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This study examines the environmental impacts of 
the use of nuclear energy for electricity generation 
in Canada through each of the four major stages 
of nuclear energy production: uranium mining and 
milling; uranium refining, conversion and fuel fabri-
cation; nuclear power plant operation; and waste fuel 
management. It is intended to inform public debate 
over the future role of nuclear energy in Canada, and 
to facilitate comparisons of nuclear energy with other 
potential energy sources.

The study examines waste generation, atmospheric 
releases, impacts on water quality and water use, and 
landscape and ecosystem impacts of nuclear energy 
production. It also examines the occupational and 
community health impacts of nuclear power and 
key long-term challenges to its sustainability, includ-
ing security and weapons proliferation risks. Specific 
environmental impacts are examined in the context of 
CANDU nuclear technology, the only reactor type cur-
rently in use in Canada.* 

The study findings likely underestimate the over-
all impacts of the use of nuclear energy for electricity 
production in Canada.  This is a result of significant 
gaps in the publicly available information on releases 
of pollutants and contaminants, as well as on the fate 
of certain waste streams related to the nuclear indus-
try.  In addition, the study relies on what are likely 
conservative estimates in a number of key areas, par-
ticularly with respect to the generation of greenhouse 
gas (GHG) emissions.

Is nuclear power clean?

The study finds that nuclear power, like other non-
renewable energy sources, is associated with severe 
environmental impacts. Each stage of the nuclear 
energy production process generates large amounts 
of uniquely difficult-to-manage wastes that will effec-
tively require perpetual care, imposing costs and risks 
arising from current energy consumption onto future 
generations. The process also has severe impacts on 
surface water and groundwater water quality via a 
range of radioactive and hazardous pollutants, and 
results in releases to the atmosphere of a wide range 

of criteria (i.e. smog and acid-rain causing), radioac-
tive and hazardous pollutants and greenhouse gases.  
Effluent from uranium mines and mills was found 
by Health Canada and Environment Canada to be 
‘toxic’ for the purposes of the Canadian Environmental 
Protection Act in 2004. 

What is particularly noteworthy about the radio-
active waste streams produced at every stage of the 
nuclear life cycle are the timeframes over which these 
materials will need to be managed.  Secure contain-
ment will be required for not hundreds, but hundreds 
of thousands of years – timeframes over which it is 
extremely difficult, if not virtually impossible, to pre-
dict outcomes with any level of assurance. There are no 
approved long-term strategies for the management of 
these wastes in place. The federally mandated Nuclear 
Waste Management Organization expects it will take 
over 300 years to implement its proposed “phased 
adaptive management” approach to containing waste 
nuclear fuel.  As well, the effectiveness and adequacy of 
tailings management facilities at mine sites in Canada 
has been subject to serious question. There is a long 
history of uranium mine tailings management facility 
failures in Canada and elsewhere in the world, result-
ing in severe surface water and groundwater contami-
nation. 

Is nuclear power sustainable?

Nuclear energy is no more a renewable energy source 
than oil or gas.  It relies on a finite and non-renew-
able fuel supply – uranium. World uranium prices 
have increased more than sixfold since 2001. Current 
Canadian uranium reserves are estimated to be suf-
ficient for 40 years at current levels of consump-
tion (compared to estimated natural gas reserves of 
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*(Different types of reactors are associated with different 
impacts and risks. Light-water reactors, employing enriched 
uranium fuel, for example, are associated with the generation of 
lower volumes of waste fuel. However, the process of producing 
enriched uranium fuel for these types of reactors is associated 
with much higher emissions of greenhouse gases, particularly 
where gas diffusion based enrichment processes are employed, 
as well as higher atmospheric releases of uranium and the gen-
eration of large volumes of depleted uranium (DU) wastes.)  
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approximately 70 years). The exploitation of lower-
grade uranium deposits in the future would increase 
the already substantial emissions (including green-
house gas emissions) from uranium mining and mill-
ing operations, as well as significantly expanding the 
enormous amounts of waste rock and tailings gener-
ated by uranium mines and mills.

Efforts to increase the available fuel supply through 
the reprocessing of waste fuel or the use of fast breeder 
reactors are seen to present serious waste management, 
technological and weapons proliferation risks.  Other 
suggested fuel sources, such as thorium or extraction 
of uranium from seawater, face major technological, 
environmental and economic hurdles.   

Is nuclear power greenhouse gas ‘emissions 
free’?

The study finds that GHG emissions arise at each 
stage of the nuclear energy cycle, with power plant 
construction being the most significant source of 
releases.  Further releases of GHGs occur as a result 
of the operation of equipment in the uranium min-
ing process, the milling of uranium ore, mill tailings 
management activities, and refining and conversion 
operations. The generation of greenhouse gases from 
mining and milling operations would increase pro-
portionally with the use of lower grade uranium ores, 
as larger amounts of ore would have to be extracted 
and processed to produce the same amount of ura-
nium concentrate. 

The road transportation of uranium between 
milling, refining and conversion facilities results in 
additional releases. As with criteria air pollutants, the 
management of waste nuclear fuel along with other 
radioactive wastes could involve significant transpor-
tation activities, leading to further generation of GHG 
emissions. 

 In Canada, total GHG emissions associated with 
uranium mining, milling, refining, conversion and 
fuel fabrication are between 240,000 and 366,000 
tonnes of CO2 per year. Total emissions associated 
with the sector, including the emissions associated 
with power plant construction, are in the range of 
468,000 and 594,000 tonnes of CO2 per year, equiva-
lent to the emissions of between 134,000 and 170,000 
cars per year. Total annual GHG emissions that are 
primarily associated with domestic power produc-
tion are estimated at between 267,000 and 289,000 
tonnes of CO2 per year. This total is almost certainly 
an underestimate, due to a lack of complete informa-

tion. Other recent estimates suggest total GHG emis-
sions associated with nuclear power in Canada are in 
the range of at least 840,000 tonnes per year.

These figures relate to the CANDU-type reactors 
used in Canada. The process of producing enriched 
uranium fuel for other types of reactors is associated 
with much higher emissions of greenhouse gases, par-
ticularly where gas diffusion-based enrichment pro-
cesses are employed.

Is Nuclear Power Reliable?

The Ontario CANDU reactor fleet has been subject to 
severe performance and maintenance problems. Over 
the past decade, some Ontario facilities have had aver-
age operating capacities below 40 per cent rather than 
the expected 85–90 per cent range. Reactors expected 
to have operational lifetimes in the range of 40 years 
have turned out to require major refurbishments after 
approximately 25 years of service. Refurbishment 
projects themselves have run seriously over budget 
and behind schedule.  

Heavy reliance on coal-fired electricity to backstop 
under-performing or offline nuclear units has been 
associated with major increases in releases of green-
house gases and other air pollutants. The shutdown 
of eight reactors between 1995 and 2001under the 
1997 Nuclear Asset Optimization Plan led to emis-
sions of GHGs from the province’s coal-fired power 
plants increasing by a factor of 2.3, sulphur dioxide 
emissions by a factor of 2, and nitrogen oxide emis-
sions by a factor of 1.7, significantly exacerbating the 
severe air quality problems regularly experienced in 
southern Ontario.

Is it a cost-effective solution?

Nuclear power generating facilities are subject to very 
high capital costs and long construction times rela-
tive to other electricity supply options. In addition, in 
Ontario there is a history of serious delays and cost 
overruns on nuclear generating facility projects, 
accounting for $15 billion of the nearly $20 billion 
“stranded debt” left by Ontario Hydro. 

Nuclear energy also brings with it a unique set of 
risks, largely arising from the very high costs and lev-
els of uncertainty involved in handling, storing and 
managing waste fuel and other radioactive wastes. 
Implementation of the Nuclear Waste Management 
Organization’s proposed strategy for managing waste 
fuel from existing reactors is estimated to be likely 
to have a total cost in the range of $24 billion.  This 
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would be in addition to the costs for the development 
and management of facilities for low and intermedi-
ate level radioactive waste and for managing waste 
rock and tailings at uranium mine sites. The costs 
of decommissioning Ontario’s existing reactors have 
been estimated at $7.474 billion.

Even with extensive subsidies and financial guar-
antees provided by governments, these costs, timelines 
and risks make it difficult for nuclear power projects 
to compete for private capital investments against 
potential investments that will bring much more 
rapid and secure returns.

Is it safe?

Much has changed in our understanding of radia-
tion risks since the construction of Canada’s first 
commercial reactors in the early 1970s.  For example, 
recent research on the effects of even very low levels 
of ionizing radiation suggests that no level is safe to 
health.  The International Agency for Research on 
Cancer (IARC) lists a number of radionuclides as 
carcinogenic to humans, including isotopes produced 
in uranium mining and milling, fuel production and 
nuclear power plant operations.  

Yet despite our improved understanding of these 
risks, Canadian standards and practices appear to have 
not kept pace with this changing knowledge.  It has 
been suggested, for example, that existing standards 
in Canada for cancer risks arising from radiological 
hazards permit much higher levels of acceptable risk 
than is the case for chemical and other hazards.   Cur-
rent Canadian standards in some areas are substan-
tially weaker than those in place in other comparable 
jurisdictions. The existing drinking water standard in 
Ontario for tritium (of which discharges from nuclear 
power plants are the primary source), for example, of 
7,000 Bq/L is significantly weaker than the standards 
in the United States of 740 Bq/L and in the European 
Union of 100 Bq/L.

Workers in the mining and refining, conversion 
and fuel fabrication sub-sectors are also found to be 
routinely exposed to levels of radiation above those 
that would be considered acceptable to members of 
the general public. There is a history of significant 
occupational health effects, particularly elevated inci-
dences of lung cancer, among uranium miners attrib-
uted to radon exposure. Increased mortality among 
uranium miners is also attributed to exposure to 
silica, solvents, asbestos and radiation. 

As well, substantial health risks have been identi-
fied in relation to the consumption of certain types of 

“country” food, particularly caribou, in the vicinity of 
uranium mine/mill operations as a result of contami-
nation by radionuclides.

While nuclear generating facility operators argue 
that the levels of public exposure to radiation aris-
ing from facility operations are trivial in comparison 
to other sources, recent studies suggest that health 
impacts of low-level radiation exposure may be more 
significant than previously thought, and that chil-
dren and infants may be particularly at risk from such 
exposures.  

Nuclear generating facilities are additionally sub-
ject to uniquely severe accident and security risks. 
A serious accident or incident could result in the 
release of large amounts of radioactive material to the 
atmosphere, which could be distributed over a large 
area. By comparison, the impacts of major incidents 
or accidents at facilities employing other generating 
technologies would be short term and largely limited 
to the facility site itself. It has been estimated that the 
monetized value of the off-site environmental, health 
and economic impacts of a major accident at the Dar-
lington generating facility east of the City of Toronto, 
for example, would exceed $1 trillion (1991 $Cdn).

Nuclear energy’s shared origins with nuclear weap-
ons programs raises the potential for -- and reality of 
-- links between technologies and materials used for 
energy production and for nuclear weapons develop-
ment. Concerns about these connections have grown 
in the past few years as a result of nuclear programs in 
North Korea, Iran, India and Pakistan. Any large-scale 
expansion of reliance on nuclear energy would carry 
significant risks of the proliferation of materials and 
technologies that could be applied to weapons devel-
opment. India’s 1974 nuclear bomb test, a project 
developed in part using Canadian-supplied technol-
ogy and uranium, demonstrated this problem clearly.

The big picture

Any life-cycle analysis of an energy source is likely to 
identify previously unrecognized or un-quantified 
impacts. However, the range and scale of impacts and 
risks associated with nuclear power production make 
it unique among energy sources.  

While the greenhouse gas emissions associated 
with nuclear power are less than those that would be 
associated with conventional fossil fuel energy use, 
no other energy source combines the generation of 
a range of conventional pollutants and waste streams 
– including heavy metals, smog and acid rain precur-
sors, and water contaminants – with the generation 
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of extremely large volumes of radioactive wastes that 
will require care and management over hundreds of 
thousands of years.  The combination of these envi-
ronmental challenges, along with security, accident 
and weapons proliferation risks that are simply not 
shared by any other energy source, place nuclear 
energy in a unique category relative to all other energy 
supply options.  In essence, reliance on nuclear power 
as a response to climate change would involve trading 
one problem – greenhouse gas emissions – for which a 
wide range of other solutions exist, for a series of other 
complex and difficult problems for which solutions 
are generally more costly and difficult and for which 
the outcomes are much less certain.

In this context, proposals for the retention and 
expansion of the role of nuclear power must be 
approached with the greatest of caution. Such propos-
als must be examined in the full light of their environ-
mental, economic and security implications, not only 
for Canada, but the rest of the world as well. They 
must also be examined in the context of the full range 
of available alternatives.  Such an examination is likely 
to conclude that better options are readily available. 
These options range from making the most efficient 
use possible of existing energy resources to expanding 
the role of low-impact renewable energy sources that 
offer far safer, cheaper, more reliable and more sus-
tainable options for meeting society’s energy needs.   

Nuclear energy production waste streams 
– a synopsis

Solid and Liquid Wastes
Uranium mining and milling
• An estimated 575,000 tonnes of tailings per year, 

of which 90–100,000 tonnes can be attributed to 
uranium production for domestic energy purpos-
es. Uranium mill tailings are acidic or potentially 
acid generating, and contain a range of long-lived 
radionuclides, heavy metals and other contami-
nants. Tailings generation would increase propor-
tionally with the use of lower grade uranium ores, 
as larger amounts of ore would have to be pro-
cessed to produce the same amount of uranium 
concentrate. 

• Up to 18 million tonnes of waste rock, which may 
also contain radionuclides, heavy metals, and be 
acid generating. Of this total, up to 2.9 million 
tonnes can be attributed to uranium mining for 
domestic energy purposes.  

• It is estimated that there are more than 213 mil-
lion tonnes of uranium mine tailings in storage 
facilities in Canada, and 109 million tonnes of 
waste rock.  

Refining and conversion operations
• It is estimated that nearly 1,000 tonnes of solid 

wastes and 9,000 m3 of liquid wastes are pro-
duced per year as a result of uranium refining, 
conversion and fuel production for domestic 
energy generation purposes. Information on the 
precise character and fate of these wastes could 
not be obtained.  

Power Plant operation
• Approximately 85,000 waste fuel bundles are 

generated by Canadian nuclear reactors each year. 
As of 2003, 1.7 million bundles were in storage at 
reactor sites. It is estimated that these wastes will 
have to be secured for approximately one million 
years for safety, environmental and security rea-
sons. 

• Approximately 6,000 cubic metres of lower level 
radioactive wastes are generated each year in 
Ontario as a result of power plant operations, 
maintenance, and refurbishment. 

• Power plant maintenance and refurbishment also 
result in the generation of substantial amounts of 
additional hazardous wastes, including heavy met-
als and asbestos.

• Very large amounts of low-, intermediate- and 
high-level radioactive wastes will be produced as a 
result of the eventual decommissioning of refin-
ing, conversion and fabrication facilities as well as 
power plants. 

Water
• Severe contamination of groundwater with radio-

nuclides, heavy metals, and other contaminants 
has occurred at tailings management facilities and 
waste rock storage areas.

• Uranium mining and milling facility surface water 
discharges have resulted in the contamination of 
the receiving environment with radionuclides and 
heavy metals. Effluent from historic and operating 
uranium mines and mills, particularly uranium 
discharges, have been determined to be toxic 
for the purposes of the Canadian Environmental 
Protection Act.

• Uranium mining operations are associated with 
the extensive removal of groundwater (in excess of 
16 billion litres per year).
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• Routine and accidental releases of radionuclides 
to surface waters occur in the course of power 
plant operations, with tritium oxide and carbon-
14 being key radioactive pollutants of concern. 
Groundwater contamination with tritium has 
occurred at the Pickering generating facility in 
Ontario. 

• Ontario’s nuclear power plants are found to be 
the leading source of discharges of hydrazine, an 
extremely hazardous pollutant, to surface waters 
in Canada. Nuclear generating facilities have also 
been sources of discharges of metals (copper, zinc, 
and chromium) and ammonia to surface waters. 

• Nuclear power is a major consumer of water. 
Uranium mining operations involve extensive 
dewatering, in the range of at least 16–17 billion 
litres per year, with the implication of impacts on 
groundwater and surface water storage and flows. 

• Generating facilities require large amounts of 
cooling water. The Darlington and Pickering 
facilities in Ontario are alone estimated to use 
approximately 8.9 trillion litres of water for cool-
ing purposes per year — more than 19 times the 
annual water consumption of the City of Toronto. 
Adverse thermal impacts of cooling water dis-
charges on fish populations in the vicinity of 
nuclear power plants have been observed.  

Air
• Atmospheric releases of a range of radionuclides 

occur at all stages of nuclear power production.  
Atmospheric releases of radon gas result from 
mining and milling operations and from tail-
ings management facilities. Windblown dust 
from mine sites and tailings management facili-
ties (TMFs) contains a range of radionuclides. 
Atmospheric releases (principally uranium) also 
arise from refining and conversion activities. 

• Routine and accidental releases of radiation and 
radionuclides occur from power plant operations, 
including tritium oxide, carbon-14, noble gases, 
iodine-131, radioactive particulate and elemental 
tritium. 

• The incineration of low and intermediate-level 
radioactive wastes from power plant operations 
and maintenance in Ontario has resulted in 
further atmospheric releases of radionuclides, 
particularly tritium. A wide range of hazardous 
air pollutants have been released by the Bruce 
Western Waste Management facility. A new incin-
erator installed in 2003, has reduced emissions of 
hazardous, but not of radiological, pollutants .

• Windblown dust from mine sites and TMFs con-
tains a range of heavy metals.  In addition, releases 
of a number of hazardous air pollutants, includ-
ing dioxins and furans, hexachlorobenzene, heavy 
metals (principally lead) ammonia and hydrogen 
fluoride arise from uranium refining and conver-
sion operations.  

• Ontario nuclear power plants are the only 
National Pollutant Release Inventory reported 
source of releases of hydrazine to the air in 
Canada. 

• Uranium mining and milling operations are 
found to be significant sources of releases of sul-
phur dioxide (SO2), volatile organic compounds 
(VOCs) and nitrogen oxides (NOx).  Releases of 
NOx, particulate matter (PM) and sulphuric acid 
arise from refining and conversion activities.  

• The road transportation of uranium from mill 
sites in northern Saskatchewan to the Blind 
River refinery in Northern Ontario and then on 
to the Port Hope conversion facility in Southern 
Ontario produces additional releases of NOx and 
PM. Further transportation related releases of 
criteria air pollutants would arise from the long-
term management of waste nuclear fuel and other 
radioactive wastes arising from facility operations, 
maintenance and decommissioning, particularly 
if the management strategies for these materials 
require the movement of wastes from reactor sites 
to centralized facilities.  

Climate
• Total greenhouse gas (GHG) emissions associated 

with uranium mining, milling, refining, conver-
sion and fuel fabrication in Canada are estimated 
at between 240,000 and 366,000 tonnes of CO2 
per year. 

• Total emissions associated with the sector, includ-
ing the emissions associated with power plant 
construction, are in the range of 468,000 and 
594,000 tonnes of CO2 per year, equivalent to the 
emissions of between 134,000 and 170,000 cars 
per year. 

• Total annual GHG emissions associated with 
domestic power production alone are estimated 
at between 267,000 and 289,000 tonnes of CO2 
per year. Other recent estimates suggest total 
GHG emissions associated with nuclear power in 
Canada are in the range of at least 840,000 tonnes 
per year.

Executive Summary



8 The Pembina Institute  •  Nuclear Power in Canada: An Examination of Risks, Impacts and Sustainability 9Nuclear Power in Canada: An Examination of Risks, Impacts and Sustainability  •  The Pembina Institute



8 The Pembina Institute  •  Nuclear Power in Canada: An Examination of Risks, Impacts and Sustainability 9Nuclear Power in Canada: An Examination of Risks, Impacts and Sustainability  •  The Pembina Institute

Executive summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1. Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

 1.1. Project Overview and Rationale  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

 1.2. Project Methodology  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

 1.3. Impacts Considered  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

      1.3.1. Radioactivity and Radionuclides  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

      1.3.2. Generation of Low-, Intermediate- and High-level Radioactive Wastes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

      1.3.3. Generation and Release of Hazardous Contaminants  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

      1.3.4. Nutrients  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

      1.3.5. Criteria Air Pollutants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

       1.3.5.1. Volatile Organic Compounds (VOCs)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

      1.3.6. Greenhouse Gases  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

      1.3.7. Landscape and Water Impacts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

      1.3.8. Occupational and Community Health . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

 1.4. Sustainability Challenges  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2. Phase I: Uranium Mining and Milling  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

Summary of Key Findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

 2.1. Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

 2.2. Uranium and Milling Process: An Overview  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

 2.3. Uranium Mining and Milling Impacts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

      2.3.1. Waste Generation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

       2.3.1.1. Waste Rock  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

       2.3.1.2. Tailings  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

      2.3.2. Atmospheric Releases  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

       2.3.2.1. Radionuclides  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

       2.3.2.2. Hazardous Air Pollutants  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

       2.3.2.3. Sulphur Dioxide, Nitrogen Oxides and Particulate Matter  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

       2.3.2.4. Greenhouse Gas (GHG) Emissions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

      2.2.3. Water Impacts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

       2.2.3.1 Groundwater Contamination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

       2.2.3.2. Discharges to Surface Water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

       2.2.3.3. Disruption of surface water and groundwater flows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

      2.3.4 Landscape Impacts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

      2.3.5 Occupational and Community Health Impacts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

       2.3.5.1. Occupational Health and Safety  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

       2.3.5.2. Community Health Impacts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

      2.3.6. Mine Closure and Post Closure Care  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

 2.4. Conclusions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3. Phase II: Fuel Processing and Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

Summary of Findings  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

 3.1. Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

 3.2. Fuel Processing and Production Overview  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

 3.3. Refining, Conversion and Fabrication Facility Impacts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

      3.3.1. Waste Generation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

      3.3.2. Atmospheric Releases  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

Contents



10 The Pembina Institute  •  Nuclear Power in Canada: An Examination of Risks, Impacts and Sustainability 11Nuclear Power in Canada: An Examination of Risks, Impacts and Sustainability  •  The Pembina Institute

       3.3.2.1. Radionuclides  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

       3.3.2.2. Hazardous Air Pollutants  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

        3.3.2.2.1. Persistent Organic Pollutants  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

        3.3.2.2.2. Heavy Metals  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

        3.3.2.2.3. Ammonia  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

        3.3.2.2.4. Hydrogen Chloride and Hydrogen Fluoride  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

       3.3.3.3. Criteria Air Contaminants  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

        3.3.3.3.1. Nitrogen Oxides (NOx) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

        3.3.3.3.2. Particulate Matter (PM) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

        3.3.3.3.3. Sulphuric Acid  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

       3.3.2.4. Greenhouse Gases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

       3.3.2.6. Transportation-related Releases  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

      3.3.3. Releases to Water  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

       3.3.3.1. Uranium Discharges  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

       3.3.3.2 Ammonia  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

       3.3.3.3. Nitrate Ions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

       3.3.3.4. Phosphorus  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

      3.3.4. Landscape Impacts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

      3.3.5. Occupational and Community Health . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

       3.3.5.1. Occupational Health  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

        3.3.5.1.1. Radiation Exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

        3.3.5.1.2. Workplace Safety  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

       3.3.5.2. Community Health Impacts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

        3.3.5.2.1. Radiation Doses  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

      3.3.6 Facility Decommissioning  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

 3.4. Conclusions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4. Phase III: Power Plant Operation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

Summary of Findings  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

 4.1. Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

 4.2. Overview of CANDU Nuclear Power Plant Operation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

 4.3. Impacts of CANDU facility operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

      4.3.1. Waste Generation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

       4.3.1.1. Nuclear Fuel Waste  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

       4.3.1.2. Low-level and Medium-level Radioactive Wastes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

       4.3.1.3. Other Wastes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

        4.3.1.3.1. Metals  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

        4.3.1.3.2. Hazardous Wastes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

      4.3.2. Atmospheric Releases  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

       4.3.2.1. Radionuclides  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

       4.3.2.2. Heavy Metals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

       4.3.2.3. Criteria Air Contaminants  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

       4.3.2.4. Ammonia and Hydrazine  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

      4.3.3. Water Impacts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

       4.3.3.1. Radioactive Releases of radioactive contaminants to water  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

        4.3.3.1.1. Releases to Surface Waters  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

        4.3.3.1.2. Groundwater Contamination  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

        4.3.3.1.3. Accidental Releases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

       4.3.3.2. Metals Discharges  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

       4.3.3.3. Ammonia and Hydrazine Discharges  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

Contents



10 The Pembina Institute  •  Nuclear Power in Canada: An Examination of Risks, Impacts and Sustainability 11Nuclear Power in Canada: An Examination of Risks, Impacts and Sustainability  •  The Pembina Institute

Contents

       4.3.3.4. Water use and thermal impacts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

      4.3.4. Landscape Impacts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

      4.3.5 Heavy Water Production and Use  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

      4.3.6. Occupational and Community Health  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

       4.3.6.1. Occupational Health Impacts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

        4.3.6.1.1. Radiation Exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

        4.3.6.1.2. Workplace Safety  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

       4.3.6.2. Community Health Impacts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

        4.3.6.2.1. Radiation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

      4.3.7. Facility Decommissioning  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

 4.4. Facility Performance  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

 4.5. Accidents, Catastrophic Failures and Liability  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

      4.5.1. Accidents  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

      4.5.2. Catastrophic Failures  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

      4.5.3. Accident Liability  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

 4.6. Conclusions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

5. Phase IV: Waste Fuel Management  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

Summary of Findings  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

 5.1. Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

 5.2. What is Waste Nuclear Fuel?  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

 5.3. Current Management Practices  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

 5.4. Waste Fuel Management Initiatives  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

 5.5. Impacts of Waste Fuel Management  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

      5.5.1. Waste Generation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

      5.5.2. Atmospheric Impacts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

        5.5.2.1. GHG, PM, and NOx Emissions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

      5.5.3. Water Impacts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

      5.5.4. Landscape Impacts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

      5.5.5. Occupational and Community Health Impacts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

        5.5.5.1. Occupational Health  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

        5.5.5.2. Accident Risks  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

 5.6. Proliferation and Security Issues  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

 5.7. Costs and Liabilities  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

 5.8. Conclusions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

6. Sustainability Challenges  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

Summary of Findings  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

 6.1. Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

 6.2. Generating Facility Costs  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

      6.2.1. Facility Construction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

 6.3. Facility Performance and Maintenance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

 6.4. Fuel Supply and Costs  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

      6.4.1. Uranium Costs  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

      6.4.2. Uranium Supply  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

 6.5 Weapons Proliferation Risks  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

 6.6. Unique Security Risks  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

 6.7. Conclusions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

7. Summary and Conclusions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

 7.1. Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

 7.2. Overview of Impacts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103



12 The Pembina Institute  •  Nuclear Power in Canada: An Examination of Risks, Impacts and Sustainability 13Nuclear Power in Canada: An Examination of Risks, Impacts and Sustainability  •  The Pembina Institute

      7.2.1. Waste Generation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

      7.2.2. Water Impacts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

       7.2.2.1. Water Quality Impacts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

       7.2.2.2. Water use   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

      7.2.3. Atmospheric Impacts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

       7.2.3.1. Radionuclides  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

       7.2.3.2. Hazardous air pollutants.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

       7.2.3.3. Criteria air pollutants  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

       7.2.3.4. Greenhouse gas emissions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

      7.2.4. Landscape Impacts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

      7.2.5. Occupational and Community Health  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

      7.2.6. Data and Study limitations  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

      7.2.7. Impacts of Non-CANDU type nuclear reactors.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

 7.3. Sustainability Challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

      7.3.1. Capital costs and construction times  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

      7.3.2. Facility reliability  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

      7.3.3. Fuel supply and costs  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

      7.3.4. Weapons proliferation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

      7.3.5. Security risks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

 7.4. Conclusions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

Abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

Glossary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

Endnotes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

Contents



12 The Pembina Institute  •  Nuclear Power in Canada: An Examination of Risks, Impacts and Sustainability 13Nuclear Power in Canada: An Examination of Risks, Impacts and Sustainability  •  The Pembina Institute

1.1. Project Overview and 
Rationale
This study has its origins in the Pembina Institute’s 
Power for the Future project on future electricity policy 
options for Ontario, published in May 2004.1 In 
attempting to examine the environmental and eco-
nomic risks, costs and benefits associated with differ-
ent potential sources of electricity supply, it became 
apparent that there was no publicly accessible over-
view of the life cycle environmental impacts of nuclear 
power in Canada.

The most comprehensive recent document avail-
able was the assessment completed by Environment 
Canada and Health Canada of the toxicity of radio-
nuclide releases from nuclear facilities in Canada. The 
assessment dealt with all subsectors of the industry, 
including uranium mines and mills, refining, conver-
sion and fuel fabrication facilities, power reactors, and 
waste management facilities. While concluding that 
releases from uranium mines and mills were “toxic” 
as defined by the Canadian Environmental Protection 
Act, the assessment did not consider the generation of 
non-radioactive waste substances and their impacts.2 
Nor did it examine impacts beyond the release of 
potentially toxic substances, such as the disruption 
of landscapes and of surface water and groundwater 
flows by uranium mining activities, or impacts on 
human health.   

The Pembina Institute concluded that the avail-
ability of such an overview was essential to understand 
the costs and risks associated with nuclear power 
and to compare nuclear power with other potential 
sources of energy supply. The need for such an assess-
ment became particularly acute in the context of the 
Ontario Power Authority’s (OPA)3 December 2005 
recommendations that the Province of Ontario com-
mit $30–40 billion to create 9,400 to 12,400 MW of 
new or refurbished nuclear generation capacity over 
the next 20 years.4 Proposals have also been advanced 
for the use of nuclear energy to support the exploita-
tion of Alberta’s oil sands.5 

On the basis of the OPA’s December 2005 advice, 
in June 2006 the Government of Ontario directed the 

authority to develop a 20-year Integrated Power Sys-
tem Plan for the province, including 14,000 MW of 
nuclear generating capacity.6 Ontario Power Genera-
tion (OPG)7 was directed at the same time to under-
take feasibility studies for refurbishing a number of its 
existing nuclear generating facilities, and to begin the 
work needed for an environmental assessment of the 
construction of new units at an existing nuclear facil-
ity8 in order to fulfill this direction.   

The OPA’s recommendation was based in part on 
an analysis of the environmental performance of dif-
ferent electricity supply options that was, in the view 
of observers ranging from the Pembina Institute9 
to the City of Toronto’s Medical Office of Health,10 
flawed in terms of overall methodology. The author-
ity’s approach to weighting certain types of impacts, 
such greenhouse gas (GHG) generation, much more 
heavily than other impacts, such as waste generation 
and water pollution, and its failure to consider the jus-
tifiability of the transfer of risks and costs from cur-
rent electricity consumers to future generations were 
the target of particular criticism. The analysis also 
overlooked major environmental impacts associated 
with nuclear power generation, such as waste gen-
eration and water consumption and water pollution 
associated with uranium mining and milling.11 

The Canadian nuclear industry has recently put 
considerable effort into presenting itself as a ‘clean’ 
source of energy. A life cycle approach to the evalua-
tion of risks, costs and benefits is particularly impor-
tant in the case of nuclear energy. Key impacts may 
occur at locations other than the actual electricity gen-
erating facilities, and may last well beyond the time 
of power generation. A life cycle approach considers 
the full range of impacts across media and time, from 
the extraction and processing of fuel sources to the 
management of wastes resulting from fuel consump-
tion and the decommissioning of extraction, process-
ing and electricity production facilities. As such it 
provides a comprehensive basis for comparing the 
costs and risks associated with different energy tech-
nologies, and a better understanding of the trade-offs 
among the different types of impacts and risks that 
may occur. 
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The goal of the project, in this context, is to provide 
a comprehensive overview description of the major 
environmental impacts and risks associated with each 
stage of nuclear energy production in Canada, from 
uranium mining through to waste fuel disposal. Eco-
nomic, community and occupational health costs and 
risks are noted where information on such impacts 
was available. A full economic costing of nuclear 
energy is beyond the scope of the study, in part due 
to the non-accessibility of key economic information 
with respect to the nuclear sector. 

A comparison of the impacts of nuclear energy 
with those of other energy sources is also beyond the 

scope of the study. However, this study is intended to 
inform such comparisons in the future by providing 
as comprehensive as possible a picture of the risks and 
impacts associated with the use of nuclear energy for 
electricity generation in a Canadian context. 

Implicit in this effort is an attempt to measure how 
much specific information on these issues is actually 
available in the public realm to support the comple-
tion of such an assessment, particularly in compari-
son to other energy sources. The identification of 
these information gaps is a significant sub-goal of the 
project.  

Nuclear Power in Canada
As of September 2006, there are five commercial nuclear power generating stations in Canada: three 
in Ontario (Pickering, Bruce and Darlington), one in Quebec (Gentilly-2) and one in New Brunswick 
(Point Lepreau). All Canadian commercial nuclear generating stations operate Canada Deuterium 
Uranium (CANDU) reactors. CANDU reactors use un-enriched uranium as fuel, and heavy water 
(deuterium) as a moderator. 

The Pickering Nuclear Generation Station was Canada’s first large-scale nuclear power plant. 
The Pickering A station consists of four reactors that went into service in 1971–73. The Pickering B 
station consists of four reactors brought into service in 1983–86. At their peak, the Pickering A and B 
stations had a combined total capacity of 4,120 megawatts (MW).12 Two Pickering A units are now 
permanently out of service.

The Bruce Nuclear Generation Station is located in Tiverton, Ontario. The four Bruce A reactors 
went into service in 1977–79 and the four Bruce B units entered service in 1985–87. The Bruce Power 
Ltd. consortium currently operates the Bruce Station.13 The station has a capacity of 6,140 MW,14 
although two units are currently undergoing refurbishment. 

The Darlington Nuclear Generation Station consists of four reactors commissioned in 1990–1993. 
It has a total generating capacity of 3,524 MW.15

The Gentilly-2 Nuclear Generation Station is located near Bécancour in Quebec and is operated by 
Hydro-Québec. The station consists of a single reactor that was declared in-service in 1983. Gentilly-2 
has a total generating capacity of 675 MW.16 

The Point Lepreau Nuclear Generation Station is located on the north shore of the Bay of Fundy 
in New Brunswick. It was declared in-service in 1983. Point Lepreau has a generation capability 
of 635 MW.17 
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1.2. Project Methodology 
Nuclear energy differs from other energy sources in 
that many of its key impacts and risks can occur at loca-
tions other than the actual generating facilities, and 
well beyond the time of power generation. For this rea-
son, the study considers the impacts of nuclear power 
at each of the four major phases of its production:
• Mining and milling of uranium ore into uranium 

oxide (U3O8)
• Refining U3O8 into uranium trioxide (UO3), 

conversion to uranium dioxide (UO2), and fabri-
cation into pellets and assembly of fuel bundles 
(fuel processing).

• Nuclear power plant operation, where the fuel 
bundles are used in CANDU reactors to produce 
heat to fuel electricity generation.

• Waste fuel management. 
Figure 1.1 provides a geographical overview of 

where activities in each phase of nuclear energy pro-
duction occur in Canada. Uranium mine and mill 
sites currently operational in Canada are McClean 
Lake, Key Lake, Rabbit Lake and McArthur River, all of 
which are located in the Athabasca basin in northern 
Saskatchewan. There is a distance of over 4,000 km 
from the uranium mine and mill sites to the refining, 
fabrication and conversion facilities to the generating 

stations in Ontario. Not displayed in Figure 1.1 are 
the generating stations located in Quebec and New 
Brunswick. Currently, Canada’s generating stations 
also contain storage facilities for the waste nuclear 
fuel after it has been removed from the reactors. 

1.3. Impacts Considered
The impacts of nuclear power production at each of 
its four phases were considered in terms of waste gen-
eration, atmospheric releases, water quality and quan-
tity, land and ecosystem effects, and occupational and 
community health. Examples of the specific types of 
impacts examined are summarized in Table 1.1.

The findings related to each phase of nuclear 
energy production are presented in a separate chapter. 
The specific types of impacts considered in the study 
are outlined below.

1.3.1. Radioactivity and Radionuclides18

A radionuclide is an atom with an unstable nucleus. 
Radionuclides may occur naturally, but can also be 
artificially produced. 

Four types of radiation are given off by radionu-
clides: alpha, beta and neutron particles and gamma 
rays. They are all hazardous, but they differ in their 
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Figure 1.1: Nuclear Energy Production in Canada
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