 days a year is not
likely to receive an external whole body exposure in excess of 5
millirems per year.

Similarly an individual could obtain all his

drinking water from the power reactor condenser coolant discharge
without exceeding radiation protection guides developed by the ICRP.
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An important point that must be mentioned here is that even
where several nuclear power reactors or other nuclear facilities are
located on a single site, the combined releases of radioactivity
from normal operations from all facilities at that site must still
not exceed the regulatory limits.
A further example of the safe nature of normal radioactive
releases from nuclear power reactors in Canada is provided by the
work of Marko et al.

(22)

at Chalk River Nuclear Laboratory (CRNL),

who estimated the upper limits to population exposure resulting from
average radioactivity releases from the Douglas Point nuclear reactor,
near Triverton, Ontario.

The average releases from this reactor in

1970 and the estimated annual individual dose rates are given in
Table 30, where the assumptions used in the calculations are also
given.
It can be seen that the external gamma dose rate at the boundary
of the site (1.5 km from the stack) is about 3 mrem/yr, which is only
about 10% of the exposure rate due to natural background radiation.
Further, the dose rate calculated is for outdoors.

Gamma dose rates

indoors will be less by a factor of up to two depending on the shielding properties of the building.

The dose rates become smaller also

with increasing distance from the plant, and at a distance of 4 km
reduce to about'5 mrem/yr.

It is estimated that the population inte-

grated exposure in the annulus from 1 km to 5 km will be less than 1
2
man-rem per year, if the population density is around 10 persons/km .
The population dose rate out to 50 km will be abo^t 16 man-rem/year,
which is only a trivial fraction of that permitted.

Table 30: Estlaated Upper Limit on Population Exposure from the Douglas Point
Nuclear Power Station.

TYPE OF
AVERAGE ACTIVITY
RADIOACTIVITY RELEASED Ci/year

ESTIMATED INDIVIDUAL DOSE RATE FROM 220 MW(e) DOUGLAS
POINT NUCLEAR REACTOR area/year

STACK LIQUID
External
RELEASES EFFLUENTS Gamma Dose
at Reactor
("1,5 km
froa stack)
NOBLE GASES
1-131
Tritium
Beta + Gaaaa

1.6 x 10 5

-

0.22

(1)

-

1.1 x 10
-

8

S

0.95
21.1

Internal
Dose due
to Tritium
Ingestion
-

-

-

-

0.1

-

-

Internal
Dose due
to Drinking
Undiluted
Effluent

-

(Z)

1

Internal
Dose due
to Eating
Contaminated
Fish

(3)

Internal Total
Total
Total
Dose to External Internal
Infant
Thyroid
~

-

0.05

-

-

20

ESTIMATED TOTAL INDIVIDUAL
DOSE RATE arem/year

<5>

{4)

8

—

-

0.05

0.05

0.1

0.1

21

8

21

«30

TOTAL
'
(2)
* '
'

Assuming 50Ï of the noble gases are Ar-41, and average weather conditions.
From air-borne Tritium under average weather conditions.
Assuming that 50% of the liquid radioactivity is due to Cs-137 and that an Individual takes his
drinking supply from undiluted effluents.
Assuming an individual eats 50 g/day of contaminated fish.
Direct thyroid dose; incremental thyroid dose froa milk has been ignored since it will be negligible.

Based on 1970 release data.
Source: Reference (22).

<£>
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An individual at the site boundary would receive an annual dose
of about 0.1 mrem from air-borne tritium and a further 0.2 mrem from
ingested tritium if he derived all of his drinking water from the
station liquid effluent.

Infant thyroid doses at the boundary due

to inhalation would be less than 0.05 mrem/year and incremental doses
derived from 1-131 in milk would be even less.
The internal dose rates due to liquid radioactive discharges
will be less than 1 mrem/year even if it is assumed that the effluent
contains 50Z activity from Cs-137, one of the major long-lived nuclldes
present.

If it is also assumed that the individual consumes 50 g

daily of fish that has lived in undiluted effluent, a further annual
dose of about 20 mrem may be received.
Thus if all the sources of maximum exposure at Douglas Point
combine and focus on a single individual, the total dose to the
whole body is less than 30 mrem/year.
It may be pointed out here that the assumptions used in the above
estimates are on the conservative side and in actual practice the
maximum dose to any real individual in the population will be much
smaller than this.

Furthermore, responsible policy is to continually

modify nuclear plants to reduce further the dose to which a member
of the public may be exposed.

Experience at Douglas Point has sugges-

ted a number of design improvements for later reactors, e.g.
Pickering, Bruce, etc.
The estimated upper limits to population exposure resulting from
average radioactivity releases from nuclear reactors, discussed
above, also demonstrate that, in actual effects, the population
exposure is a function of many variables, for example, distance from
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actual reactor site, population distribution, local and regional
meteorology, and eating habits etc. This means that the average
exposure to the population of a region can still be within the limits
even though that region experiences a sizeable growth in nuclear
generating capacity.

This can be achieved by a balanced reactor

siting policy, proper reactor design, and control of radioactive releases as discussed above.
The implications of such extended regional nuclear power
growth have been thoroughly investigated in the U.S. For example,
a study of the radiation potentially to be received by the population
of a representative region of the U.S. - the upper Mississippi River
basin - in the year 2000 due to operation of nuclear power plants
equivalent to 365,000 MW(e), including 172,000 Mtf(e) of Liquid Metal
Fast Breeder Reactors and also 9 reprocessing plants, showed that
99% of the population so exposed would receive a potential total body
radiation of less than 0.5 mrem/year. A few individuals would receive
up to one percent of the natural background (about 1 mrem/year).

The

average figure was calculated to be 0.17 mrem/year.
(2)
It) Canada the total growth of nuclear energy is forecast, up to
the year 2000, to be 133,000 MW(e), of which about 8,400 MWCe) would
be installed in the Atlantic provinces, 41,200 MW(e) in Quebec,
62,800 MH(e) in Ontario, 4,800 MW(e) in the Prairie provinces, and
16,400 MW(e) in British Columbia.

These figures are higher than the

current estimates of approximately 80,000 MW(e) total. Further,
it is most likely that new capacity will consist of CANDU-PHWR's
for which the radioactivity release experience now exists.

Thus,

in analogy to the 'Upper Mississippi Basin Study' mentioned above,
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and adjusting for the differences between the Canadian and the U.S.
nucltar programs and the sizes of the upper Mississippi basin and
Canada, it would appear that the average population exposure in
Canada would be even less than the 0.17 mrem per year.

The upper

Mississippi study foresees a larger nuclear generating capacity spread
over a smaller region and includes fuel reprocessing, which releases
much larger quantities of radioactivity into the environment than
nuclear power plants themselves.
The above discussion, however, is based on radioactivity release
figures that are normally encountered or are expected to be encountered if the nuclear power plant licensees continue to follow their
present practice of radioactive discharges.

From the public health

standpoint, it of interest to examine in addition the theoretical
estimates of the potential annual average radiation dose that the
population living in the vicinity of a nuclear power plant would
receive if the plant did release radioactivity to the allowed limit.
Such estimates have been made in many countries.
felder

(44)

Rogers and Gamersts-

have, for example, calculated values of the dose for zero

altitude releases of beta-emitting isotopes, typical of PWR's, and
100 meter stack releases of gamma-emitting isotopes, typical of BWR's,
normalized for a dose rate of 500 millirems/year at a site boundary
distance of 500 meters.

This is shown in Figure 8.

It can be seen

that the dose rates become smaller with increasing distance from the
source.

At a distance of 24 km (15 miles) the theoretical dose rates

are about 2.5 millirems per year for a BWR and about 1 millirem per
year for a PWR.

At distances beyond 48 km (30 miles) and 32 km (20 miles)
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respectively, the dose rates are less than 1 mlllirem per year.
The radioactive releases from a comparable CANDU-PHWR would be
approximately of the same order of magnitude except for the fact that
a CATDU-PHWR would release much less gamma-emitters (noble gases) than
a BWR, but would emit a higher quantity of low energy beta-emitters
(mainly tritium) than a PWR.

It is therefore reasonable to assume

that external exposure from radioactive stack releases from a CANDUPHWR will be closer to the exposure level of a PWR, which is, as
noted above, about 1 millirem per year at a distance of 24 km (15
miles) from the reactor site.

It is evident that even in the case

of the use of the maximum permissible releases, the annual average
population exposure from nuclear plants in Canada will be around 1
percent of the natural background radiation exposure.
The average population dose in Canada at the present time which
is attributable to the nuclear energy industry is not known.

Koths-

child has estimated that the average dose rate to individuals in
(45)
the exposed group could be of the order of 0.03 millirem per year.
It may, therefore, be roughly estimated that, vrtien the considerable
growth of the nuclear generating capacity in Canada has been realized,
accompanied by a growth in related nuclear activities, the average
population exposure may reach around 1 millirem per year.
Although the tentativenature of such estimates should be recognised, it is useful, in order to develop some perspective on the
risk of nuclear power generation, to use estimated values for illustration.

As discussed above, many thorough studies in the U.S.

(envisaging much larger nuclear generating capacity) have come out

98

with much lower figures, for example, 0.17 milllrem/year, for the
average exposure.

The figure of 1 mrem/year for Canada is in effect

a conservative estimate.
Based on this average exposure value, it is possible to estimate
the number of possible mortalities which might result from the routine
releases of radioactivity, if the entire Canadian population were so
exposed.

The estimates are based on the method and assumptions used

by the U.S. National Academy of Sciences Committee on the Effects of
Ionizing Radiation Study, and generally referred to as 'the BEIR
report 1 .

Assuming a linear dose-response relation, the BEIR

report r.as estimated that an additional 100 mrems of radiation above
the background level per person per year over many years would ultimately produce between 2000 and 9000 extra deaths from cancer per year
in the United States.

The most likely estimate is 3500.

The risk to

occupationally exposed groups from a given radiation dose is lower
than the risk to the public because of a different age distribution;
the mortality estimates for an occupational dose of 5 rems per year
range from 380 to 930 excess cancer deaths per million exposed workers
per year.

A dose of 1 rem to bone from Ra-226 is estimated to produce

0.11 to 0.16 cases of bone cancer per million irradiated adults per
year.
lower.

The estimates of risk to bone from Sr-90 is considered to be
The estimate for 1 rem to the stomach is 0.32 to 0.64 deaths

per million per year, and for 1 rem to the remainder of the gastrointestinal tract, 0.22 to 0.44 deaths per million per year.

For the

lung, a 1 rem mean dose to bronchial tissues is estimated to produce
1 case of bronchial cancer per million per year.
thyroid, Otway and Erdmann

(47)

For a dosage to the

have estimated a mortality risk per rem
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of one death per million exposed of all ages.
The realism of these estimates of risk and their acceptability
depends on many factors beyond the scope of this discussion.

For

the most part, the BEIR report has itself explained the tentative
nature of the various assumptions used and has cautioned against
taking these estimates of risk au anything more than a crude estimate
of the total picture.

The numbersi yielded by the calculations in this

report must therefore remain highly tentative; in the absence of more
complete data, they represent the best estimates that can be made at
present.
Based mainly on the BEIR estimates, the consequences of hypothetical exposure of the population-at-large to routine radioactive
effluents from nuclear reactors operating in Canada are presented
in Tables 31 and 32. Other than the assumptions implicit in the
BEIR risk estimates, the main assumption used in obtaining the numbers
in Table 31 is that the average population exposure due to routine
radioactive releases does not exceed 1 mrem/year.

The consequences

of continuous exposure to the limit of 500 mrem/year have also been
estimated and are shown in column 3.

The population figure used is

that given by the 1971 Canadian Census.
The low level continuous exposure (1 millirem/year) would result
in about 3 to 4 deaths per year or about 15 to 16 deaths introduced
into the population in 40 subsequent generations (about 1200 years).
The values in the total figures are rounded off in order not to imply
unwarranted accuracy.

The death figures corresponding to a 500

millirem/year continuous exposure are presented solely to provide a
perspective.
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Table 31: Radiation Damage to the Canadian Population by
Hypothesized Exposure Levels of Radiation.

TTPE OF PADIATION MMAGE

GENETIC (1)

ESTIMATE OF MORTALITIES DUE TO
AVERAGE POPULATION EXPOSURE AVERAGE POPULATION
(1 mrem/yr)
EXPOSED TO 500 mrem/yr
15.22*

0.38

190

7610*

x

FATAL NEOPLASMS '
Leukemia
Other Canceri
THYROID CARCINOMAS
LIFE SHORTENING "'
TOTAL

(1)
*

0.57
1.2 - 1.5
^

0.025 f
1.142

285
600 - 750
0.253

J

126

571*
1,658 to 7,736

3.32 to 15.5

Estlnates based on Reference (47).

12.6 *

(2)

Estimates based on Table 32 .

This includes only the first generation genetic deaths and assumes
that the factor of 1/6 applies.
This includes genetic deaths in the 40 subsequent generations and
assumes that the factor of 1/6 applies.
This includes only 10Z of the thyroid carcinomas on the assumption
that 90Z respond favorably to medical treatment.
This assumes that 70 years of life shortening corresponds to one
death.

Table 32:

Summary of 'BEIR' Model Estimates of the Consequences of Exposure of the
Canadian Population to a Radiation Level of 1 mren/yr.

LEUKEMIA .

Age

1971
Canadian
population
(millions)

1

ALL OTHER MALIGNANCIES

Excess Deaths due to Irradiation
in the period
In utero 0 - 9 yrs. 10+ yrs.

Total
Excess
Deaths

Excess Deaths due to Irradiation
In the period
In utero 0 - 9 yrs. 10+ yrs.
(b)
(a)
(b)
(a)

Total
Excess
Deaths
(a)

Total
Excess
Deaths

(W

0-4

1.816

0.034

0.003

0.037

0.034

0.034

0.034

5-9

2.254

0.042

0.028

0.070

0.042

0.042

0.042

10-14

2.310

0.044

0.002

0.046

15-19

2.114

0.042

0.012

0.054

0.005

0.005

0.005

0.005

20-24

1.889

0.038

0.019

0.057

0.014

0.014

0.014

0.014

25-29

1.584

0.032

0.025

0.057

0.016

0.016

0.036

30-34

1.305

0.013

0.026

0.039

0.013

35-44

2.526

0.001

0.065

0.065

0.025
0.011

0.02

0.02

0.036

0.013

0.05

0.05

0.063

0.063

0.025

0.19

0.19

0.215

0.215

0.301

0.313

45-54

2.291

0.057

0.057

0.023

0.29

0.29

55-64

1.731

0.045

0.045

0.017

0.26

0.302 0.26

0.319

65-74

1.077

0.027

0.027

0.011

0.16

0.242 0.16

0.253

75-84

0.529

0.013

0.013

0.005

0.08

0.145 0.08

0.150

85+

0.137

0.004

0.004

0.001

0.02

0.044 0.02

0.045

0.295

0.574

0.13

1.07

1.283 1.23

1.489

TOTAL

21.563

(a)

0.076

0.201

Duration of plateau region - 30 years

Based on BEIR 'Absolute Hodel' (Reference (46))

(b)

0.076

0.084

Duration of plateau region - life
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Continuous exposure over many years to whole-body radiation from
noble gases in the event the plant releases the maximum permissible
radioactivity would ultimately entail an average mortality risk
to individuals of about 70 x 10

per year.

As mentioned before, evaluation of the possible hazard to public
health due to chemical effluents from fossil-fuel plants is even more
difficult than evaluation of the corresponding hazards of radioactive
pollutants.

Although a substantial body of literature consisting of

laboratory and epidemological studies of acute exposure to air pollution exists that establishes the fact that air pollution causes ill
health and increases the mortality rate, it is difficult to estimate
the dose-response curve from this literature. Many dose-response
relations are consistent with laboratory evidence and epidemological
evidence from special groups. More precise estimates, however, are
needed to determine the public health effects of pollutants emitted
from fossil fuel plants.
Some statistical analysis to explore this relation has been
performed by Lave and Seskin

and discussed by Lave and Freeburg.

According to these works, an additional microgram per cubic meter
of mean particulate concentration is associated with an increased
mortality of 0.085 per 10,000 exposed per year. An additional microgram per cubic meter of SO. concentration is associated with an increased
mortality of 0.039 per 10,000 exposed per year.

Thus an exposure for

many years to mean concentrations of these pollutants at the USEPA
standard level (as used in Hull's study discussed earlier) would mean
an increased average mortality risk to individuals of 683 x 10

per
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year from participates and 312 x 10~ per year from S0 2 .
Thus, if it is assumed that a number of people equivalent to the
Canadian population were exposed to these pollutants at the specified
levels for their lifetimes, there would ultimately be approximately
15,000 premature deaths attributable to the particulate loading,
and about 6700 premature deaths atrributable to the sulphur dioxide
concentration, as compared to about 1700 deaths from nuclear radiation
effects due to power plant emission.

These figures are based on

emissions at the Derived Release Limit (DRL).
Radiation exposure to the public from the current effluents of
uranium mines and mills and plants involved in feed material production (for example, Eldorado's complex at Port Hope, Ontario) is
probably significant.

Some errors have been made in connection with

waste disposal from both uranium mills and refineries. However with
improved housekeeping practices the radiation exposure to the public
from such facilities should be reduced further.
Contamination of water with radium is difficult, if not impossible, to prevent.

Evidence on the health effects of radium, radon and

radon daughters, in water and in air, is still being accumulated in
Canada, and a cautionary note must be entered with respect to the
documentation of a possible large effect on health in the future.
The risk of direct radiation exposure from the storage of radioactive wastes should not normally be significant.

In the U.S.,

for instance, gamma radiation from stored wastes has been measured
in the vicinity of Yankee nuclear power plant, with an estimated
exposure rate of about 3 mR/year at the nearest town.

Storage of a

proportionately higher amount of wastes by A. 1000 MW(e) plant in a
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similar geographic location might be expected to entail about
0.001 additional deaths per year to local residents (on the basis
of BEIR report estimates and assuming a local population of a few
hundred).
In Canada, the extent of this storage has been considerably
diminished since no reprocessing is carried out.

A note of caution

must be entered with respect to both transport and storage of wastes,
since there is potential for large public health effects.

4.2.3

Power Plant Accidents

The type and frequency of accidents as well as the incidence of
certain occupational diseases as they occur at the source, whether
mine, oil or gas field, processing plants or refineries, or during
transportation and storage, has been discussed, but the possibility
of an accident at the power plant itself has not yet been discussed.
The larger the power plant, the larger is the potential accident.
As larger and larger power plants are considered, however, it is
harder and harder to compare the accident potential, because the
accidents, Instead of being small and frequent, are potentially large
and happen only rarely.

This raises the question of which accidents

are more important from the public health standpoint:

the infrequent

discrete catastrophies, such as the complete destruction of the
power plant with its attendant enormous consequences, or the discrete
frequent accidents that somehow to unnoticed.

According to Starr,

in contrast to natural catastrophies, for example, earthquakes,
typhoons, floods, or tidal waves, and some man-made disasters, such as
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major aircraft crashes, automobile accidents, or explosions, society
has not learned to place hypothetical man-made events such as a
nuclear power plant accident in consistent comparative perspective.
Extremely low probability, hypothetical nuclear plant accidents tend
to distort both societal perception of the risk of nuclear power and
engineering safety emphasis.
In reviewing the work done on the subject of nuclear and nonnuclear risk in an earlier section, it was pointed out that there
are three basic approaches to accident analysis. The first, and
easiest, is to use actual performance data to evaluate the probability
of various events. This gives good estimates for small, frequent
accidents, such as automobile accidents, but only provides upper
limits for infrequent accidents, such as nuclear plant accidents. In
the case of nuclear power, it is unlikely that this issue will be
resolved by practical experience.

The probability of large accidents

in this case is so small that actuarial insight based on statistics
of real nuclear accidents will probably never exist.
The second approach is to estimate accident probability by measuring the reliability of individual components and calculating the
failure probability of the whole system.

This approach is used by

NASA for space vehicle redundancy design, and by the nuclear industry.
Finally, (and this is the most common approach) the intuitive
judgement of experts in the field can be utilized.

In what follows,

information obtained by all three approaches is used in order to achieve
a balanced view of the subject.
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4.2.3.1 Cofil Fired Power Stations
Accidents at a coal burning power plant are kiot entirely improbable. Accidents such as boiler explosions or the release of
fumes harmful to workers are not uncommon.
Unlike gas, however, unless finely pulverized and aerated, coal
will not normally explode.

Coal is less flammable than oil. A

major fire in a coal pile could cause a few deaths'; so could the
extra air pollution.

4.2.3.2 Natural Gas Fired Power Stations
Natural gas is a high quality fuel which burns easily and cleanly
and, therefore, is in demand as a domestic and industrial fuel.
Natural gas is also used as a utility fuel in Canada.

The quantity

of natural gas used to generate electricity in Canada, during the
3
period 1970 - 1974, was around 14.4 billion m or the equivalent of
some 29.5 uillion MWh of power.
Due to its gaseous nature, natural gas is fired directly into
the steam generator furnace thus eliminating the need for fuel
handling and treatment equipment.

The gas is withdrawn as required

from the supply system, so that no storage facilities are required
at the generating site. The clean nature of the fuel eliminates the
need for particulate collecting or soot-blowing equipment. Though
natural gas is a clean fuel from an environmental standpoint, its
use for power generation is not likely to increase in Canada. Natural
gas is more valuable as a domestic and industrial fuel, and as a
basic feedstock for the plastics industry.
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Liquid petroleum gas (propane) is also used for power generation.
The quantities of propane used for power generation, in Canada, during
1970 - 1974, amounted to about 2.02 million m , generating some 0.15
million MWh of electricity.
Statistics on accidental injuries due to the use of natural gas
or petroleum gas for power generation in Canada are not readily
available.

Calculation of fatalities associated with electrical power

generation cannot therefore be made.

However, some statistics on

deaths due to the use of natural gas as domestic and utility fuels
in Canada are published by the Canada Safety Council.

(52)

Deaths

resulting from accidents in the transportation of petroleum gas are
also reported.

These data are presented in Table 33 for the years

1968 - 1971.
Accidental gas explosions are also frequent but statistics are
lacking.
19 people.

In January 1962, a gas pipeline exploded in Alberta killing
In 1968, 574 people lost their lives due to fires and

explosions of natural gas.

The data for subsequent years are not

documented separately.
The use of liquified natural gas (LNG) has a greater risk potential.

Statistics on the movement, storage, and use of LNG in Canada

are not available.

In other countries, however, the movement of LNG

by ship is quite common.

Ships carrying LNG usually contain

3
28.2 million m

of liquid methane.

In the U.S., these ships

are presently brought into heavily populated areas, such as Everett,
Massachusetts (2-3 km from downtown Boston).

The movement of LNG

from North Africa to Western European seaports is routine.
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Table 33: Fatalities from Accidental Poisoning by
Gases and Vapours, Canada, 1968-1971
Type of Poisoning

1968

Gas Distributed by Pipeline

1969

1970

1971

11

10

2

11

14

9

17

9

12

35
Liquified Petroleum Gas
Distributed in Mobile
Containers
Incomplete Combustion
of Domestic Fuels

Source: Reference (52).

—
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Large LNG accidents have occurred.
tanks in Cleveland, Ohio exploded.

On October 20, 1944, LNG

The tanks were not surrounded by

an earthen dike to contain the liquid.

The LNG entered sewers,

causing fires and the deaths of 133 people.

The volume of gas involved

was only 50 million cubic feet (1.4 million m ) , or only 1/20 of that
now stored in large LNG tanks.
Large quantities of gas stored in a rather small volume make LNG
a threat for a major accident. Methane is lighter than air, so that
small spills will quickly disperse.
not evaporate so readily.

However, larger spills will

Large volumes will stay cold.

They will

heat up enough to rise a few feet from the ground, but then they
will become a neutrally buoyant cloud and stay close to the ground.
Thus, in addition to the danger of fires and explosion, there will
also be a danger of asphyxiation.
In short, the huge energy content of these products leads to a
hazard somewhat like the potential nuclear accident; LNG or liquid
petroleum gas involve less energy, bi-t major accidents are more likely.
In any case, both energy sources require considerable precautions.
These include keeping the ships and storage areas away from population centres, maintaining an efficient regulatory staff, holding public
hearings complete with mandatory environmental impact statements,
and estimating accident potential.
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4.2.3.3

Oil Fired Power Stations

In early days of the oil industry, oil tanker fires and explosions were frequently set off by an electric spark during the connecting of oil pipes in the harbour.
because of greater precautions.

This happens less frequently now
Yet, for a 1000 MW(e) power station,

one supertanker will enter a city harbour every week.

A fire and

explosion could destroy the whole waterfront and kill hundreds of
people.

This is a particularly severe potential hazard in the Atlantic

provinces where utilities have been switching to oil-fired generators.
Even in Ontario, the use of crude oil for the purposes of power generation has increased.

Both Lennox and Wesleyville stations are designed

to burn crude oil as a back-up fuel.
3
A 1000 MW(e) power station will burn about 6360 m /day of oil.
A six week's supply will normally be kept on hand.

This is a large

quantity of oil (about 270,000 m ) , and it is subject to accident
as well as sabotage.

Large oil fires are common in time of war.

A particularly serious accident can occur if an oil fire produces
heavy smoke, and there are unfavourable meteorological conditions
that keep the smoke close to the ground.

If this happens in the

summer (when windows are open), at night (when people are asleep),
and with a light wind blowing over the nearest city, the population
could be subjected to high concentrations of fumes with undesirable
consequences.
Calculations on the probability of such large accidents are few
due to a lack of an appropriate data base.
have occurred in small fires.

Occasional deaths

The accident, as it develops, could
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be similar to the hypothetical serious accident in a nuclear power
reactor, where radioactivity can spread over the countryside and kill
hundreds of people. Both accidents become much more serious in
adverse meteorological conditions.
In a report to the Resources Agency of California, Starr, et al.
calculated the accident probabilities for oil-fired power stations.
Starr estimated the probability of a major fire by using the American
Petroleum Institute fire statistics (1966 - 1970) for bulk terminals
and pipeline stations. These are plotted in Figure 9.

From this

graph, Starr calculates the various pollutants released in such a
fire, and through atmospheric dispersion calculations, calculates the
pollutant concentrations.

Finally, he calculates the public risk

per accident.
The accident is clearly worse if the pollutants spread slowly
and steadily over a city. These are the Pasquill "A" conditions (see
Appendix III). If the air is turbulent, the pollutants disperse; if
it is stagnant, they do not.
His results are reproduced in Figure 10, where they are also
c spared with similar calculations for a nuclear accident, which will
be discussed next. Starr's calculations suggest that a large fossilfuel power station is worse than a nuclear plant, except possibly for
the most extreme accident probability.
In the oil-fired case, and for the combination of the most adverse
meteorological conditions and the largest fire, Starr estimated that
the once in a million year accident could cause about 70 respiratory
deaths per million population.

In the nuclear case, and for the once
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Annual Probability of Accident
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Increase (Ii

100
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0.0001

(1) The prevailing wind blows into a 30 sector at 2 meters per
second under stable meteorological conditions. (Pasquill F
condition).
(2) The stagnant meteorological condition was assumed to prevail
for 4 days with an inversion height of 300 meters.
Figure 10: Comparison of Public Risk from Individual Accidents
at Oil Fired and Nuclear Generating Stations.
Source: Reference (51).
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in 100 million year probability accident, the number of cancer deaths
worked out to be about 500 deaths per million population.

4.2.3.4 Nuclear Power Stations
There is a whole spectrum of possible accidents in a nuclear
power station, but the only one that would cause much damage outside
the power station is one in which most of the reactor core melts,
releasing large quantities of radioactivity. Hypothetical accidents
are discussed in many papers and books. A comprehensive study (53)
of such accidents has been completed in the U.S. and released as
WASH-1400 by ERDA,
Consideration of all these accidents and their risks, from the
public health standpoint, is beyond the scope of this analysis.
However, a brief discussion of the worst possible hypothetical accident, known as the 'Maximum Credible Accident', will be given so
that, by achieving an understanding of the risks involved in this
accident, the relative risks of minor accidents may be readily
appreciated.
The sudden near-simultaneous failure of a large number of fuel
elements in a reactor may, broadly speaking, be caused by: loss
of flow due to pump coastdown without scram,(immediate and automatic
shutdown of the reactor), or pipe rupture with scram, causing the
cladding through excessive internal pressure. The worst core meltdown accident can be the result of hypothetical, mechanical maloperations, such as unchecked control rod withdrawal, fuel handling
device failures, or failure of all pumps with failures of all safety rods.
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The Reactor Safety Study, WASH-1400, also recognizes these two
broad types of situations that might potentially lead to a melting
of the reactor core:

the loss of coolant accident (LOCA), and the

power excursion accident.
In the event of a loss of coolant accident, the normal cooling
fluid is lost from the cooling system and core melting would be prevented by the use of the emergency core cooling system (ECCS).

How-

ever, melting could potentially occur in a loss of coolant accident if
the ECCS were to fail to operate.

In the event of a power excursion,

core melting would be prevented by the decay heat removal system.
However, certain failures in either the shutdown or the decay heat
removal systems have the potential to cause core melting.
The potential of this worst hypothetical accident has attracted
much public attention in recent years.
The LOCA is probably the accident that has the most serious
consequences in a water-cooled reactor, such as a PWR or BWR. In
the gas-cooled graphite moderated reactors (as used in England and
the U.S.S.R., and built in the U.S. by Gulf Atomic), loss of coolant
is a small problem; the graphite has enough heat capacity to absorb
the decay heat for an hour before excessive temperatures are reached.
In the liquid-metal (sodium) cooled fast breeder reactors (LMFBR)
under development in many countries, the coolant is at ordinary
atmospheric pressure, and if a leak develops the coolant will not
be pushed out rapidly.

If circulation is stopped, the time before

corrective action must be taken is even longer than for a gas- cooled
reactor; the sodium can absorb the decay heat for hours before action
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need be taken.

In water cooled reactors, on the other hand, loss of

coolant requires immediate corrective action.
In the American PWR or BWR, the loss of coolant accidents are
postulated to result from failures in the normal reactor cooling
water system and these reactors are designed, with multiple back-up
systems, to cope with such situations.

The water in these reactors

is at very high pressure (about 15.5 MPa or 2250 PSI for a BWR) and
at temperatures of around 320°C.

If a rupture were to occur in the

pumps, pipes, valves, or vessels that contain it, then a 'blowout' would happen.

In this case, the water would flash to steam and

blow out of the hole. This could be serious since the fuel would
melt if additional cooling were not supplied immediately.

The loss

of coolant, however, would stop the chain reaction in these reactors
causing them to shut down. This would mean that the heat produced
would drop almost instantly to a few per cent of its normal level.
However, after the sudden drop, the amount of heat being produced
would decrease much more slowly and would be controlled by the decay
of the radioactivity in the fuel.

To deal with this situation, these

reactors have the ECCS whose function is to provide the cooling for
just such events. These systems have pumps etc. which are capable of
dealing with breaks of various sizes. They are also designed to be
redundant so that if some components fail to operate, the core can
still be cooled.

It would, therefore, appear that a LOCA in these

reactors must be followed by multiple failures in the ECCS for the
core to melt. The principal exception to this is the massive failure
of the large pressure vessel that contains the core.
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The CANDU-PHWR differs from these reactors in many significant
ways.

To begin with, CANDU-PHWR's are pressure tube reactors, hence

the exceptional LOCA noted above, where the pressure vessel fails,
does not apply to CANDU.

In these reactors, each channel has its own

separate inlet and outlet circuit, so that a rupture in one pressure
tube is not expected to affect mechanically the rest of the reactor
channels.
tube

However, an accident in Switzerland involving a pressure

reactor of similar design to CANDU-PHWR's did result in signi-

ficant damage to adjacent reactor tubes after one tube burst.
event will be discussed in a later section.

This

The control necessary

in the manufacture of a uniform pressure tube is much easier to
achieve than in a large pressure vessel.

Accumulated experience

with pressure vessels indicates that the chance of a failure even
in a PWR pressure vessel is very small.
A LOCA in a CANDU-PHWR could result from a rupture in systems
other than a pressure tube or its inlet tube, for example, a rupture
in larger pipes such as header or main steam pipes.

In CANDU reactors,

the largest pipe rupture (header break) is taken to be the worst
design basis LOCA.

Following a LOCA in a CANDU reactor, the reactor

would not, however, shut down automatically because of the 'blow out 1
of coolant.

In CANDU-PHWR's the fluid used both as coolant and mo-

derator (D»0) is in two separate containers, so that if coolant blow
out does occur, the moderator stays in place.
The power excursion accident can lead to a core melt if all
corrective measures fail.

Like LOCA, the term power excursion

accident refers to a number of events (accidents) and the worst is
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one in which there are multiple failures of the built-in safety
systems. However, the reactors are so designed that they can cope
with unplanned transients by automatically shutting down.
Following shut down, cooling systems would be operated to remove the
heat produced by the radioactivity in the fuel.

There are several

different cooling systems capable of removing this heat, but if they
should all fail, the heat being produced would be sufficient to
eventually boil away all of the coolant and cause core melt.
In addition to the above pathway to core melt, it is also possible
to postulate a core melt resulting from the failure of the reactor
shut down system following a power excursion.

In this case, it

would be possible for the pressure to increase enough so that the
normal reactor cooling system might rupture.

This would create a

LOCA and could lead to the core melt.
In the case of a power excursion accident also, the CANDU-PHWR
design offers certain safety advantages.

In these reactors, the modera-

tor system is designed so that it can shut the reactor down independently
of other controls, if need be.

In the Pickering design, this can be

achieved by dumping the moderator in a dump tank in circuit with the
calendria.

In Bruce-type reactors, the same objective is achieved

by injecting moderator poisoning (boron) solutions.
The first point to make with respect to a major nuclear reactor
accident is that it is impossible for a nuclear plant to explode
like a nuclear weapon.

The laws of physics do not permit this because

the fuel contains only a small fraction of the fissile material
concentration necessary for a nuclear explosion.
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(53)
The Rasmussen Reactor Safety Study,

which is the most com-

prehensive safety study to date, has examined, for U.S. power reactors,
the various paths leading to accidents, including the worst accident,
that is, the core melt down accident. Using methods developed in
recent years for estimating the probability of such accidents, a
probability of occurrence was determined for each core melt accident.
The value obtained was one in 17,000 per reactor-year.
It is important to note that melting of the core in a nuclear
power reactor does not necessarily involve an accident with serious
public consequences.

One of the major findings of the above study

is that only about one in 10 potential core melt accidents, occurring
on the average once every 17 centuries for 100 reactors, might produce
measurable health effects. However, this is not to say that the
power plant personnel would not be exposed to increased, and perhaps
dangerous, levels of radiation during these accidents.

In the past,

in the event of an accident, reactor personnel have taken their whole
yearly allowance of radiation in just a few minutes during a cleanup
(54)
campaign following a reactor accident.
If the Department of Energy, Mines and Resources predictions on
the extent of Canadian nuclear power generation capability

(2)

come

to pass, in the year 2000 there will be 166 reactors operating in
Canada.

The probability of a core melt accident would then be one

every 1000 years. This assumes that the figures quoted in the
Rasmussen report

(53)

are applicable to the Canadian situation. In

the absence of any specific data on CANDU-PHWR's, this assumption is
the only reasonable one to make.

The WASH-1250 report

indicated
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that the chance of a major pipe rupture is one per thousand reactoryears.

Therefore by 2000 we could expect a pipe rupture accident

every 6 years.
A study of the literature indicates that there have been 9
major reactor accidents in the western world.

At Chalk River, Canada

in 1952, a coolant passage blockage caused partial fuel melt-down
and hydrogen explosion in a heavy water reactor (NRX).

The core was

destroyed, but there were no injuries or deaths reported.

In the

course of the accident, over one million gallons of highly radioactive
water were produced and had to be disposed of. A complete decontamlnation scrubbing of the 8 storey NRX building was required.

(54)

In November of 1955 there was a serious accident at the EBR-1
reactor at Idaho Falls, Idaho, U.S.A.
At Windscale, England in 1957, a plutonium production reactor
was overheated due to the Wigner effect In the graphite moderator
and caught fire. Twenty thousand Curies of iodone-131 were released
to the environment. Milk produced by cows In the area was impounded
and no radiation injuries or deaths were observed.
On May 23, 1958 there was a second accident at Chalk River.
This involved the NRU experimental reactor. A power excursion of
unknown cause led to automatic shut—down of the reactor.

It was

decided to remove 3 fuel rods which showed excessive reactivity.
A valve failure had led to drainage of heavy water coolant from the
flask. A half-removed fuel rod became jammed in place, and in the
course of removing it a small piece of burning rod dropped into a
repair pit. The rest of the rod was eventually safely disposed of.
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The cleanup involved the whole staff of the reactor in an attempt to
spread the exposure among a larger number of people and thus limit
the exposure of each individual.
forces were also involved.

Three hundred members of the armed

The decontamination procedure required

(54)
three months to complete.
In 1961 at the SL 1, National Reactor Testing Station, Idaho,
U.S.A. a shutdown rod in an Army test reactor was removed and caused
sudden criticality.
Army technicians.

The radiation released caused the deaths of 3
There was no large release of radioactivity to

the environment or injury to the public.
The next major accident reported occurred in 1966 at the Enrico
Fermi Reactor, Laguna Beach, Michigan, U.S.A.

This was a liquid-

metal coolsd fast breeder reactor in which the sodium coolant circulation was blocked in a section of the reactor, causing melt-down of
some of the fuel sub-assemblies.

No radiation release or consequent

injuries or deaths were reported.
On January 21, 1969 an accident occurred at the Lucens reactor
in Switzerland.

The reactor was a pressure tube design, using heavy

water as the moderator and carbon dioxide as the coolant.
was shown to be caused by a single burst tube.

The failure

Shock damage to the

other tubes jammed the fuel bundles into the pressure tubes.

Fission

products were, distributed throughout the primary coolant system,
the moderator tank, and the reactor cavern.

Cleanup was an involved

and costly process, with access to the core achieved only after approximately 1 3/4 years.
CANDU-PHWR's.

The Lucens reactor is similar in design to
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The eighth reactor accident occurred at the Saint-Laurent
des-Eaux Reactor in France in 1969.
The most recent reactor accident occurred at Brown's Ferry,
Kansas in 1975. This reactor complex is the world's largest nuclear
plant.

In the accident scheme here at least 7 of the plant's 12

redundant safety systems failed.

The accident was of the power

excursion type, and a report on the accident stated that key parts of
the reactor were badly designed. The cost of the accident was placed
at $150 million.
At the time of the Browns Ferry incident the U.S. had had 2000
reactor years of operating experience. A large portion of this time
was with experimental reactors where safety systems were being
developed.

The Browns Ferry reactor was a fully tested and approved

commercial power reactor. The occurrence of this serious an accident
is a warning that the estimates of various reactor safety studies
may be low. For instance, the Rasmussen study, released as WASH-1400
by ERDA, indicates a probability for serious reactor accidents of one
(53}
in 17,000 reactor-years. '

123

5
5.1

POWER GENERATION RISKS IN PERSPECTIVE
Introduction

In preceding chapters, occupational and public health risks of
generating electricity from coal, oil, natural gas, and uranium were
compared.

Particular attention was given to accident and chronic

disease rates for various stages of energy production.

The hazards

experienced in the complex industrial society of today, however,
are not limited to energy production.

Hazards of similar nature are

present in many societal activities, such as those involving automobiles, aircraft, insecticides, and the use of industrial gases and
chemicals.
disease.

In addition, there is the risk of death due to natural
Human societies are also exposed to disasters, both man-

made and natural.
In discussing the risks of nuclear radiation, it is therefore
important to consider also the nature and frequency of risks from
these other sources, so that when making judgment on the desirability
of a technology, a balanced assessment can be made in which the risks
associated with it are seen in perspective.

In the following, some

statistics on hazards arising from these other sources are presented
and discussed in the context of the risks presented by the nuclear
industry.

5.2

Leading Causes of Fatalities Due to Accidents

A comparison of fatalities due to accidents in non-nuclear and
nuclear industries, and nine other leading causes in Canada is shown
in Table 34.

The statistics presented are based on those published

Table 34: A Comparison of Industrial Fatalities (both Nuclear and Non-nuclear) with other
leading Causes of Accidental Fatalities in Canada, 1967-1974.
ïear Population

Industrial
non-nuclear nuclear

Motor
Vehicle

OTHER LEADING CAUSES
Aircraft Falls Drowning Fires !jUffOC!

1967 20,378,000 no. 472
% 4.0
rate 23.6

2.0
0 ..
0.09

5,412
46.7
265.6

145
1.2
7.1

1,711
14.7
83.9

1,200
10.3
58.9

729
6.3
35.7

560
4.8

484
4.2

155
1.3
7.6

728
6.3

1968 20,701,000 no. 479
% 4.1
rate 23.1

2.0
0
0.09

5,488
47.3
265.1

115
1.0
5.5

1,713
14.7
82.7

1,087
9.4
52.5

682
5.9
32.9

534
4.6

593
5.1

165
1.4
7.9

750
6.5

1969 21,001,000 no. 641
1 5.5
rate 30.5

2.0
0
0.09

5,696
48.7
271.2

128
1.0
6.1

1,651
14.1
78.6

1,186
10.1
56.5

626
5.3
29.8

564
4.8

642
5.5

133
1.1
6.3

424
3.6

1970 21,297,000 no. 620
Z 5.4
rate 29.1

1.7 #
0
0.08

5,312
46.7
249.4

187
1.6
8.5

1,614
14.1
75.8

1,173
10.3
55.0

634
5.6
28.9

549
4.8

720
6.3

129
1.1
5.9

440
3.9

1971 21,568,000 no. 769
X 6.4
rate 35.6

1.7 #
0
0.08

5,690
47.3
263.8

148
1.2
6.8

1,776
14.8
82.3

1,064
8.8
49.3

647
5.4
30.0

569
4.7

699
5.8

143
1.2
6.8

526
4.4

1972 21,830,000 no. 821
% 6.4
rate 37.6

1.7 #
0
0.08

6,308
49.2
288.9

136
1.1
6.2

1,808
14.1
82.5

1,073
8.4
49.1

746
5.8
34.1

507
3.9

783
6.1

102
0.8
4.7

541
4.2

1973 22,096,000 no. 853
X 6.4
rate 38.6

1.7 #
0
0.07

6,706
50.2
303.5

-

1,814
13.6
82.1

861
6.4
38.9

714
5.3
32.3

740
5.5

123
0.9
5.6

886
6.6

1974 22,365,000 no. 882
Z 6.8
rate 39.4

1.7 #
0
0.07

6,290
48.7
281.2

1,831
14.2
81.8

712
5.5
31.8

805
6.2
36.0

695
5.4

122
0.9
5.4

941
7.3

-

# Average number of nuclear industry deaths taken fro* Table 18.
Source: Canada Safety Council Data

-
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by the Canada Safety Council and those estimated in this work.

It

may be seen that, of all the accidental fatalities, accidental deaths
due to the automobile account for over 40% every year.

In terms of

the percentage of total accidental deaths in a year, fatalities due
to the nuclear industry are virtually negligible whereas accidental
deaths occurring in non-nuclear industry accounts for roughly 5% - 7%
each year.

However, since the nuclear industry is much smaller than

the non-nuclear industry, and since the rates in the table are based
on the total Canadian population, the exact relationship on rateper-eKposed person basis is not clear.

If it is hypothesized that

the rates for the two types of industry are the same on a per-exposed
person basis, then the nuclear industry is only about 1/400 as
large as the non-nuclear industry.

Since the nuclear industry man-

power requirement in 1976 is s.tated to be 18,400 (Table 3 5 ) , this
means that the non-nuclear industry has a manpower requirement of
7,360,000.

This is a number close enough to any reasonable estimate

of the real figure that it is difficult to argue that there is any
real difference in the rate of accidents for the nuclear industry
and the non-nuclear industry.
In absolute terms, more people die due to accidental fires,
falls, drowning, poisoning or suffocation than due to total industrial accidents.
As a reference level for comparing risks, it is of interest to
present some statistics on the risk of deaths due to disease in
Canada.
diseases.

In 1971, for example, 144,590 Canadians died of various
This is equivalent to 673.4 deaths per million of population
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Table 35: Projected Manpower Requirements of the Canadian Nuclear
Industry, I960 - 2000.
1976
1980
1985
1990
1995
2000
Generating Capacity Ontario 2280
(Mfe)
Canada 2530

5300
6700

10,500 19,200 31,400 50,600
13,500 28,800 54,800 95,600

8100 12,700 13,500 28,800
15,800 26,500 28,400 57,000

Manpower
Construction

Ontario 3800
Canada 5000

5500
9000

Operations

Ontario 3300
Canada 3900

4000
4800

5000
8300

Design

Canada

400

700

1000

1500

1900

2300

AECL

Canada 5000

5400

5900

6400

6900

7500

AECB

Canada

100

300

500

700

800

800

Manufacturing

Canada 4000

8000

TOTAL MANPOWER

Canada 18,400 28,200 46,500 71,800 83,000 131,800

Source: Reference (35)

6100
8000 10,100
11,700 15,000 19,100

15,000 25,000 30,000 35,000
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a rate higher than the rate of death due to all accidents.

In

fact, the accidental death total was only about 8.7% of the disease
death rate.
Nearly 66 people (average over the period 1968 - 1971) die,
in Canada, every year as a result of a sports activity.
activities may be classed as voluntary risks.

These

The corresponding

rate is about 3.05 deaths per million or about one-tenth of the
industrial accidental death rate.
The risks associated with air transport and the use of the motor
vehicle deserve special comment.

Both of these activities originated

as voluntary "sports" and later evolved into essential means of
transportation.

It is interesting to note that the risk of death

due to a motor car accident is approximately 40% of the risk of death
due to all diseases, which may be taken as the basic level of risk
to the population.

In view of the high proportion of the population

involved, this probably represents a true societal judgment as to the
acceptability of the risk in relation to the benefits of this particular use of technology.

5.3

Industrial Carcinogenesis as a Cause of Death

One major concern expressed with regard to the use of nuclear
energy is that the nuclear radiation due to radio-isotope releases from
nuclear plants is carcinogenic, and that continuous exposure to it
can eventually lead to a number of cancer deaths in the exposed population.

In a previous section, the risks of such cancer deaths due

to the various stages involved in the generation of electricity from
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nuclear power plants were estimated and compared with corresponding
risks associated with fossil fuel plants. Respiratory cancers are
not believed to be caused by a single irritating agent in the atmosphere, but by many different irritants released by a wide range of
industries. These may be classified into three groups: organic,
inorganic, and radionuclides.

The last-mentioned group and certain

members of the organic and inorganic groups have been discussed
previously in connection with nuclear and fossil fuel power generation.

Certain other carcinogens will be discussed with particular

reference to their release by some major Canadian industries.

5.3.1

Organic Carcinogens and Their Sources
Some of the polynuclear hydrocarbons

' .ainly products of in-

complete combustion, originate primarily , i: , iicat saneratiqn in
industrial processes, such as steel and cokt »;. ,uc':ion, and from
motor vehicle exhausts. Tars and asphalt used it? surfacing roads
release aromatic hydrocarbons, but their concentration in ambient
air away from the treated surface is believed to be too low to
cause harm.

A group of cancer-inducing agents, namely epoxides,

peroxides, hydroperoxides, and lactones, consists of olefin derivatives.
Certain air-borne nitrogen containing compounds have been identified
with the production of cancer in mice.

West

suspects that

a large number of organic pesticides are carcinogens including DDT,
aldrin, dieldrin, endrin, and heptachlor. Although these compounds
induce cancer in animals at relatively high concentrations, they
have not been established as carcinogens in humans at the concentra-
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tions found in ambient air.

Their concentrations in grain and alco-

holic beverages, where they are mainly found, are 5 ppm or less.
Experimentally, they exhibit systematic effects involving specific
organs.

For instance, one compound, nitrosopiperidine produces cancer

in the esophagus of rats regardless of whether it is administered by
mouth or intravenously.

Some cause malignant tumors in the lungs
( 58}

or stomachs of hamsters.
The so-called secondary amines, such as dimethylamine and
diethylamine, occur in fish products, cereals, tea, tobacco, and
(59)
tobacco smoke.
They also originate in the preparation of various
flavouring agents including those present in bread and meat; some
toothpastes contain carcinogenic substances of the same category.
Mancuso and Brennan
diethylnitrosamine,

named certain nitrosamines, specifically
p-=-nitroso^Nf N-dimethylamine, and N , 4 -

dinitrosomethylaniline, as possible causes of a higher than normal
mortality rate from cancer of the gall bladder, bile ducts, and
salivary glands in rubber factory workers.
Data on the concentration of these carcinogens in the Canadian
atmosphere are hard to find.

No agency so far has gathered

nationwide data on such agents in the atmosphere.

In the United

States, generally greater awareness of environmental problems has
prompted the gathering of baseline data on the concentrations of
certain compounds found in U.S, cities.
Thousands of Canadians die every year due to all sorts of cancers,
of indeterminate cause.

In 1974, 34,065 fatal cases of cancers

were reported, whereas the incidence of non—fatal cancer cases and
genetic diseases was 30,000 and 20,800 respectively/

'

The
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estimated possible deaths due to 1 rorem exposure of the total
Canadian population (Table 31) are almost negligible level in
comparison.

5.3.2

Inorganic Carcinogens

Among inorganic air-borne pollutants, industrial chromâtes,
nickel, asbestos, beryllium, arsenic, selenium, and cobalt have been
linked with the production of malignant tumors in animal experiments.
Of these, three inorganic carcinogens - asbestos, arsenic, and nickel are of special significance to Canada since their production is, or
is associated with»• a major industrial activity in Canada.
Canada is the world's largest producer of asbestos, and development of lung cancer caused by exposure to asbestos is now well recognized.

In 1947 it was discovered in England that over 50% of patients

diagnosed as having asbestosis eventually die of lung cancer.
The health effects of asbestos minerals include non-malignant changes
such as pulmonary and pleural fibrosis and malignancies, notably
of the lung, pleura and peritoneum.

A positive association between

asbestos exposure and human disease has been established.
Since 1970 there has been a substantial increase in the number
of asbestosis claims, from 59 to at least 111 in 1974. These figures
have been reported by the provincial Workmen's Compensation Boards.
From 1972 through 1975, there have been a minimum of 125 compensable
claims for asbestosis in Ontario. Presently, there are more than
400 individuals receiving compensation in the province of Quebec,
where most of the asbestos is mined.
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In addition to the mining and milling of asbestos, occupational
exposures occur in the cement-asbestos industry in which shingles
and siding, water and sewer pipes, and insulation boards are produced.
Other products using asbestos include brake linings, some types of
filters, electric wire and cable, paints, floor tiles and gaskets,
and various kinds of sound, heat, and electrical insulation.
It Is thus clear that under-reporting of asbestosis cases occurs.
Given the ubiquitous uses of asbestos, primary and secondary exposure
of workers to asbestos dust are not completely estimated.
An association of asbestosis with occupations other than mining
and milling is evident in Ontario.

In the period 1942 - 1975, 66.5%

of the compensable cases were those employed in manufacturing,
25.6% were those employed in construction, and 7.2% were those employed
in maintenance industries. Only one case had been reported in the
mining industry.

(63)

Epidemiological evidence establishing a cause-effect relationship
between asbestos exposure and lung cancer also exists. McDonald et
al

have demonstrated an increase in the incidence rate of respira-

tory cancer with increasing dust exposure. The difference in the
rates for respiratory cancers for those maximally and minimally
exposed was five fold.

No data are presently available on other

occupationally exposed groups in Canada.
The figures for asbestotis cases can be compared with the health
cost of uranium mining in terms of lung cancer deaths. It will be
noted that the number of excess cases of lung cancer in Ontario
uranium miners estimated by the Royal Commission

(24)

has been
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reported to be 36 for the period 1955 - 197A.

Estimates in the present

work show a corresponding figure of 19 cancer deaths for a comparable
period.

Both of these figures are far less than the 125 asbestosis

cases reported for asbestos mining workers in Ontario for a comparable
period.
It is impossible to calculate an incidence rate for asbestosis
cases since the use of asbestos in the sectors noted above is often
confined to specific applications and therefore the number of exposed
workers is an undefined percentage of the total workforce in these
sectors.
Nickel has been found to produce cancer of the lungs and nose
in humans,

and in animal experiments.

Sources of airborne

nickel compounds in the Canadian environment are predominantly the
mining and smelting industries.

Nickel is also present in chrysolite,

the common asbestos mineral, in a range of approximately 1.5 to 1.8
mg/g.

In coal ash, the concentration varies from 3 to 10 mg/g;

in fly ash from the burning of residual fuel oil, a range of 1.8 to
13.2 is found.

Cigarettes also contain traces of nickel.

Nickel oxide is released from the operation of municipal
incinerators.

According to Schroeder and associates

buckwheat

(6.45 ppm) and other cereals contain the largest amounts of nickel;
legumes, tea, and cocoa show lesser amounts.

Some foods, namely

baking powder, cider and breakfast cereals, can become contaminated
during processing.

A few milligrams of nickel are consumed daily

from exposure to nickel and nickel alloy cookware.

The average

daily exposure to nickel in a normal diet is estimated to be 0.5 mg
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or less.

The oral tolerance of metallic nickel, the dose that

produces no ill effects in dogs when given by mouth, ranges between
1 and 3 g/kg body weight. Whether or not the minute quantity of
nickel compounds in food constitutes a risk in humans has not been
established.

However, the toxicity of certain nickel compounds has

been well established and in high doses nickel and its compounds
have produced cancers of the sinuses and of the lungs in nickel
workers in Ontario.
In an Ontario nickel refinery covering the period from 1930 to
1957, 245 workers were exposed to the nickel fumes for more than
five year8.

Furnace workers with more than 3 years of exposure

had a death rate 200 times higher than expected.
Arsenic poisoning has long been a source of societal concern
in Canada. Arsenic contamination of the environment is traditionally
associated with gold mines and their smelters, although serious
environmental contamination can also occur near copper mines and
factories where it is smelted.

The burning of coal releases from

0.08 to 16 pg of arsenic per gram of coal.
Since lead arsenate sprays are being abandoned and organic
pesticides substituted for them, there has been little economic
incentive to salvage arsenic from the fumes produced by a smelter.
Sodium arsenate sprays are still in limited use to sterilize vegetation around fence posts, bridges, radar sites, tennis courts,
roadways, and other non-agricultural areas. Smoke from the burning
of the pesticide containers also contributes to the presence of
arsenic in the environment.

Several common phosphate presoaks and
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household detergents containing arsenic in concentrations as high as
10 to 70 ppm drain into rivers and lakes. Ordinarily arsenic occurs
in surface waters at concentrations of less than 10 ppb.
Arsenic enters the human body by means of inhalation, ingestion,
or absorption through the skin.
Up to four decades ago, arsenic was a popular medication for
certain skin diseases. Prolonged intake of the drug leads to
keratosis of the hands and feet, and to dermatitis, especially in the
moist areas of the skin (groin, arm pits).

Following inhalation of

arsenic a mild bronchitis and nasal irritation ensue.
More concentrated exposures, particularly among workers with
arsenic exposure due to employment in gold or copper smelters,
leads to perforation of the nasal septum.

Nausea, pain in the

stomach, diarrhea, or constipation are the symptoms caused by eating
food contaminated with arsenic. The fatal dose is in the range of
70 to 180 rag. Arsine CAsH_), one of the most toxic arsenical
compounds, is formed whenever hydrogen is formed in the presence of
arsenic, as for instance in the pickling of arsenic-containing metals.
At occupational exposures of less than 1.5 ppm, it causes hemolytic
anemia, a condition characterized by jaundice and the destruction of
red blood cells. (72)
Hueper (73) recognized arsenic as a cause of cancer of the skin,
(74)
lungs, and liver. There is evidence

that arsenic causes abnor-

malities in offspring (teratogenic effects).
In Canada, arsenic contamination of the environment has been
most publicized at Yellowknife. The dispersal of arsenic into the
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environment at Yellowknife results from the roasting of gold ore
containing arsenopyrite.

An environmental study was started as

early as 1950 by the Department of National Health and Welfare.
In the period 1951 - 1959, some 727 samples taken from the town water
supply were analysed.

Approximately 15 per cent of the samples

exhibited arsenic concentrations above the maximum permissible level
of 0.05 ppm.

The highest value observed was 2.9 ppm compared with

the emerging level of 0.3 ppm.
A detailed medical study made in 1966 included examination of
mortality, and hospital.admissiou and out-patient, records, health
surveys of the whole community by questionnaire, a weekly house-tohouse morbidity survev, and a clinical examination of a group of
inhabitants who had exposure histories for suspected symptoms.
A high incidence of acute and chronic respiratory disease was
found.

The prevalence of skin lesions was noted and was thought to

be related to contact with arsenic dust.

5.3.3

Radiological Carcinogenosis in the Fluorspar Industry

Fluorspar (calcium fluoride) is used in the making of aluminum
and steel and as a source of fluorine in the manufacture of hydrogen
fluoride and fluoro-carbons.
Fluorspar mining has been an important activity at St. Lawrence,
Newfoundland.

Economic development of several fluorospar veins in

the area began during the immediate post-depression years in 1933,
and has continued since, although production has declined considerably from the peak production period of the second world war.

The
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total production of fluorspar in the year 1970 was valued at about
$4.8 million which decreased to about $2.8 million in 1971.
The hazards associated with the mining of fluorspar at St.
Lawrence were recognized during the early 1950's. The unusual incidence of lung cancer among the miners of St. Lawrence attracted worldwide attention.

In 1959, a previously unsuspected radiation hazard

was discovered in the fluorspar mines located in the area. The
unusual finding in this case was not the fact that radon was present,
but that there were such high concentrations of radon and radon
daughter products in the working places i'.n the absence of any known
uranium ore body.

Radon is, however, sufficiently soluble to be

accumulated by underground waters as it traverses low grade uraniumbearing rock.

It has been suggested

that radon is released into

the mine air as the water seeps into the underground working places.
A. J. deVilliers et al,

have studied the mortality exper-

ience of the community and of the fluorspar mining employees at
St. Lawrence. Mortality data for the period 1933 - 1968 reveal that
250 deaths occurred among the approximately 2,000 men who had been
associated with the mining of fluorspar for varying periods of time
ranging from a few shifts to many years. The average number of hours
worked was 25,944 hours, or the equivalent of 155.35 working months
(WM).

This represents nearly 13 years of exposure.
One hundred and fifty-five deaths occurred among individuals who

had accumulated more than 1,000 underground hours or 6 WM of exposure.
Individuals with less than 6 WM of exposure were regarded, for the
purpose of this preliminary analysis, as surface workers.
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Of the total of 155 'underground1 deaths, 78 (50.3%) were due to
conditions which Involved the target organs, the lungs.

These

included 20 (12.9%) tuberculosis deaths and 52 (33.5%) lung cancers.
Accidents (20 deaths or 12.9%) and malignant deseases of the buccal
cavity and gastro-intestinal tract (11 deaths or 7.1%) were other
notable causes of death among the underground men.
Observations made during the earlier analysis of the St. Lawrence
data supported a contention that factors in addition to radiation
night be involved in this unusual incidence rate.

Exposure to silica

has been suggested but supporting epidemological and experimental
evidence is lacking.

The prevalence of silicotic type pneumoconiosis

among the other groups of miners was comparable to the relatively
low rate experienced by the fluorspar miners (1.93%).

The

possible role of fluoride dust exposure has not been established
with any degree of certainty.

The search for other minerologic

constituents has not revealed the presence of elements in concentrations known to be carcinogenic or co-carcinogenic.
Cigarette smoking appears to be of outstanding importance in the
development of lung cancer among miners exposed to airborne radioactivity.

Studies in the United States focussed particular attention

on this problem and have suggested that smoking might be accompanied
by a 4 - 10 times greater risk of developing lung cancer.

It must

be recognized, however, that while smoking undoubtedly accounts for
some part of the increased risk, it cannot, as Parsons

pointed

out, account for it alone.
The first survey of mine working places at St. Lawrence was
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carried out during 1956.

This survey, concentrating on the evaluation

of dust hazards, revealed that, although quartz (free silica) was
present in high concentrations in certain instances, the general
degree of dustiness at the time of the survey was not alarming.

A

summary of airborne dust and fluoride concentrations in six St.
Lawrence mines is given in Table 36.

The data pertain to the

aforementioned survey carried out during 1956 - 1957.

At the time

of the survey, the threshold limits for airborne dusts containing
the amounts of silica found in the mines (20% average, with a
range of from 4% to 3 8 % ) , and fluoride were 20 mppcf (millions of
particles per cubic foot of air) and 20 mg of fluoride per cubic meter
of air, respectively.

Table 36 indicates that the average dust con-

centrations were above the threshold value at 7 underground and 2
surface locations.

Average fluoride concentrations were well below

the threshold limit value at each of the 34 localities sampled.
On the basis of accumulated experience and the information
available from other fluorspar mining areas of the world, there
seemed to be no undue hazard associated with the quantities of airborne dust in the mines.
Radiation surveys were carried out in 1959.

The radiation

measurement data for two underground mines and two surface plants are
summarized in Table 37.

The radon daughter data are given in terms

of multiples of suggested working levels (WL), which is the amount
of energy (1.3 x 10

Mev) that will be released by the decay of RaA,

RaB, and RaC through R a C of 100 picocuries (pCi) of each of these
elements in equilibrium with 100 pCi of radon.
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Table 36: Sumnary of Airborne Dust and Fluoride Concentrations4'
in Six St. Lawrence Mines (1956 - 57)
UNDERGROUND

SURFACE

•H
•O

Respirable dust
concentrations at
various working
places (mppcf)
Fluoride concentration
in air at various
working places

180

52

11.65

7.40

67

27

0.44

0.34

6*

10.90* 11.00*

0.17

0.09

(mg F per m )

tlv (threshold limit value) for dust - 20 mppcf
tlv for fluoride - 2.5 rag F per meter
Excludes two values of 21 and 271 obtained during short-tern
operations on surface (sample preparation room)
Source: Reference (75).

0

0
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Table 37: Summary of Radioactivity Data Relating to Two St.
Lawrence Mines (19S9 - 60).
UNDERGROUND

SURFACE

c

I
1
Radon (pCi per litre) 17

17 270-25,000

5-1,510

Radon Daughters
(aultiples of 1.3 x
10 5 Mev per litre)

50 0.40-193

0-12

11 0.35-0.50

0.03-0.15

Gamma Radiation
(nv per hr.)

80

22

19

NM* - l.C

Estimated on basis of highest radon daughter concentration
Not Measurable.
Source: Reference (75)
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At full equilibrium with its daughters, 100 pCi of Rn/litre is
accompanied by 300 pCi/litre of radon daughters.
non-ventilated rooms.

This occurs in

When there is some ventilation it is often

assumed that 100 pCi of radon per litre is approximately equivalent
to 150 pCi per litre of radon daughters in addition to the radon.
Where ventilation is brisk 100 pCi per litre of radon is accompanied
by 30 pCi per litre of radon daughters.
The working level currently in operation in Newfoundland is
one-third of the value used in Table 37.

This is because, in 1960,

immediately following the identification and recognition of radiation hazard, additional mechanical ventilation was installed in the
operating mines.

Since then, concentrations of airborne radioactivity

have been maintained, on the whole, within ihe 1 WL guideline.

Most

of the time the exposure level is below 0.3 WL.

5.4

Other Pollution Related Diseases

Many other chemicals used in our industrial society have the
potential to cause exposure related diseases.

In Japan, mercury

contamination of fish used as food by large segments of the population has, in the past, caused large scale crippling and deaths from
the so-called 'Minimata' disease.

In Canada, mercury pollution of

our waterways, especially in northern regions where the pulp and paper
mills are blamed for the release of the mercury, has become an issue
of great public concern.
Although the use of arsenic as an insecticide is waning, some of
the organic replacements for this and other older pest control agents
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have also been shown to have grave consequences for the environment
if used indiscriminantly.

The "Mirex" contamination of the Great

Lakes is a case in point.
Fluorocarbons formerly used in huge amounts as propellants in
aerosols have recently been replaced due to concern expressed by
scientists over the possible effect that fluorocarbon buildup in
the atmosphere could have on the earth's ozone layer. If this
layer was to become less dense, a large increase in the rate of skin
cancer among the general population would be probable.
In addition to the chemicals which could cause exposure related
diseases, there are many used every day to produce consumer goods
that can cause death poisoning.

In order to put nuclear risk in

consistent perspective, it is necessary to examine the risks of these
other, perhaps less obvious, potential dangers to the whole of society
to individuals thereof.
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6.

CONCLUSIONS
The data quoted herein apply to a 1000 MW(e) generating plant

operating for one year.

6.1

Environmental Considerations
6.1.1

Fuel Recovery

Coal mining to recovery the fuel necessary to run a 1000 MW(e)
power plant for one year results in substantial environmental damage.
Assuming that the coal used is similar in nature to that currently in use
by eastern Canadian utilities, coal mined by open pit methods results in
approximately 600 hectares of land damage; 4 x 1 0 6 tonnes of overburden
removed; and drainage water containing 30,000 tonnes dissolved solids,
30 000 tonnes suspended solids, and 50,000 tonnes acid.

Underground mining

results in approximately 350 hectares of land subsidence, 3 x 1 0 5 tonnes
of solid wastes, and 4 x 1 0 5 tonnes of acid in drainage water.
Oil recovery from off-shore wells generates approximately 8 x 1 0 7
m 3 of brines and leads to 6000 m 3 of spilled crude oil.

Continental

wells produce approximately equal amounts of brine and approximately 55%
as much oil spillage.

In addition, in both cases there is an undefined

amount of gas vented and flared.
Gas vented and flared, and brine and well condensate in unspecified
amounts, are the fuel recovery

impacts of natural gas recovery.

Uranium mining to produce the necessary fuel for the standard
1000 MW(e) plant-year creates approximately 2.3 x 1 0 6 tonnes of overburden,
and requires a mine area of approximately 6 hectares.
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6.1.2

Upgrading and Processing

The wastes associated with the cleaning of coal for a 1000 ME(e) plant
amount to approximately 5 x 1 0 6 tonnes of black water containing 4 to 5%
solids, and up to 8 x 1 0 5 tonnes of solid wastes.
Oil refining causes the release of gaseous wastes including
approximately 30 000 tonnes tonnes SO2, 17 000 tonnes hydrocarbons, and
19 000 tonnes NO .

Waste water amounting to approximately 4 x 1 0 8 tonnes

and containing 6000 tonnes suspended solids and 5000 tonnes BOD is also
released as are 3000 tonnes of particulates.

However, these figures are

for the refining of enough crude oil to produce the residual oil to run the
plant.

This amount of crude also produces 2.5 x 1 0 7 m^ of other refinery

products.

Therefore it may be more equitable to divide the releases noted

here and in Section 6.1.1 by 13.8.
Natural gas processing results in the release of approximately
6 x 10 6 m^ of flue gas containing 3000 tonnes NO , 25 tonnes hydrocarbons,
0.4 tonnes SO2, and 11 tonnes particulates.
Uranium milling and processing as practised for CANDU reactors can
be expected to release gaseous emissions containing approximately 55 Ci
En-222, 23 mCi each of Ra-226 and Th-230 and 33 mCi uranium.

Liquid

emissions would contain approximately 3.2 Ci Th-230, 130 mCi uranium and
51 mCi Ra-226.

Solid emissions of approximately 53 Ci

Th-230 and 57 Ci

Ra-226 would also be present.
6.1.3

Fuel

Transportation

Coal transportation would result in the spillage of approximately
2800 tonnes of coal, mostly as fine dust which would add to the particulate
loading of the atmosphere.
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Oil spillage in transit totals some 2 x 10 "* m 3 for each 1000 MW(e)
plant-year, of which approximately 9500 m 3 is attributable to the residual
oil segment of the crude oil cut.
Natural gas spillage in transit, of itself, is unlikely to cause
serious environmental problems.

Serious consequences could occur should

the gas catch fire.
Little data exist on the incidence of spillage during transit of
nuclear materials.

It is judged that the small volumes involved allow the

economic use of preventive measures which should make such incidents
unlikely.
6.1.4

Power Generation

A coal-fired power plant produces approximately 2.7 x 1 0 1 0 ta3 of
flue gas containing 5.2 x 101* tonnes S 0 2 , 2.5 x 1 0 h tonnes NO , 1400
tonnes CO, and 400 tonnes hydrocarbons.

Small quantities of radioactivity,

approximately 5 mCi Th-230, Ra-226, and 8 mCi Th-226, Th-232, Ra-228 are
also released.

Bottom ash and recovered fly ash totalling approximately

3.3 x 1 0 5 tonnes and containing 580 mCi Th-230, Ra-226, and 970 mCi
Th-228, Th-232, Ra-228 are also produced.
An oil-fired generating station releases approximately 2.5 x 1 0 1 0
m 3 of flue gas containing 3.4 x 10*• tonnes S 0 2 , 2.2 x 10*• tonnes NO , 8.5
tonnes CO, 1300 tonnes particulates, and 430 tonnes hydrocarbons.

Radio-

active releases total approximately 0.27 mCi Th-230, Ra-226 and 0.25 mCi
Th-228, Th-232, Ra-228.

Recovered fly ash totalling approximately 7100

tonnes and containing 1.4 mCi Th-230, Ra-226, and 1.3 mCi Th-228, Th-232,
Ra-228 is also produced.
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Natural gas stations each release approximately 2.4 x 1 0 1 0 m 3
of flue gas containing 12 000 tonnes NO , 18 tonnes S O 2 , 1200 tonnes
hydrocarbons, and 460 tonnes particulates.
Nuclear power plants release approximately 1.2 x 10 ^ Ci tritium
(H-3), 2.1 x 1 0 3 Ci noble gases (Kr-85, etc.), 1«6 x 1 0 ~ 2 Ci radioactive
particulates, and 2.0 x 10

3

Ci I-131.

Liquid wastes containing approxi-

mately 7000 Ci tritium and 1.3 Ci B + y emitters are also released.

6.2

Occupational Health Considerations
6.2.1

Coal Plant Cycle.

It is expected that there will be 3.3 deaths among coal miners
for each plant-year of power generation.

Injuries and disability days for

this phase of the cycle are expected to be 550 and 15 400 respectively.
There are also approximately 60 cases of pneumoconiosis among
mine workers expected for each plant-year of generation.
6.2.2

Oil Plant Cycle

No deaths are likely to occur in the production of the oil necessary
to produce one plant-year of power.

Injuries and disability dajss in the

recovery of the crude oil are expected to be 5.1 and 600 respectively.
Occupational diseases are not reported to be a consideration in the
recovery of oil.
6.2.3

Natural Gas Plant Cycle

Statistics for petroleum production are not sufficiently differentiated to allow any conclusions to be drawn on this cycle.

It is expected

that the figures shown for oil will apply here in an approximate way.
6.2.4

Nuclear Plant Cycle

Uranium mining to produce the fuel for one plant-year of generation
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is expected to cause 0.7 deaths, 3.54 accidental injuries and 100 disability days.

Occupational diseases of uranium miners would include 0.43

cases of sillcosis (ratings 4 and 5) and 0.07 cases of lung cancer per
plant-year.

6.3

Public Health Considerations
6.3.1

Fuel Handling Accidents

The fossil fuels are transported great distances and are subject
to frequent spillage.

Great public damage could occur if this spilled

fuel were to catch fire.

Not only could the resulting fire cause many

deaths and much destruction but the combustion products could, under
adverse meteorological conditions, cause many deaths from respiratory
effects.
Since spent nuclear fuel is currently not transported off power
plant premises, and is of relatively low activity before being used, fuel
transportation accidents are unlikely to have serious public consequences
provided adequate precautions are taken.

This outlook would change

adversely on institution of a policy to move spent fuel from the power
plant site, especially if re-processing is the motive.

No adequate

strategy for off-site storage or disposal of spent fuel exists.

Long-

term exposure of the public to radon daughters arising from uranium mining
and milling operations appears likely to result in some - as yet unqualifiable - health damage, most likely expressed through lung cancer deaths.
6.3.2

Mortality due to Normal Plant Emissions

Estimates quoted earlier indicate that exposure of a control group
the size of the Canadian population to power plant effluents at the U.S.
standard levels would be expected to result in 14 700 excess deaths due to
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particulates, 6700 excess deaths due to SO2, and 1700 excess deaths (at
100% of the Derived Release Limit) due to nuclear radiation effects.
levels of exposure are common with fossil fuel plants.

These

Typical operating

levels for nuclear plants are approximately 1-5% of the Derived Release
Limit.
6.3.3

Power Plant Accidents

Power plant accidents are not entirely unlikely at fossil fuel
plants.

Boiler explosions and the release of noxious fumes are not

uncommon.

However, rarely will members of the public be at risk.

Many safety studies have heen carried out on nuclear power stations.
The most recent and comprehensive study to be released in the U.S. is the
WASH-1400 document.

This study places the probability of a serious nuclear

power plant accicent at one in 17 000 reactor years.

There have been

several reactor accidents involving experimental reactors.

A recent

commercial-size accident is that involving the Brown's Ferry Reactor,
said to be caused by sub-standard components.

This reactor failed, at a

time when the U.S. had 2000 reactor-years of operating experience.

This

failure may indicate that estimates of the probability of reactor failure
made in WASH-1400 are too low.

6.4

Final Evaluation
Coal and oil produce large quantities of sulphur dioxide, particu-

lates and nitrogen oxides all of which are hazardous to human health.

Oil

is far less offensive than coal, but is expensive and promises to be both
increasingly expensive and in increasingly short supply.

As well, other

uses for this fuel for which there is at the present time no substitute,
indicate the desirability of finding alternate power sources.
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Natural gas would be an ideal candidate for power generation were
it not for the fact that it has other more intelligent uses (as a petrochemical feedstock).
Looked at as an integrated power scheme, it seems reasonable to
assert that - given continued observance of current practices with regard
to dose levels (or some improvement) - nuclear power generation could be
of aid in reducing environmental pollution by power generation.
There is an unresolved question as to the long-term global climatic
effects of C 0 2 releases from fossil fuel combustion.

Since nuclear powered

generating stations do not release CO2, increased nuclear-based generation
would be of aid should a problem exist.
The death, accident, and disease figures quoted for the various
power plant types are not very much different.

Nor are they large in

comparison with the general rate of occurrence of these events in society
as a whole.

Health effects are notoriously difficult to evaluate in a

systematic and non-ambiguous manner.

However, it would appear that the

levels of exposure due to nuclear power generation are much less hazardous
to the public than those due to coal and oil fired power generation.

150
REFERENCES CITED
1.

Starr, C , "Benefit-Cost Relationships in Socio-<-technical Systems",
Proc. of Symp. on Environmental Aspects of Nuclear Power Stations.
Organized by IAEA and USAEC, New York, 10-14 August, 1970;
STI/PUB/261, Vienna (1971).

2.

"An Energy Policy for Canada - Phase 1, Vol. I and II", Dept. of
Energy, Mines and Resources, Information Canada, Ottawa (1973) .

3.

"Energy Supply and Demand in Canada and Export Demand for Canadian
Energy", National Energy Board, Ottawa (1969).

4.

"Surface Mining and Our Environment", U.S. Dept. of the Interior,
Govt. Printing Office, Washington, D.C. (1967).

5.

"Coal Mines in Canada - Operator's List 4", Mineral Resources Branch,
Department of Energy, Mines and Resources, Ottawa, January 1973.

6.

Keir Nash, A.E., Mann, D.E., and Olden, P.G., "Oil Pollution and the
Public Interest", Inst. of Govt. Studies, University of California
(Berkeley), (1972).

7.

Woodwell, G.M., "The Carbon Dioxide Question", Scientific American,
January 1978, 238(1), pp. 34-43.

8.

Hidy, G.M., "An Assessment of the Global Sources of Tropospheric
Aerosols", Preprint, 2nd Intl. Clean Air Congress. Paper No. ME-26A,
U.S. Govt. Printing Office, Washington, D.C., December 1970.

9.

Bryson, R.A. and Wendlond, W.M., in "Global Effects of Environmental
Pollution", (S.F. Singer, éd.), AAAS Symposium, Springer-Verlag,
New York, December 1968.

10. Wilson, R., and Jones, W.J., "Energy, Ecology and the Environment",
Academic Press, New York, (1974).
11.

"Atoms at your Service", Atomic Energy of Canada Limited Publication,
July 1974.

12.

"A Layman's Brief Guide to Nuclear Power", Atomic Energy of Canada
Limited Publication, AECL-3003, October 1973.

13.

Philbin, T.W,, "Reactor Design: The Generation of Radioactivity:
Human and Ecological Effects of Nuclear Power Plants", edited by
L.A. Sagan, Charles C. Thomas Publishers, Springfield, 111., (1974).

14.

Shoreham Nuclear Station Environmental Reports, Long Island Lighting
Co., Mineola, N.Y., (1972).

151

15.

Wagoner, J,K., Archer, V.E,, Carroll, B.E., Holaday, D.A., and
Lawrence, P.A., "Cancer Mortality Patterns Among U.S. Uranium
Miners and Millers, 1950-1962", J. Nat. Cancer Inst., Vol. 32
(1964), p. 787.

16.

"Guidance for the Control of Radiation Hazards in Uranium Mining",
Federal Radiation Council Reporc No. 8 (Revised), U.S. Government
Printing Office, Washington, D.C. (1967).

17.

Comey, D.D., "The Legacy of Uranium Tailings", Bulletin of the
Atomic Scientists, September 1975, pp. 43-45.

18.

"Nuclear Power (1973-2000)", U.S. Atomic Energy Commission Report
No. WASH-1139 (1972).

19.

Pigford, T.H., Keaton, M.J., and Mann, B.J., "Fuel Cycle for Electrical Power Generation", Teknekron Report No. EEED 101, Environmental Protection Agency Report No. 68-01-0561, January 1973.

20.

"Siting of Fuel Reprocessing and Waste Management Facilities",
U.S. Atomic Energy Commission, Oak Ridge National Laboratory,
Report No. ORNL-4451 (1970).

21.

"Final Environmental Statement Related to the Operation of the
Midwest Fuel Recovery Plant", U.S. Atomic Energy Commission,
Docket 50-268, December 1972.

22.

Marko, A.M., and Barry, P.J., "Nuclear Power and the Environment",
Proceedings, U.N. International Conference on the Peaceful Uses
of Atomic Energy, Geneva, 1972,

23.

"Petroleum Facts and Figures, 1971", American Petroleum Institute,
Washington, D.C., 1971,

24.

"The Report of the Royal Commission on the Health and Safety of
Workers in Mines", (James M. Ham, Commissioner), Ministry of the
Attorney-General, Ontario (1976).

25.

Lainhart, W.S., (editor), "Prevalence of Coal Miner's Pneumoconiosis
i Appalachian Bituminous Coal Workers", U.S. Public Health Service,
.icinnati, Ohio (1969) .

26.

Rasonussen, D.L., and Nelson, C.W., "Respiratory Function in Southern
Appalachian Coal Miners", American Review of Respiratory Diseases,
Vol. 103, pp. 240-248 (1971).

27.

U.S. Bureau of Mines Information Circulars No. 838 and 8433.

28.

Pichirallo, J., "Black Lung: Dispute about Diagnosis of Miner's
Ailment", Science, Volume 174, pp. 132-134 (1971).

152

29.

"The Sciences", New York Academy of Sciences, June-July 1971.

30. Archer, V.E., Wagoner, J.iC., and Lundin, F.E., "Lung Cancer Among
Uranium Miners in the United States", Health Physics, Vol. 25,
pp. 351-371 (1973).
31.

Ontario Workmen's Compensation Board Internal Report by W.C. Wheller,
Statistical Analysis Section, March 1976 (unpublished).

32.

Lundin, F.E., Archer, V.E., and Wagoner, J.K., "Radon Daughter
Exposure and Respiratory Cancers: Qualitative and Temporal Aspects",
National Institute for Operational Safety and Health, Joint Monograph
No. 1, (NIOSH-M-71-1), June 1971.
. „..,:

33.

The Role of Nuclear Power in Ontario, submission to the Royal
Commission on Electric Power Planning, by the Can. Nucl. Assoc,
pp. 91,92, Aug. 1976.
A.M. Ironside, Ontario HydroRadioactivity Management and Environmental Protection Dept., letter dated June 24, 1976.

34. Analysis of External Radiation Exposures in 1966", Atomic Energy of
Canada Limited Report No. 2678, Chalk River. February 1967.
35. Nastich, M., "The Role of Coal in Thermal Generation", Ontario Hydro
Paper presented at the 27th Canadian Conference on Coal, Vancouver,
September 22, 1975.
36. Heyerdahl, T., "The Ra Expeditions", Doubleday Publishing Co.,
New York (1971)
37. 'Statistical Yearbook - 1975", Canadian Petroleum Association (1976).
38. Brobst, W.A., "Transportation Accidents: How Probable?", Nuclear
News, 16(5), 48-54, May 1973.
39. Martin, J.E., at al., "Radioactivity from Fossil-Fuel and Nuclear
Power Plants", International Atomic Energy Agency, IAEA-SM-146/19,
STI-PUB/261, Vienna, 1971.
40.

Eisenbud, M., and Petrow, H.G., "Radioactivity in the Atmospheric
Effluents of Power Plants that use Fossil Fuel", Science, 144,
288-289 (.1964),

41.

Terrill, J.G., et al., "Environmental Aspects of Nuclear and Conventional Power Plants", Ind. Med. Surg., 36, 412-419 (1967).

42. Hull, A.P., "Some Comparisons of Environmental Risks from Nuclear
and Fossil Fueled Power Plants", Nuclear Safety, 12(3), 185-196 (1971).
43.

"The Environmental Protection Act, 1971", 0. Reg. 872/74; Ambient
Air Quality Criteria, Statutes of Ontario (1971).

153

44.

Rogers, L,, and Gamertsfelder, C.C,, "U,S,A, Regulations for the
Control of Releases of Radioactivity into the Environment in Effluents
from Nuclear Facilities", in Proceedings, Symposium on the Environmental Aspects of Nuclear Power Stations, organized by IAEA and USAEC,
10-14 August, 1J7Q; STl/PUB/261, Vienna, 1971,

45.

Rothschild, H.C., "A Criteria Digest on Radioactivity in the Environment", Associate Committee on Scientific Criteria for Environmental
Quality, National Research Council of Canada, NRCC No. 13566,
October 1973.

46.

"The Effects on Population of Exposure to Low Levels of Ionizing
Radiation", Report of the Advisory Committee on the Biological Effects
of Ionizing Radiations (BEIR), National Academy of Sciences, Washington,
D.C., (1972).

47.

Otway, H.J., and Erdman, R.C., "Reactor Siting and Design from a
Risk Viewpoint", Nuclear Engineering Design, 13, 365-376 (1970).

48.

Lave, L.B., and Seskin, E.P.,.VAir Pollution and Human Health1/',
Science, Volume 169, pp. 723-733, (1970).

49.

Lave, L.B., and Freeburg, L.C., "Health Effects of Electricity
Generation from Coal, Oil and Nuclear Fuel", Nuclear Safety,
14(5), (1973).

50.

Kahn, B., et al., "Radiological Surveillance Studies at a Pressurized
Water Nuclear Power Reactor", Environmental Protection Agency,
National Environmental Research Centre, Cincinnati, Ohio, (1971).

51.

Starr, C , Greenfield, M.A., and Hausknect, D.G., "Public Health
Risks of Thermal Power Plants", a report prepared for The Resource
Agency of California, Sacremento, California, May 1972, UCLA-ENG-7244.

52.

"Accident Fatalities - 1968", Canada Safety Council (1969).

53.

Rasmussen, N . , "An Assessment of Accident Risks in U.S. Commercial
Nuclear Power Plants", Reactor Safety Study, U.S. Atomic Energy
Commission, WASH-1400, August 1974.

54.

Knelman, F.H., "Nuclear Energy: The Unforgiving Technology",
Hurtig Publishers, Edmonton, 1976.

55.

"WASH-1250", United States Atomic Energy Commission, Washington,
D.C., 1973.

56.

Wada, S., et al., "Mustard Gas as a Cause of Respiratory Neoplasia
in Man", Lancet, 1, 1161-1163 (1968).

154

57. West, I., "Biological Effect of Pesticides in the Environment",
in Organic Pesticides in the Environment, (Advances in Chemistry
No. 60), American Chemical Society, Washington, D.C., (1966).
58. Neurath, G., et al., "Zur Frage Des Vorkommens von N-Nitro-soVerbindungan in Tabakrauah", Esperimentia, 23, 400-401 (1967).
59. Neurath, G., et al., "Untersuchung der Fluchtigen Basen des
Tabakrauches, Beitr", Tabakforch, 3, 563-569 (1966).
60.

Druckrey, H., Preussmann, R., Ivankovie, S., et al., "Organotrope
Carcinogene Wirkungeu bei 65 Verschiedenen, N-Nitro-so-Virbindungen
and BD-Ratten", Z. Krebsforch, 69, 102-201 (1967).

61. Mancuso, T.F., and Brennan, M.J., "Epidemiological Considerations of
Cancer of the Gallbladder, Bile Suets, and Salivary Glands in the
Rubber Industry", J. Occupational Medicine, 12, 333-374, (1970).
62.

Selikoff, I.J., et al., "Asbestosis and Neoplasis", Am. J. Med.,
42, 487-496 (.1967).

63. Data supplied by the Analysis Section, Ontario Workmen's Compensation Board.
64.

McDonald, A.D., and McDonald, J.C., "Epidemiologie Surveillance of
Mesothelioma in Canada", Canadian Medical Association Journal,
109, 359 (1973).

65.

Sullivan, R.J., "Air Pollution Aspects of Nickel and Its Compounds",
PB 1-8 070, Litton Systems, Inc., Bethesda, Maryland, September 1969.

66.

Sunderman, F.W., and Donnelly, A.J., "Studies on Nickel Carcinogenisis,
Metastasizing Pulmonary Tumors induced by the Inhalation of Nickel
Carbonyl", American Journal of Pathology, 6, 1027-1041 (1965).

67. Bridge, J.C., "Annual Report of the Chief Inspector of Factories and
Workshops for the year 1932", Her Majesty's Stationery, London (1939).
68.

Schroeder, H.A., et al., "Abnormal Trace Metals in Man - Nickel",
Journal of Chronic Diseases, 15, 51 (1962).

69.

Stokinger, H.E., "Nickel", in Industrial Hygiene and Toxicology,
Volume II, F.A. Patty, editor, Interscience, New York (1963).

70.

Sutherland, R.B., "Respiratory Cancer Mortality in Workers Employed
in an Ontario Nickel Refinery Covering the Period 1930-1957",
Unpublished Report, Division of Industrial Hygiene, Ontario
Department of Health, November 1959.

155

71. Durum, W.M., et al., "Reconnaissance of Selected Minor Elements
in Surface Waters of the United States", Geological Survey
Circular No. 643, U.S. Bureau of Mines, Washington, D.C., October
1970.
72.

"Arsine", Hygenic Guide Series, American Industrial Hygiene
Association Journal, 26, 438-441 (1965).

73. Hueper, W.C., "Environmental Carcinogenisis in Man and Animals",
Ann. N.Y. Acad. Sci., 108, 963 (1963)
74. Holmberg, R.E., and Ferm, V.H., "Interrelationships of Selenium,
Cadmium and Arsenic".
75.

de Villiers, A.J., et al., "Mortality Experience of the Community
and of the Fluorspar Mining Employees at St. Lawrence, Newfoundland",
Occupational Health Division, Department of National Health and
Welfare, Ottawa, (1966).

76. Hurley, P.M., "Distribution of Radioactivity in Granites and Possible
Relation to Helium Age Measurement", Bull. Geol. Soc. of America,
61, 1-8, (1950).
77. Parsons, W.D., et al., "Lung Cancer in a Fluorspar Mining Community,
II - Prevalence of Respiratory Symptoms and Disability", British
Journal of Industrial Medicine, 21, 110 (1964).
78.

Eichholz, G.G., "Environmental Aspects of Nuclear Power",
Ann Arbor Science Publishers, Inc., Ann Arbor, Michigan, (1976).

A-l

APPENDIX I
CONVERSION FACTORS
1 meter (m)

3.281 feet (ft)

1 kilometer (km)

0.6215 miles

1 hectare (ha)

10,000 square meters
2.471 acres

1 cubic meter (m )

220.0 Imperial gallons
264.2 U.S. gallons
6.29 barrels (petroleum) (bbl)
35.31 cubic feet

1 kilogram (kg)

2.205 pounds (lb)

1 tonne (t)

2,205 pounds (lb)
1.1 short tons

1 megaPascal (mPa)

145 pounds/square inch (psi)
9.87 atmospheres (atm)

1 cubic meter-kilometer

3.91 barrel-miles (bbl miles)

(m3-km)
1 Becquerel (Bq)

2.7 x lO" 11 Curie (Ci)

1 kiloWatt-hour (kWh)

3.6 x 10 Joules (J)
34.3 British Thermal Units (BTU)
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APPENDIX II
UNITS OF RADIOLOGICAL IMPORTANCE

The traditional unit of activity is the Curie (Ci), which is defined as
3.7 x 10
(Bq).

disintegrations per second.

The SI unit of activity is the Becquerel

This unit is defined as 1 disintegration per second.
The unit of exposure is the Roentgen (R), defined as that quantity of X-

or gamma radiation that would, through associated corpuscular radiation, produce
1 statcoulomb of charge in one cubic centimeter of dry air at S.T.P.
The unit of absorbed dose is the rad.
joules/kilogram.

One rad equals 100 ergs/gram or 0.01

This is a measure of the energy imparted to the tissue by the

incident radiation.
The unit of dose equivalent is the rem.

The rem is related to the rad by

the following relationship.
1 rem = 1 rad x RBE (or QF or Q ) ,
where RBE is the Relative Biological Effectiveness
(QF or Q is the Quality Factor).
The purpose of the terms RBE, QF, and Q is to attempt to place on a common
scale the effects of radiation exposure.

In practice 1 rad of gamma radiation

has a different effect (in terms of cells destroyed, mutated, etc.) than 1 rad of
alpha radiation.

However, by the use of the appropriate KBE's, 1 rem of any kind

of radiation may be said to be equivalent to 1 rem of any other kind, insofar as
the observed effects of the radiation on tissue is concerned.
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APPENDIX III
PASQUILL ATMOSPHERIC STABILITY CATEGORIES

KIND SPEED
(m/second)

STABILITY CATEGORY

TEMPERATURE
CHANGE WITH
HEIGHT
(degrees) (°C/100m)

CT

e

Extremely
unstable

very sunny
summer weather

1

25.0

Moderately
unstable

sunny and
warm

2

20.0

- 1.9 to - 1.7

Slightly
unstable

average day

5

15.0

- 1.7 to - 1.5

Neutral

overcast day
or night

5

10.0

- 1.5 to - 0.5

Slightly
stable

average night

3

5.0

- 0.5 to + 1.5

Moderately
stable

clear night

2

2.5

+ 1.5 to + 4.0

1.7

> + 4.0

Extremely
stable

- 1.9

RELATION TO WEATHER CONDITIONS

SURFACE WIND
SPEED
(meters/second)
<

>

DAYTIME INSOLATION
STRONG MODERATE

SLIGHT

NIGHTTIME CONDITIONS
THIN OVERCAST OR
> 4/8 CLOUDINESS

< 3/8
CLOUDINESS

2

A

A-B

B

2

A-B

B

C

E

F

4

B

B-C

C

D

E

6

C

C

D

D

D

6

C

C

D

D

D

Source: Reference (78)

