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ABSTRACT

The nature of Canadian nuclear fuel and nuclear generating plant radio-
active wastes are summarized. Full exploitation of fission energy resources
entails recovery of all fissile and fertile material from spent fuel and
separating the fission products as wastes for disposal. A plan for final
disposal of all the radioactive wastes is a key component of the waste
management scheme. Principles of a scheme for safe, responsible disposal of
long-lived radioactive wastes deep underground in isolation from man and the
"biosphere are outlined. The status of the development and construction
program is indicated. We plan to select a site in either a hard rock forma-
tion or in a suitable salt bed by 1981 so that a repository can be con-
structed to begin a demonstration phase in 1986. The repository is to be
capable of eventual expansion to accommodate all Canadian nuclear wastes to
at least 2050 when in full-scale operation. Extensive geotechnical studies
have been initiated in order to select a site, and design and test the
repository.
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We have demonstrated incorporation of fission products in solids that
in the short term (17 years) dissolve more slowly than plutonium decays.
Investigations of long-term stability are in hand. The principle of
retardation of migration of fission products, so that they decay before
surfacing, has been tested.

Additional capacity for storage of used fuel prior to reprocessing and
disposal is required by 1986 and a preliminary design has been prepared for
a pool facility to be located at a central fuel recycling and disposal com-
plex. A demonstration of dry storage of fuel in concrete containers is in
progress.

The quantities of CANDU generating-station wastes and the principles
and methods for managing, them are summarized. Methods for volume reduction
and immobilization by solidification are well advanced. A radioactive-
waste operations site is being developed with several different types of
surface storage, each with multiple barriers against leakage. A reactor
decommissioning study has been completed. Estimated costs of the various
waste management operations are summarized.

THE NATURE OF THE WASTES

The principal source of radioactive wastes from nuclear power opera-
tions is the spent fuel. Present CANDU1 reactors use natural uranium as
UOa to an average burnup of 660 GJ/kg (7600 MWd/Mg). The residual 2 3 5U
content is approximately 1.8 g/kg U. The spent fuel also contains plutonium

1CANDU = CANada Deuterium Uranium
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at 3.8 g Pu/kg U (2.8 g of this amount is thermally-fissionable plutonium
isotopes) which is retrievable by chemical separation and which is capable
of yielding fission energy equal to about 80% of the energy' yield of the
first irradiation of the original natural uranium fuel. Moreover the
plutonium can be used to breed further fissile material. To fully exploit
our fission energy resources we would be required eventually to retrieve
the plutonium in a reprocessing plant and use it to extend energy supplies
by further conversion of fertile to fissile material in some combination of
uranium-plutonium and thorium-233U fuel cycles [1 to 4]. Uranium and
thorium would also be recovered so that they could be converted to fissile
material. Therefore in planning the long-term management of nuclear wastes
the reference material for disposal is a solid matrix incorporating the
fission products and other residues from reprocessing operations. The com-
position of the material is given in Table I; it includes residual
plutonium and other actinides.

Some attention is also being given to two alternative materials for
disposal: firstly spent fuel for disposal without reprocessing, and
secondly reprocessing waste with unseparated depleted uranium. Spent fuel
could be disposed of in the original bundles.

In addition to the nuclear fuel and fuel-cycle wastes described above,
there are radioactive wastes from the operation of the power plants and
the radioactive plant components left at the end of the productive life of
the plants. These constitute less than 0.1% of the total radioactivity but
because they are appreciable in volume and diverse in nature, they require
separate consideration, which will be outlined in a later section.

OBJECTIVES OF RADIOACTIVE WASTE MANAGEMENT

The objectives of the CANDU radioactive waste management program [5,6]
are these:

Safety: The collection, storage and disposal2 of all forms of radioactive
waste from the Canadian nuclear power program shall be carried out so that
radiation exposures to plant operators and members of the public resulting
from these operations shall not exceed the maximum allowable levels
prescribed by the regulatory authorities and shall be as low as reasonably
achievable taking into account economic and social considerations.

Responsibility: Radioactive wastes shall be so disposed as to minimize
the need for concern about the wastes, and attention to the wastes by
future generations. Also the wastes shall be so disposed as to minimize
adverse long-term environmental effects.

As a consequence of the second objective, it is apparent that the
essence of good radioactive waste management is a sound scheme for the
final disposal of the wastes in such a manner that they could safely be
left without surveillance. (It would nevertheless be prudent to maintain
some surveillance, initially at least.) A system for final disposal of
Canadian nuclear fuel wastes is established in principle, and a program to

2Disposal refers to the emplacement of wastes such that they do not neces-
sitate further attention and may be abandoned (sometimes referred to as
final, permanent or ultimate disposal). Storage refers to the emplacement
of wastes with the intention to keep them under surveillance prior to
disposal.
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develop it in detail and demonstrate the validity of the methods is in
being and will be outlined here.

OWNERSHIP OF SPENT FUEL, WASTES AND FACILITIES

In Canada the spent fuel is owned by the electric power utility. It
is stored initially in water-filled pools at the reactor site and will be
transferred subsequently to interim storage at a centralized facility which
may be owned and operated either by the utility or by the Federal Govern-
ment. Ontario Hydro plans to build and own an interim storage facility at
a federally-owned central site and would accept spent fuel from otî\er
utilities. This interim storage facility is being designed so that'the
storage capacity can be expanded as required to meet all needs well into
the next century. Albeit, other utilities or Atomic Energy of Canada
Limited (AECL) may build additional facilities, as desired, at the same
site.

We expect that the reprocessing, refabrication and waste disposal
facilities needed to complete the fuel cycle would be owned by the Federal
Government. These facilities would be located along with the centralized
interim storage facilities at the same site so as to minimize transporta-
tion of spent fuel and spent fuel products.

PRINCIPLES FOR DISPOSAL OF FUEL-CYCLE WASTES

As with other aspects of nuclear safety, multiple barriers will be
established to prevent escape of radioactive material. The main principles
that have evolved for the final disposal of radioactive fuel-cycle wastes
are:

- Put the wastes deep underground so as to eliminate all pathways to
man and the biosphere. The effectiveness of this is well demonstrated
in nature by the existence in ancient rocks of minerals which oxidize
on exposure to air or which dissolve in water.

- Choose an underground formation where there is little water
movement so as to avoid water pathways to the biosphere. This
principle has led us to concentrate on two types of formation, salt
beds and hard rock plutons.

- Make the wastes into a low solubility stable solid so that if there
is any water movement past the emplaced wastes they can >only dissolve
very slowly thereby ensuring minimal concentrations in the water and
allowing most of the radioactivity to decay before transport can
begin.

- Ensure slow migration of any dissolved activity by disposing of it
so that adsorption on subterranean materials will retard migration.
The aim is to prolong the time required for migration to the surface
so that any dissolved radioactivity will decay to an insignificant
amount by the time the biosphere is reached.

In addition, these principles imply that some attention be given to
the manner of sealing right from the initial stages of development of the
concept. Also we should seek to seal the waste repository as soon as
satisfactory performance of the emplaced wastes and their surroundings has



been reasonably assured because of the greater risks of disturbance and
release of activity which exist while the repository remains open.

STATUS OF FUEL CYCLE IVASTE DISPOSAL SCHEME

Underground disposal

A program [7,8] to demonstrate the use of a mined cavity for the final
disposal of high level radioactive wastes is in progress. The basic concept
for the repository is illustrated in Figure 1 which shows a mined cavity
consisting of a grid of tunnels in the hydrogeologically inactive zone at a
depth between 300 m and 2000 m. The encapsulated wastes will be placed in
holes in the floor of the tunnels. The initial phase of this program is to
select a suitable geologic site by 1981. This will be followed by construc-
tion of a demonstration repository to begin operation by 1986. After
demonstration of satisfactory performance, the repository would be expanded,
perhaps after the year 2000, to a full-scale operation, which would be
capable of accommodating all fuel cycle wastes from the Canadian nuclear
power program well into the next century. The repository would be kept open
to obtain satisfactory evidence of long-term stability before it is finally
backfilled and the shafts are sealed.

An extensive program of geological and mining studies, including field
investigation, test drillings, laboratory studies and mine tests is in
progress to develop appropriate criteria for site selection and to locate
suitable sites for a demonstration repository. The organizations involved
include the Geological Survey of Canada (GSC), the Canada Centre for Mineral
and Energy Technology (CANMET), Earth Physics Branch (EPB), Universities and
private consultants.

We are investigating rock formations which have remained undisturbed
since early geologic times, i.e., for 200 to 2000 million years. The
principal alternatives being considered are salt beds and the ancient
igneous rocks of the Canadian Shield. The chief advantage of salt beds is
that they can be seen to have remained dry since they were first formed.
The chief advantage of the rocks of the Precambrian Canadian Shield is the
presence there of rock plutons which are relatively honogeneous structures
of high integrity and long stability.

Salt beds

Excellent information on nuclear waste disposal in salt beds is
available to Canada from extensive studies in other countries; therefore
the Canadian program [8] is at present largely confined to the location
and examination by GSC of suitable salt beds in Canada.

Igneous (intrusive) rocks

The feasibility of storing solidified radioactive waste material in
the intrusive igneous rocks which form a major component of the exposed
bedrock of the Canadian Shield of central Canada is being investigated [8].
Groundwater flow through fx-actures, including joints, faults, shear zones,
etc., is the critical factor that will determine if these rocks would be
satisfactory for accommodating radioactive wastes.



Thirty-two sites representing a variety of rock types, tectonic
settings and geographic locations have been examined in the province of
Ontario, with more to follow. A major geotechnical program is being
developed for the purpose of assessing and evaluating several preferred
sites. This will consist of airborne and surface geophysics, diamond
drilling, core analysis, borehole geophysics, television camera surveys,
water injection and pump tests, etc. Additional studies to further define
the characteristics of favourable sites will include surface water hydrol-
ogy, in-situ water dispersion tests, additional geophysical surveys,
•in-situ stress measurements and baseline surveys, etc. The field measure-
ments will be supported by laboratory studies of flow in fractured media
plus extensive numerical modelling of groundwater flow systems and mass
transport in fractured rock systems. A test site has been established in a
small granitic body (White Lake) approximately 110 km northwest of Ottawa
to test the equipment and theoretical concepts being developed. A prelim-
inary design study has been completed for the hard rock repository concept.
Thermal tests and stress measurements in an existing mine are planned, with
supporting laboratory and theoretical work.

Costs

On the basis of a recently completed conceptual design study with a
reference heat loading of 32 W/m2, the cost of fuel cycle waste disposal in
the commercial facility, covering excavation, emplacement, backfilling and
closure, is estimated to be less than 3<t/GJ (0.1 m$/kWh) , This cost is but
a small part of the total cost of generating electricity in CANDU reactors,
which amounts to about 2.2 $/GJ (8 m$/kWh) in Pickering Nuclear Generating
Station at present.

Solidification

The incorporation of fission products into an aluminosilicate glass
prepared from the mineral nepheline syenite was explored at the Chalk River
Nuclear Laboratories (CRNL) 20 years ago [9,10,11], Further studies are in
progress on incorporation of spent fuel wastes into glasses and crystalline
ceramic materials. The studies include development of solidification equip-
ment and determination of the leaching and stability characteristics.
Fundamental investigations of the structure and other factors governing
solubility and stability will aid the development of optimum composition and
fabrication techniques and develop the understanding needed for sound pre-
diction of long-term behaviour.

A test burial of the early nepheline syenite glass blocks has been
in progress for 17 years [ U ] . The blocks are buried near the surface (4 m
depth) and are exposed to groundwater flow. At the present rate of leach-
ing, 5 x 10"10 kg/m2d, based on 90Sr leaving the blocks, it will take more
than 108 years to dissolve the blocks completely. This time scale is much
longer than that required for the decay of radioactive wastes, including
plutonium.

Underground fixation

The shallow test burial described above has shown that fission products
leached from the test blocks migrate at a slower rate than the ground water,
so that by the time the fission products emerge at the surface the radio-
activity will have decayed away [ U ] . Plutonium movement from this test



burial is too low to measure the migration rate. Laboratory investigations
are in progress on the absorption and migration of fission products and
actinides in granites, the constituents of granites and other materials of
interest in connection with deep underground disposal.

Active gases

A development program has been initiated to recover active gases,
including tritium, from fuel reprocessing operations. We are investigating
methods of converting to or incorporating the gases in solids, including
entrapment of krypton in zeolites.

STORAGE OF SPENT FUEL

Final disposal would be preceded by the following stages: the spent
fuel is first discharged from the reactor into water-filled pools at the
power plant site, where it will remain for a cooling period of about 5
years (minimum 1 year). The fuel will then be moved to a central interim
storage facility serving a number of plant sites, where it will await
reprocessing. Both underwater storage in pools and dry storage are being
considered. Underwater storage techniques are already well established
and a demonstration of dry storage in concrete containers is in progress.
The central interim storage facilities will be at a proposed Fuel Cycle
Centre where the reprocessing, fuel refabrication and final waste disposal
would occur at a single integrated site. One centre would be capable of
handling all spent fuel arising from Canadian nuclear power operations in
this century, currently projected to reach about 80 000 MW installed
capacity in 2000 AD.

Pool storage

Spent-fuel storage pools have been in service at Canadian reactor
sites for many years and fully satisfactory designs and procedures have
evolved. Ontario Hydro will require additional storage capacity by 1985
to accommodate spent fuel from the Pickering generating station and others.
A central interim storage facility is being planned to meet this need.
Because of the excellent experience with pool storage a preliminary
reference design has been prepared on the following basis:

- spent fuel bundles will be stored under water in cages which
allow convection of water over the fuel and sealing of the fuel
for safeguarding,

- the fuel entering the facility will have been stored for a
period of about five years in water-filled bays at the reactor
site prior to shipment,

- the spent fuel could be stored in the interim facility for up
to fifty years before removal for reprocessing or disposal, and

- the facility will be constructed in stages (i.e., in a modular
fashion) to meet the growth in needed storage capacity.

In the resultant conceptual design the spent fuel is contained in a
series of water-filled bays of double-walled reinforced concrete construc-
tion and lined with stainless steel. A facility approximately 300 metres



wide by 500 metres long would accommodate all the spent fuel which we expect
to be discharged from Canadian reactors up to the year 2000 at least.

Alternative schemes are being considered, including dry storage in a
vault with natural air-convection cooling, or canister storage as follows.

Canister storage

Whereas storage in water-filled pools appears the most practical method
for fuel which still requires significant cooling, air cooling, and particu-
larly natural-draft air cooling, shows certain advantages in the longer
term. These advantages include reduced operation and maintenance require-
ments, less secondary waste production, and simpler safeguards. A number of
these concepts have been studied and one of them, the canister concept, has
been taken to the full-scale demonstration stage at Whiteshell Nuclear
Research Establishment (WNRE).

The IVNRE canister (see Figure 2) is a concrete structure about 3 m in
diameter, 5 m high, with 1 m thick walls. It holds about 4.5 Mg of spent
fuel, packed in large carbon steel cans, and is designed for the decay heat
load of 2 kW which is expected from 4.5 Mg of CAMDU spent fuel 5 years after
removal from the reactor. Cooling is by radiation, conduction through the
can and the concrete wall, and then by natural air convection over the
surface of the concrete. Canisters can be loaded with fuel from shipping
flasks at a central hot cell, and then transported and erected on gravel
pads in a fenced field.

Four full-scale canisters have been built; two contain 0-20 kW variable
power electric heaters, and two contain spent fuel from reactors. Both
types of canister have performed to expectations, or have exceeded them, in
all tests to date. To extend the demonstration all spent fuel from the
WR-I research reactor will in future be stored in canisters at WNRE, after
a suitable cooling period in the reactor pool. The canisters appear to
provide a simple, robust method of interim storage requiring very little
attention.

NUCLEAR GEfTRATING PLANT WASTES

Nature of wastes

The present and projected amounts [12] of radioactive wastes of
various classes, exclusive of spent fuel wastes are summarized in Table II.
The major radionuclides found in these wastes are 60Co, 13"*Cs, 137Cs and
llfC. The content of alpha-emitters is much less than 370 Bq/g (10 nCi/g) .

The OBJECTIVES for managing the generating station radioactive wastes
are the same as indicated previously for fuel wastes.

The PRINCIPLES for management of station radioactive wastes resemble
those stated previously for fuel waste disposal, with modifications in
accordance with the shorter lifetimes and lower levels of activity of the
waste :

- Process for volume reduction, where appropriate.
- Immobilize and, where appropriate, solidify, in a form not readily
soluble.



- Use storage structures with multiple means of confinement.
- Monitor the storage containment so that leaks can be detected.
- Place underground for final disposal.
- Inhibit water access and movement at all stages.

Initially all generating station wastes will be stored retrievably as
solids in above-ground or in-ground surface storage facilities. After
volume reduction and solidification, where applicable, the wastes will be
transferred to a final repository. Concentrates containing significant
amounts of long-lived activity, e.g. plutonium, will go ultimately to deep
underground disposal along with the fuel cycle wastes.

Status of generating-plant waste management

In addition to waste storage facilities in existing stations, Ontario
Hydro is developing a Radioactive Waste Operations Site within the Bruce
Nuclear Power Development area [12]. Two types of shallow in-ground
structures, concrete trenches and tile holes, are provided and a new type
of above-ground structure called a "Quadricell".

The concrete trenches and tile holes are similar to those developed at
CRNL. A surface asphalt coating over a layer of impervious till is used to
direct surface water away from the in-ground structures. There will be
automatic sampling of the subsurface drainage system to ensure detection
and correction in the unlikely event of leakage of radioactivity.

The Quadricell (Figure 3) is being commissioned by Ontario Hydro
primarily to store spent ion-exchange resin and also to accommodate highly
radioactive core components. It is a double-walled reinforced concrete
structure of 360 m3 capacity.

Volume reduction

Slightly contaminated combustible wastes comprise approximately 60%
by volume of the low-level wastes produced in Ontario Hydro nuclear generat-
ing stations. A Radioactive Waste Volume Reduction Facility (RWVRF)
consisting of an incinerator and waste compactor is being put into service
at the Bruce Nuclear Power Development [13], The starved-air, dual-chamber
incinerator is expected to provide a waste volume reduction in the range of
14:1 to 20:1.

Reducing the volume of liquid wastes using reverse osmosis has been
studied at CRNL. A 4 m3/day unit has been operated for several years to
test membranes and has provided basic data for the design of a demonstration
unit at the CRNL waste treatment centre. The concentrate from the reverse
osmosis units is further concentrated in an evaporator and the final liquid
concentrate is fed to a hot bitumen extruder.

Ontario Hydro has undertaken research programs into volume reduction
by acidic extraction of spent resin and by acid digestion. Overall volume
reduction factors of 15 to 30 have been obtained with cation resins by
extraction and evaporation. Volume reduction to approximately 1/20 of the
initial wet resin volume has been achieved by acid digestion.



Solidification

The storage of radioactive liquid wastes at waste-storage sites is not
allowed by Ontario Hydro. Previous practice with active liquids going to
storage has been to solidify with Portland cement in drums of 0.2 m3 capac-
ity but due to difficulties in achieving a homogeneous solidified product,
a mixture of cellulose ether polymer and Portland cement is under trial use.
A process for the incorporation of wastes in bitumen is being applied at
CRNL and is being further investigated by Ontario Hydro for encapsulation
of power reactor wastes.

Costs

The cost of surface storage of generating station radioactive wastes
on site in accordance with the current practices outlined above is less
than 3<f/GJ (0.1 m$/kWh) [12]. The costs per unit volume for the various
types of storage are: trenches 1040 $/m3, tile holes 8350 $/m3, Quadricell
7100 $/m3. These costs cover capital plus the current worth of the operat-
ing costs for the lifetime of the storage facility, but land costs are
excluded.

Decommissioning

A study of the decommissioning of a 600 MW CANDU has been completed.
Three stages of decommissioning were examined:

Mothballing: The radioactive process systems are drained and sealed but
the main structure including primary and secondary containment is maintained
intact and under surveillance.

Entombing: Active components are removed or sealed into the biological
shield or extension thereof. Secondary containment is no longer required
and a reduced level of surveillance is maintained.

Dismantling: All materials containing radioactivity above acceptable levels
are removed and the site can be released without restriction or surveil-
lance.

Personnel radiation dose was estimated at 1500 rem total for dismant-
ling with additional amounts for entombing and mothballing depending on
the period of surveillance. The cost was estimated at less than 3<£/GJ
(0.1 m$/kWh).

CONCLUSIONS

Principles have evolved to ensure the safe disposal of Canadian
nuclear wastes so that they will not be of concern to future generations.

There is close collaboration between the developers and designers of
the system, the utilities, our main sources of geologic and mining
expertise, and other groups in a vigorous program to develop various
radioactive waste storage and disposal facilities at a modest cost per unit
of electricity generated, in readiness for the output of radioactive waste
which will arise from the growing use of nuclear energy.
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The preservation of structures in many geological formations without
change for many millions of years provides a natural long-term demonstra-
tion of the viability in principle of the methods proposed for final
disposal of highly radioactive wastes. This provides assurance that, given
firm support for the timely implementation of the plans we can meet without
difficulty our objectives for safe, responsible disposal of radioactive
nuclear wastes.
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Table I

REFERENCE COMPOSITION AND THERMAL PROPERTIES
OF BOROSILICATE SOLID WITH WASTES

SiO2 27-38%

B2O3 10-15%

ZnO 20-30%

Na2O 5-7%

K2O 4-6%

CsO, SiO, BaO, MgO 4-6%

Fission Products 1-30%

Pu <0.002%

Preparation Temperature 1050 C

a
Heat Output

AT Wall to Centre

200 W

40°C

For a cylinder 0.3 m diameter and 0.3 m high
containing wastes from spent natural uranium
fuel with average burnup 660 GJ/kg and cooled
for one year before reprocessing.
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Table II

TOTAL GENERATING STATION ACTIVE WASTE VOLUMES AND GROSS g y
RADIOACTIVITY PRODUCED PER YEAR

1976

1976 generating capacity = 2.4 GW

1 TBq = 27.0 Ci

1990

Type of Wastes

Combustible

Processable

Non-Processable

Ion Exchange
Resins

Filters

Volume
m3/a

660

297

59

55

4.4

Activity
TBq

0.04

0.5

0.1

73

4.5

Volume
mVa

5610

2524

505

468

31

Activity
TBq

0.3

4

0.9

620

32
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