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Abstract

The nuclear fuel cycle involves a wide range of activities and technologies from the mining of uranium, to
the production of electricity and radioisotopes for medical and industrial applications, to the reprocessing and
recycling of used fuel, to decommissioning and waste disposal. Worker exposures and releases to the environment are
carefully controlled in: (a) all stages of uranium mining, refining and fuel fabrication, where occupational exposures
and releases have decreased while production has increased; (b) the operation of nuclear power plants, where
occupational exposures and releases have decreased as reactor vendors evolve their products and reactor operators
optimize their procedures; (c) fuel reprocessing facilities in the U.K. and France, where occupational exposures and
releases have decreased while the amount of fuel processed has increased; and in (d) decommissioning nuclear
facilities and waste management activities. The nuclear industry's recent record of achievement in controlling its
releases and ensuring the radiological protection of its employees has been excellent. It is clear that releases and
occupational exposures from modern nuclear facilities of all types contribute negligibly to the radiation environment
to which all biota are exposed. But the general public seems not to appreciate the low environmental impact of
nuclear activities. The future of nuclear power and of other applications of nuclear technology—applications in
medicine, in agriculture and in industry—will depend on maintaining a high standard of performance so that the
public and decision makers can be assured that the industry is safe.

1. INTRODUCTION

Commercial nuclear power plants have been in operation for over 40 years. The nuclear
industry can now be considered to be a relatively mature industry, notwithstanding that significant
improvements and advances continue to be made and that the widespread deployment of advanced
fuel cycles is yet to be realized. Since its inception, the nuclear- power- industry has recognized the
potential hazards posed by its radioactive products and by-products. In response, it has acted to
control the release of radioactive effluents and occupational exposures, and hence to protect public
and worker safety and the environment. In comparison with the chemical industry, zero release has
not been, at least historically, a goal. Three factors contributed to the industry's approach:

• the existence of the International Commission on Radiological Protection (ICRP) which had
established a framework for radiation protection (see for example references 1 and 2);

• the existence of naturally occurring radiation fields to which we are all exposed; and
• the existence of anthroprogenic radioactivity from fallout from the atmospheric testing of nuclear

weapons.
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Thus, limits were established for releases based on the concept of risk to the public and plants were
operated to keep releases at a fraction of the allowable limits. Similarly, occupational dose limits
were established so that the risk of death from occupational exposures would not exceed the risks
associated with working in a 'safe industry.' With time, the radiation-protection framework has
changed so that, today, ICRP limits are treated as maximum values and releases and exposures are
kept as low as reasonably achievable, social and economic factors taken into account (the ALARA
principle) [2]. As well, dose limits for both occupational exposures and public exposures have
decreased over time.

The nuclear fuel cycle involves a wide range of activities and technologies from the mining
of uranium, to the production of electricity and radioisotopes for medical and industrial applications,
to the reprocessing and recycling of used fuel, to decommissioning and waste disposal. In all these
activities control of releases and of occupational exposures has been and continues to be an important
objective and the nuclear industry's record of achievement in controlling its releases and ensuring the
radiological protection of its employees has been, with some exceptions, excellent. This paper
summarizes the performance achieved in recent years.

2. URANIUM MINING, REFINING AND FUEL CONVERSION

2.1. Introduction

As with all nuclear operations, worker exposures and releases to the environment are carefully
controlled through all stages of uranium mining, refining, and fuel fabrication. It is well known that
experience in countries of the former east bloc and early experience in Canada, the U.S.A. and
elsewhere have caused radiation-induced illness (lung cancer) and environmental degradation, severe
degradation in some cases. But it is not the purpose of this paper to review thi^ experience. Rather, the
aim is to reflect the status of the modern industry and so we have chosen to summarize recent Canadian
experience as representative of this status. Brief mention is made, however, of cleanup efforts being
made to address problems arising from past practices.

The current Canadian uranium industry comprises the following activities: uranium mining in
northern Saskatchewan, which produces about 30% of the world's supply of uranium, in the form of
yellowcake (chemical concentrate); refining at Blind River, Ontario, where yellowcake is purified by
solvent extraction producing UO3; conversion at Port Hope, Ontario, where UO3 is converted to UO2
for the CANDU programme and to UF6 for enrichment for use in LWRs; and fuel fabrication for the
CANDU programme at facilities in Port Hope, Toronto and Peterborough, Ontario [3].

2.2. Mining and milling

Past mining practices have used conventional mining methods, both underground and open pit.
The new generation of mines are deep underground, with high-grade ore bodies, most notably McArthur
River and Cigar Lake, which average more than 10% U. These higher grade deposits have the potential
for significant radiation exposures. In the past, radon progeny have been the principle source of
radiation exposure for miners, but the new deposits produce significant gamma radiation fields and ore
dust may also be an important exposure source. In addition, mine water can carry dissolved radon into
mine openings, where it is released to add to the radon progeny problem. The new developments are
designed for non-entry mining, whereby the miners never enter the stope thus reducing the potential for
exposures. Eagle Point is already in production using such techniques. Here, development is done in
waste rock, the stope is drilled and blasted from above and the ore is removed from below with a
remote-controlled scoop-tram [4].

Two approaches are being taken for milling the very high-grade ores. Cigar Lake ore will be
milled at McClean Lake in small vessels in a shielded facility. McArthur River ore will be transported
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to Key Lake and blended with low-grade Key Lake material. This will reduce the radiation fields and
also permit recovery of uranium from the low-grade rock, which otherwise would be uneconomical and
present a decommissioning problem. Uranium mills have much less of a problem with radon progeny
than do the mines, but gamma radiation doses are similar and there are more potential sources of dust
exposure. In addition to ore dust from crushing and grinding, there is also the potential for inhalation of
yellowcake dust.

The use of non-entry mining, increased mine ventilation, grouting and freezing to control water
(and reduce radon transport), shielding of equipment, shielding of mineralized veins in the walls of
travelways, and the use of continuous radiation monitoring equipment at strategic locations in mines
and mills have all combined to reduce radiation exposures in uranium mining and milling. Some
current radiation doses to Cameco mine personnel are shown in Table 1. The anticipated doses from the
new developments are similar and all are lower than doses experienced in the past in mining the lower-
grade deposits at Elliot Lake and Uranium City.

Tailings management has evolved over the past twenty years from the use of natural water
bodies, through purpose-built surface facilities, to the current approach of placing tailings in mined-out
open pits. Eagle Point, Key Lake and McClean Lake all use variations of this technology, the 'pervious
surround design' [5]. By means of a drainage drift and pumping system, water is pumped from the
bottom of the pit. This drains and consolidates tailings placed in the pit and creates a cone of depression
in the groundwater system which prevents loss of contaminants from the pit. Water pumped from the
pit is recycled to the mill or treated and released. Decommissioning of the system requires that the
tailings have a substantially lower permeability than the surroundings. This may be accomplished by
selection of a location with favourable hydrogeology or by placement of a highly permeable crushed
rock and sand liner in the pit before tailings are deposited. The result, after the pumps are shutdown, is
a relatively impermeable mass of tailings surrounded by highly permeable material, the 'pervious
surround'. The groundwater takes the path of least resistance around, rather than through, the tailings.
The only loss of contaminants to groundwater is via molecular diffusion. Twelve years of operation at
Rabbit Lake have yielded results better than the modelling predictions [5]. This augurs well for
decommissioning, which will commence in another five years.

TABLE I: TYPICAL RADIATION DOSES IN URANIUM OPERATIONS

OPERATION

Underground

Mine

Open Pit Mine

Mill

Refinery

UO2 Plant

UF6 Plant

Fuel Fabricatior

INTERNAL (mSv)

Average

3.4

0.8

3.3

0.9

1.4

0.5

0.9

Maximu
m

11

1.7

10

14

14

14

8.6

Whole Body (mSv)

Average

1.7

0.5

0.7

1.5

1.3

2.1

1.9

Maximu
m

8.4

4.4

4.4

11.6

4.4

11.8

12.1

SKIN (mSv)

Average

NM

NM

NM

5.1

3.9

10.5

6.8

Maximu
m

NM

NM

NM

45.9

21.0

64.9

68

EFFECTIVE (mSv)

Average

5.1

1.4

4.0

2.4

2.7

2.6

2.8

Maximu
m

17

4.8

12

25

16

17

20

Notes: Internal dose is radon progeny converted at 5 mSv/WLM plus ore dust or uranium dust exposure.
NM = Not Measured. Skin dose is not limiting in mining operations and a more robust badge is
used, which reduces lost data, but precludes skin dosimetry.
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In open-pit mining, elaborate pumping systems are used to collect water before it gets into the
pit, so that it can be released to the environment without treatment. Pit water and underground mine
water are contaminated with high levels of suspended solids, some Ra-226 and, depending upon the
particular ore body, arsenic and nickel. This water is usually diverted to the mill for process use or for
treatment before release along with the aqueous waste from the milling process. Water may be released
batch-wise with analysis of each pond before release, or it may be released and sampled continuously.
The licences for all operating mines specify discharge concentration limits and discharges from
operating mines are well below those limits. In particular, concentrations of Ra-226 in discharge waters
are consistently below the Canadian drinking water objective of 0.6 Bq/litre and uranium concentrations
meet the drinking water objective of 100 fig/litre within the mixing zone at the discharge point [6].

Radon from mine exhausts represents the largest single airborne radionuclide discharge, but
environmental measurements indicate that concentrations are not distinguishable from natural
background at distances of a few kilometres from the source (in agreement with modelling predictions)
and well within the normal temporal variations in background [7]. In the McArthur River
environmental impact statement, the cumulative dose to members of the nearest community from all the
mine developments in northern Saskatchewan was calculated to be about 29 mSv/a, about 1% of the
natural background, of about 3000 mSv/a [8].

23. Refining, conversion and fuel fabrication

At the Blind River Refinery, the uranium concentrate is dissolved in nitric acid, purified by
solvent extraction and converted to UO3. The principle waste from refining, the raffinate from solvent
extraction, is recycled for recovery of the uranium. Historically the raffinate was shipped to the Elliot
Lake uranium mills in Ontario, but with the closure of the Elliot Lake operations, Blind River converted
its process to produce a dry product, containing 5% to 7% uranium for safer handling in transport to
Saskatchewan uranium mills.

At Port Hope, about 80% of the UO3 is reduced to UO2, reacted with hydrofluoric acid to
produce UF4, which is reacted with fluorine to produce UFg for shipment to enrichment plants outside
Canada and entry into the light water fuel cycle. The remaining UO3 is converted to ceramic grade
UO2 for use in the CANDU (NU) fuel cycle. As in the refinery, extensive internal recycle takes place.
Uranium-bearing material which is unsuitable for internal recycle is converted to a dry concentrate
suitable for recycle to a uranium mill.

The Zircatec Precision Industries Inc. and General Electric Canada CANDU fuel fabrication
plants make sintered pellets from the UO2 and load these into fuel pencils and assemble the pencils into
CANDU fuel bundles. Most uranium wastes from the fuel fabrication plants are recycled to the Blind
River Refinery. A small volume of contaminated material unsuitable for recycle is currently stored.

Because most of the radium has been separated from the uranium at the mill, radon progeny are
not a problem in the refining and later stages. The potential for external exposures can be significant in
some process areas, particularly where uranium is separated from its short-lived progeny (Th-234 and
Pa-234), in the Blind River raffinate process and in the Port Hope UFfi process. Control of appendage
doses is also important in fuel fabrication, where there is a lot of manual handling of pellets and fuel
elements. There is also potential for uranium dust exposure in several places in these operations.
Typical radiation doses at Cameco and Zircatec facilities are shown in Table 1.

Emissions to the environment are small at all of these operations. The most significant
emission at the refinery is uranium in exhaust air, which averages about 0.14% of the Derived Release
Limit. Because the Port Hope conversion facilities are located within an urban area, fence-line gamma
radiation fields as well as uranium discharges to atmosphere are closely monitored and form part of the
licence conditions. The combined dose from all sources at the nearest residence, located within 400 m
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of the plant is calculated to be about 0.25 mSv/a. Emissions from Canadian fuel fabrication plants are at
least an order of magnitude smaller than from the refinery and conversion plants.

2.4. Environmental restoration of old uranium mining/milling sites

As described in the preceding sections, uranium tailings and other uranium mining wastes are
well managed, in a range of systems designed to protect the environment and minimize impacts, both
during production and after decommissioning. This was not always the case, and remedial action
programs have been implemented, or are being planned, in a number of countries where tailing sites
were abandoned, or where the simple impoundments used many years ago are inadequate for the
longer term [9]. In the U.S.A., the DOE is nearing completion of the Uranium Mill Tailings
Remedial Action (UMTRA) program at 26 sites dating back to the 1950s and 1960s. In Germany, a
major government program involving both conventional mills and tailings sites, and in situ leaching
operations, is under way at sites operated by the company WISMUT in the former German
Democratic Republic. Planning is under way for sites in a number of Central and Eastern European
countries, with technical assistance from the IAEA [10].

Examples can also readily be found of sites where production which began many years ago
has ceased quite recently, and where decommissioning plans are being developed and implemented
by the mining companies. In Canada, for example, environmental assessment hearings have just
been completed for the closure of sites in the Elliot Lake area of Ontario containing about one
hundred million tons of tailings [11]. Other projects can be found in a number of current or former
uranium producing countries, for example Australia, Czech Republic, France, Spain and the U.S.A.

3. NUCLEAR POWER PLANTS

3.1. Occupational dose

Occupational doses at nuclear power plants have decreased over the past thirty years, while
the amount of electricity produced from nuclear energy has increased [12]. Most, up to 90%, of the
worker doses are accumulated during periods of plant shutdown. In recent years, outages have
normally been planned shutdowns to perform maintenance or to refuel, in the case of LWRs.
Extended maintenance outages have been less frequent than during the 1970's, so capacity
factors—the fraction of the time that the plant is available to produce electricity—have risen,
contributing to the increased output of nuclear energy.

Shutdown doses are dominated by exposure to activated corrosion products. This material
originates in the high-flux region of the reactor core or is transported to that region during plant
operation. Any material activated in the core can be transported by the coolant to the wetted surfaces
of the out-of-core components. The growth of oxide layers on these surfaces incorporates activity.
Hence, subsequent maintenance work is in a radiation field from deposited corrosion-product
activity. Historically, much of the worker dose has been from one radionuclide, Co-60. This
radionuclide is formed from elemental cobalt that is normally present as impurities in the steels used
to construct the coolant system and from the cobalt present as an alloying component of specialty
materials such as Stellites.

Reductions in worker exposures have been driven by the ALARA principle. From the
evidence of the operating plants, the greatest reductions in worker doses appear to have come from
changes in material. Current designs of reactors emphasize the following:

• layout of plant equipment to provide good access to equipment;
• optimization of coolant chemistry to minimize corrosion;
• careful specification of materials to eliminate or reduce cobalt content;
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• automation of routine tasks and the use of robotics; and
• decontamination, as an integral step in maintenance, e.g., in the replacement of steam generators.

(The collective dose from steam generator replacements have declined monotonically over the
past 15 years to 0.5 person Sv per steam generator, a total reduction of about a factor of 10 [12].)

Other factors play a role, for example, improving the reliability of equipment, training and
job planning, including as mentioned above, decontamination. These factors have been used
effectively in older plants to control and reduce worker exposures.

3.2. Dose to the public

As the total energy produced by nuclear power has increased, collective doses to the
population have also increased, but that dose has remained a negligible fraction of the dose from
natural background [13]. Based on the dose-conversion factors used in the UNSCEAR model for
population dose [13] the local-regional dose is expected to be most sensitive to airborne releases of
particulates, C-14 and radioiodine. The integral dose to the local-regional population up to 1989,
however, shows that the actual dose has been dominated by C-14, noble gas and airborne-tritium
releases. This illustrates the effective measures used by nuclear-power plants to control the most
dose-sensitive pathways. In addition, relative doses from the three primary contributors to the
calculated dose have been declining [13].

3.3. Future trends

Extrapolating past experience into the future leads to the following conclusions:

1. Based on environmental impact, there is no economic reason for nuclear reactors to reduce
emissions; doses from the existing reactors are negligible fractions of those from natural
sources.

2. Despite this, emissions are expected to continue to decline as reactor vendors evolve their
products and reactor operators optimize their procedures.

3. Occupational doses from routine operations and maintenance are likely to continue to
decline, reflecting improvements in equipment and procedures, but the extent will
necessarily involve a trade-off of costs, both capital and operating, and benefits.

4. The general public seems not to appreciate the low environmental impact of nuclear power
plants. The future of nuclear energy will depend on providing reassurance to the public and
decision-makers. International co-operation and open, honest, consistent, and clear
communication with all stakeholders are absolutely essential to achieving this end.

4. REPROCESSING FACILITIES

4.1. Occupational exposures

Both the United Kingdom and France reprocess used fuel on a commercial scale, at Sellafield
in the U.K. and at La Hague in France. As with doses to workers at nuclear power plants,
occupational exposures at these reprocessing facilities have shown a significant decline with time.
For example, at Sellafield, average doses, the total collective dose and the number of staff receiving
doses greater than 15 mSv in a given year have all decreased by close to an order of magnitude over
the past 15 years or so [14]. The average occupational exposure at Sellafield for all activities,
including decommissioning, is now less than 2 mSv [15] per year comparable to the natural
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background radiation in the area, while at La Hague, the average annual exposure in 1994 was
0.26 mSv [16]. From 1987 to 1993, total exposures at La Hague decreased from 5 person Sv to less
than 2 person Sv, while the amount of fuel reprocessed at the plant more than doubled [16].

Dose reductions are attributable to a number of factors including the following:

• the introduction of new facilities designed to minimize radiation fields;
• improvements in shielding, equipment, ventilation, and segregation of work areas; and
• a focus on dose reduction.

The latter involves the promotion of a safety culture with buy-in from all—staff, managers
and operators alike; improvements in dosimetry and dose control such as the use of electronic
dosimeters; the use of static and personal air samplers to monitor and then reduce internal exposures;
dose tracking and job analyses to facilitate work planning and procedure development; improvements
in housekeeping; and enhanced training, including the use of mock ups and computer simulations.
Many of these techniques have also been used in power plants, particularly for dose reductions
during maintenance.

As with power plants, major maintenance and refurbishment work has been carried out with
modest radiological exposures. For example, the 13 Mg dissolver unit in the magnox reprocessing
system at Sellafield was replaced manually at a collective dose of about 12 person Sv, compared
with an initial estimate of 26 person Sv [17]. A major contributor to this success was an effective
dose management system that linked dose control with job planning and work control and which
included feedback of dosimetry results to modify future work practices.

4.2. Releases and public doses

As with occupational exposures, releases from reprocessing facilities have also shown
significant reductions. In the vicinity of Sellafield, environmental impacts to the public are today
about a factor often less than 15 years ago and are at a small fraction of dose rates from natural
background radiation [18, 19]. Airborne and liquid discharges have been progressively reduced with
the introduction of treatment facilities to process waste streams before discharge. Treatment
facilities at Sellafield include the Site Ion Exchange Effluent Plant and the Enhanced Actinide
Removal Plant [19, 20]. The latter began operation in 1994 March and has reduced discharges of
plutonium, americium, and a number of beta-emitters, significantly. In recent years, beta discharges
have shown modest increases since the treatment of historic stored liquid wastes has begun.
Similarly at La Hague, releases have decreased significantly in the last decade, while plant
production has increased. The total radiological impact of the La Hague plant, including both liquid
and gaseous releases has been estimated at less than 10 uSv per year [16].

5. DECOMMISSIONING AND WASTE DISPOSAL

A considerable body of experience has been developed with the decommissioning of nuclear
facilities as reported in reference 21. In decommissioning nuclear facilities, dose assessments and
control of exposures and of releases are integral to work planning and decision-making. The
assessment of radioactive inventories is seen as the essential first step in defining the requirements of
a decommissioning project. Such inventories are required for planning, for safety assessments, and
for waste characterization and disposal, including release and recycle.

Doses can be controlled using a variety of techniques including the following:
decontamination, the deployment of robotic systems, the use of shielding, careful work planning,
training, including the use of mockups and rehearsal facilities, the use of electronic (real time)
dosimeters, the use of feedback of operational experience and attention to detail. Dose monitoring
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and control are important elements since many aspects of a given project present new and/or unique
situations. See, for example, references 22 to 24. The actual occupational doses received are, in
general, lower than those estimated when assessing the work.

In decommissioning, criteria are applied for the unconditional release of materials or for their
conditional release, e.g., for recycle and reuse [25]. Such releases are governed, today, by case-
specific criteria which vary from country to country and project to project. Progress is being made
on developing international guidance regarding release and recycle and reuse of material from
nuclear facilities. See for example references 26 to 31. While the proposals of the IAEA and the
European Commission are useful, they do not address completely the issue of conditional release or
they are restricted in their application. Further, while recycle and reuse options present a cost-
effective method of dealing with waste arising from decommissioning, their deployment may be
limited by the need to restrict doses to very low levels. For example, the IAEA derivation of
unconditional clearance levels is based on restricting individual doses received by the public from a
given project to 10 uSv per year [26, 27, 29].

Regardless of the evolution of release criteria, there will, nonetheless, be a need to manage
radioactive wastes that arise from decommissioning and from operational nuclear facilities. As with
other wastes that arise from all human activities, there are two main options for managing radioactive
waste. The first is to contain and isolate the waste from the environment for as long as is necessary.
The second option is to disperse material in the environment at levels which do not produce an
unacceptable radiological risk. In the case of dilution and dispersion, the quantities released to the
environment must be controlled, to ensure that human health and the natural environment are
protected and as discussed in previous sections, releases from nuclear facilities and the consequential
exposures have decreased significantly in recent years and, today, can be regarded as
inconsequential.

While dilution and dispersal have been used to a limited extent, the majority of radioactive
waste is contained and isolated. Many years of experience have been accumulated with storage
systems to contain and isolate such waste. Such systems have clearly demonstrated that they meet
the objectives of protecting public and occupational health and the environment. Long-term storage
is a suitable waste disposal strategy for radioactive waste having a relatively short half-life, e.g.,
spent Co-60 sources. After a suitable period of storage, (up to a few hundred years) the hazard from
such waste will decay to a level at which there is no residual risk to human health or the environment.
Such long-term storage systems, when appropriately designed and licensed, can be used for final
disposal of radioactive waste containing predominately short-lived radionuclides. Once the waste
has been emplaced, there is no intent to retrieve the waste for further processing. Near-surface and
shallow rock disposal systems for short-lived waste are in operation in a number of countries, e.g.,
Finland, France, Japan, Spain, Sweden and the U.S.A.

The releases from these facilities are today negligible. For example no liquids are released at
all from the Spanish low-level waste disposal facility at El Cabril, the waste water being used on-site
in fabricating grouts and cements used to encapsulate the waste. Airborne releases are limited by
regulation to contribute a maximum dose to a member of the critical group of at most 0.01 mSv per
year, well below the ICRP recommended dose limit for a member of the public of 1 mSv per year.
Actual releases in 1995 were less than 1% of this limit [32]. At the Drigg site adjacent to the BNFL
reprocessing complex at Sellafield, the amounts of radioactivity discharged have decreased
substantially over the past several years so that today calculated doses to members of the hypothetical
critical group are extremely low, less than 0.01 (iSv from liquid discharges and several uSv per year
from airborne discharges [19]. Similar experiences have been obtained at other low-level waste
disposal facilities. Worker exposures are also correspondingly low.

Some radioactive materials, particularly used nuclear fuel and the long-lived waste that
occurs from reprocessing used fuel, have a much longer half-life and present a hazard for many
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thousands of years. The long-term management of such material presents special considerations.
Nuclear fuel waste is presently stored, either in wet storage (water-filled pools) or in dry storage
systems (concrete or metal structures). While supporting research and development (see for
example, references 33 and 34) indicates that such storage practices can safely continue for many
decades to come, there is a recognition that storage must be considered an interim measure for long-
lived waste.

Based on the need to ensure long-term safety and an ethical concern for future generations,
many countries are developing technology to dispose of long-lived radioactive waste, particularly
nuclear fuel waste. The disposal concepts being developed internationally for deep geological
disposal are based on a combination of engineered barriers and the natural barrier provided by the
host geological medium. The key engineered barriers include a stable waste form, either used fuel or
stabilized waste from reprocessing used fuel; long-lived containers into which the waste form is
packed; clay-based buffer materials that separate the containers from the host geological structure
and control the movement of water to, and corrosion products away from, the containers; and seals
and backfill materials to close the various openings, tunnels, shafts and boreholes. There is
international consensus among waste management experts that this approach can best achieve the
goal of safely managing nuclear fuel waste in the long term [35]. There is no essential difference in
disposal requirements nor in the designs of disposal systems between the direct disposal of used fuel
and the disposal of solidified high level waste from reprocessing. Both wastes need to be disposed
and both waste forms are suitable for disposal [36, 37].

Assessments of repository performance have been carried out (e.g., Canada [38, 39], Sweden
[40, 41], Switzerland [42] and Japan [43]), as well as reviews of the concept of deep geological
disposal by international organizations, and the approach is considered to be feasible in providing a
passively safe option for disposal that will not harm either humans or the natural environment.
Currently, the international perspective is that disposal facilities for long-lived waste will not be
operational before about 2010-2020. National efforts, for the most part, are concentrated on research
and development activities to evaluate the safety and feasibility of various alternatives, the selection
of suitable disposal sites and optimization studies covering safety, environmental, industrial and
economical issues.

6. CONCLUSIONS

Based on the foregoing discussion it is clear that releases and occupational exposures from
modern nuclear facilities of all types contribute negligibly to the radiation environment to which all
biota are exposed. Nonetheless, releases, and to a lessor extent worker exposures and safety, are the
subject of intense scrutiny by environmental activists and the media.

As evidenced by the response of the industry, in the past, there was room for significant
improvements. But it is not clear what the reaction of the industry will be or, indeed, should be in the
future. The concept of zero release, which represents the aspirations of the environmentalist lobby,
cannot be realized in practice. Rather, the approach adopted by the industry and its regulators has
been to follow the advice of the ICRP and to keep doses as low as reasonably achievable, social and
economic factors taken into account. Based on the level of performance that is being achieved in
modern nuclear facilities, emissions and occupational exposures are, in the opinion of the authors,
already as low as reasonably achievable. Should not, therefore, the industry and organizations such
as the ICRP defend this performance as de minimis for all practical purposes? The industry would
then be better able to focus on problems that will lead to greater benefits for the investment made
rather than devoting large sums seeking to improve still further the performance of modern facilities.

The general public seems not to appreciate the low environmental impact of nuclear
activities. The future of nuclear power—and of other applications of nuclear technology,
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applications in medicine, in agriculture and in industry—will depend on reassuring the public and
decision-makers that the industry is safe. International co-operation and open, honest, consistent, and
clear communication with all stakeholders are absolutely essential to providing this assurance and,
hence, the survival and growth of nuclear technology. Today, any industry must meet the objective
of sustainable development if it is to survive. For the nuclear industry this means controlling
occupational exposures and the releases of radioactivity into the environment. These requirements
have been of fundamental importance to the industry since its inception. The industry has much to be
proud of, but as we look to the future we need to avoid complacency and to continue to maintain the
current high level of performance.
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