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ABSTRACT

This report summarizes and compares the volumes of wastes that would be generated for
disposal in the cases of the direct disposal of CANDU® used fuel and the disposal of
reprocessing wastes if the fuel were recycled.

It is shown that the best estimates of these waste volumes are as follows:

From direct disposal of fuel: 649 m3/a
From recycle with used U as waste: 1039 m3/a
From recycle with used U as resource: 854 m3/a

Modifications to the procedures in the reference cases are discussed, based on known or
feasible technology, with the object of reducing the volumes of waste.

The estimates of waste volumes that would result from reprocessing are compared with
information on the waste arisings in the U.S., U.K. and French programs, together with a
multi-program estimate derived by the International Atomic Energy Agency. The volumes are
adjusted for the differences in burnup in the different programs and for the different levels of
fission-product loading in the high-level waste glass. Most of the estimates are within a
factor of 3 of each other, the exception being the arisings from the transuranic and low-level
wastes.

The conclusions that can be drawn from this study are the following:

1. The volumes of wastes arising from the disposal of used fuel without recycle and the
volumes of wastes arising from the reprocessing of used fuel, internationally and in
the Canadian reference cases, are much the same when expressed on a common
basis.

2. Any absolute differences in waste volumes are a consequence of different burnups,
or of the choices of how a particular recycle process is operated.

3. Modification and optimization of the processes considered in reference Canadian
programs, both for the direct disposal of used fuel and for the disposal of
reprocessing wastes, could bring about a reduction in disposal volumes of factors of
between 2 and 3.

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).
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VOLUMES DES DECHETS RESULTANT DU STOCKAGE DIRECT

SANS RETRAITEMENT OU DU RECYCLAGE DU COMBUSTIBLE CANDU IRRADIE

par

K.B. Harvey

RESUME

Le present rapport fait etat des estimations des volumes de dechets a stocker de fa^on permanente et etablit des
comparaisons entre le stockage direct du combustible CANDU"0 irradie" sans retraitement et le stockage des
dechets de retraitement apres un recyclage eventuel du combustible.

Le rapport indique que les meilleures evaluations font ressortir les volumes de dechets suivants :

Volume provenant du stockage direct du combustible : 649 mVa
Volume de dechets d'uranium irradie provenant du recyclage : 1 039 mVa
Volume d'uranium irradie" reutilisable provenant du recyclage : 854 mVa

On y examine les modifications apportees aux methodes utilisees dans les cas de reference, en s'appuyant sur les
techniques connues ou exploitables, en vue de reduire les volumes de dechets.

Les estimations des volumes de dechets provenant eventuellement du retraitement y sont compare'es avec les
donndes relatives aux quantites de dechets issues des programmes americains, britanniques et francais, et aussi
avec une estimation multi-programme calculee par l'Agence internationale de l'energie atomique. Les volumes
sont corriges afin de tenir compte des differences de combustion massique des divers programmes et des
diffdrentes concentrations en produits de fission dans le verre contenant des d^chets de haute activite. La
difference entre ces estimations est d'au plus un facteur 3, la seule exception etant les dechets de faible activite et
les elements transuraniens.

Les conclusions que Ton peut tirer de cette etude sont les suivantes :

1. Les volumes de dechets inherents au stockage direct du combustible irradie sans retraitement et les
volumes provenant du retraitement du combustible irradie, a l'echelle internationale et dans les cas de
reference canadiens, s'equivalent pour peu qu'ils soient 6tablis sur le meme plan.

2. Toutes les differences absolues entre les volumes de de'chets sont la consequence de combustions
massiques diffdrentes, ou des choix d'exploitation d'un procede de recyclage particulier.

3. Les modifications et l'optimisation des precedes pris en compte dans les programmes de re'fe'rence
canadiens, dans les deux cas du stockage direct sans retraitement du combustible irradie et du stockage
des de'chets de retraitement, pourraient entrainer une reduction des volumes a stocker de facon
permanente par des facteurs de 2 a 3.

CANDU"" est une marque de commerce deposee par finergie atomique du Canada limitee (EACL).

Laboratoires de Whiteshell
Pinawa (Manitoba) ROE 1L0
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1. INTRODUCTION

1.1 GENERAL

The CANDU reactor is fuelled by natural uranium, in the form of uranium dioxide. After
leaving the reactor, the used fuel is highly radioactive and must eventually be disposed of in a
safe manner. In Canada, a concept for the safe disposal of used fuel in a deep underground
vault has been investigated by AECL as part of the Canadian Nuclear Fuel Waste
Management Program (CNFWMP), (AECL 1994).

In principle, used CANDU fuel may be disposed of directly, or it may be reprocessed to
allow the recycling1 of fissile material in alternative fuel cycles. In general, the decision as to
whether to dispose directly or to reprocess may depend on a number of factors such as the
demands placed on the fuel by the reactor design, the cost and availability of uranium, or the
need to extract plutonium for other fuel cycles.

For the present and for the foreseeable future, the cost and availability of natural uranium in
Canada is such that there is no economic incentive to reprocess used fuel from CANDU
reactors. Consequently, the focus of the work carried out in the CNFWMP has been on the
direct disposal of used fuel.

The reprocessing of used fuel will generate a series of wastes—some derived directly from the
fuel and others as a consequence of the process. Since these wastes are also radioactive to a
greater or lesser extent, they would need to be disposed of in a safe manner.

The purpose of this report is to describe the types and quantities of wastes that are generated
by direct fuel disposal or by fuel reprocessing. The estimated volumes of reprocessing wastes
generated are compared with those produced in the U.K., U.S. and French nuclear programs.

1.2 TECHNICAL CONSIDERATIONS

1-2.1 The Fission Process

1.2.1.1 Fissile and Fertile Uranium

Natural uranium is the fiftieth most abundant element and the heaviest element found in
nature. It contains approximately 99.3 wt % of the isotope 238U and 0.7 wt % of 235U.
Natural uranium is slightly radioactive, constantly producing small quantities of neutrons

1 Recycling refers to all the processes involved in taking used (spent) fuel from a reactor, treating it,
and returning it to the reactor as part of a fresh charge of fuel. Reprocessing refers only to those
processes involved in separating the recyclable components (principally isotopes of uranium and plutonium)
from fission products and other wastes. Reprocessing is one stage in recycling.
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through radioactive decay. If one of these neutrons is absorbed by 235U, which is the "fissile"
isotope of uranium, then the 235U nucleus may fission, producing two fission-product atoms of
approximately equal mass and expelling (on average) two or three neutrons. The recoil
energy of the two fission-product atoms will be absorbed by the surrounding material and
transformed into heat. If sufficient uranium (a critical mass) is present under the proper
conditions, as is the case in a CANDU reactor, at least one of the expelled neutrons will be
absorbed by another 235U atom, leading to a sustained chain reaction. Many of the
fission-product atoms are unstable isotopes that undergo radioactive decay. The isotopes
produced directly or indirectly by the fission of 235U in a reactor are called the "fission
product inventory."

Some of the remaining neutrons will be absorbed by 238U, which is the "fertile" isotope of
uranium, leading directly or indirectly to the production of a number of elements heavier than
uranium (the transuranic elements). The most notable of these heavy elements, none of which
have stable isotopes, are plutonium (Pu), neptunium (Np), americium (Am) and curium (Cm).
These elements and their decay products are referred to as the "actinide inventory."

Finally, a small number of neutrons may be absorbed by impurities in the fuel or in its
Zircaloy sheathing to form activation products, many of which are also radioactive and which
include I4C and 3H (tritium).

When natural uranium passes through a CANDU reactor, relatively small but roughly
equivalent amounts of 235U and 238U are consumed, and fission products and actinides are
produced along with much smaller proportions of activation products. Table 1 shows these
quantities at a burnup of 684 GJ/kg U in a CANDU reactor (Tait et al. 1989)2. Plutonium
dominates the actinide inventory and is the most abundant element produced by the fuel
burnup.

Burnup is a measure of the degree to which uranium has been consumed during the passage
of fuel through the reactor. It is expressed in terms of the heat produced, in units such as
gigajoules per kilogram of original uranium (GJ/kg U) or megawatt-days per tonne of original
uranium (MWd/t U). (1 GJ/kg U = 11.575 MW-d/t U.). Since burnup is a measure of the
degree to which fissile material has been consumed in a reactor, some linear relationship
between burnup and the quantities of fission products produced can be anticipated. This
would not necessarily be a precise relationship, because of secondary reactions involving the
formation of actinides and their subsequent decay and because of the different spectra of
fission products that might be produced in different reactor systems.

2 As a result of slightly different starting assumptions made in the two calculations, equivalent
calculations by Tait et al. (1989) and Clegg and Coady (1977) lead to "reference case" burnups of 684
GJ/kg U and 685 GJ/kg U respectively. These two figures appear at several points in this report, but there
is no significant difference between the results of the two calculations.
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TABLE 1

QUANTITIES OF THE MAJOR CONSTITUENTS OF
NATURAL URANIUM FUEL. BEFORE AND AFTER IRRADIATION

2 3 8 u
2 3 5 u
Other Isotopes of U

Plutonium Isotopes

Other Actinides

Fission Products

Totals

Before Irradiation g/kg U

992.84

7.11

0.054

-

-

-

1000.0

After Irradiation g/kg U

984.92

2.02

0.04

4.00

0.13

8.12

1000.0

Data on the fission-product content of natural uranium fuel for a range of burnups in the
CANDU reactor are given by Clegg and Coady (1977) and Tait et al. (1989). Guenther et al.
(1988) give similar information for a pressurized light-water reactor (PWR) system fuelled
with enriched uranium.

In Figure 1, the first six data points show the relationship between burnup (GJ/kg U) and
fission-product content (g/kg U) for the CANDU reactor, over a range of burnups from 140 to
1150 GJ/kg U. The next seven data points are for a PWR over a range of burnups from
20 000 to 50 000 MWd/t U (1732 - 4320 GJ/kg U). Light-water reactors use fuel enriched
with 235U and, thus, are capable of higher burnups than a CANDU reactor burning natural
uranium. A straight-line fit to all of the data points in Figure 1 has a correlation coefficient
of 0.999 so that, for CANDU and PWR systems at least, the relationship between burnup and
fission-product arisings is effectively linear.

1.2.1.2 Fission-Product Inventory

For used CANDU fuel with a burnup of 684 GJ/kg U, the fission-product inventory of
8.12 g/kg U as calculated by Tait et al. (1989) consists of 38 elements, distributed in two
peaks centered around an atomic weight that is one half that of uranium (Figure 2). The
fission products with the greatest abundances are (in descending order) Xe, Mo, Nd, Ce, Cs,
Zr, Ru and Ba. There may be several isotopes of each element. In general, the fission
products themselves are radioactive, and their decay produces radiation and heat.
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1.2.1.3 Actinide Inventory

The actinide inventory for used CANDU fuel is 4.17 g/kg U (Tait et al. 1989), and it consists
of 17 elements, with Pu being the dominant at 4.00 g/kg U. The actinide inventory consists
of six elements with a higher atomic number than uranium (Cf, Bk, Cm, Am, Pu, Np) and of
eleven decay products (Pa, Th, Ac, Ra, Rn, Fr, Po, At, Bi, Pb and Tl), the isotopes and
atomic weights of which range from 252Cf to 206Pb.

1.2.2 Radioactivity and Decay...HgjU

After fuel has been removed from a reactor, both the fission products and the actinides decay
over time, and the radioactivity and the heat production correspondingly decrease.

Figures 3 and 4 show the radioactivity and the decay heat, respectively, as a function of time
out-of-reactor for natural uranium oxide fuel irradiated to a burnup of 685 GJ/kg U in a
CANDU reactor (Smith et al. 1987). It can be seen that, after approximately 1000 a, the
radioactivity and the heat evolution by the fission products decrease to levels comparable with
those of natural uranium dioxide. In contrast, the radioactivity and the heat production from
actinides continues longer, but decreases after 10 000 a, approaching levels comparable with
those of natural uranium dioxide after approximately one million years.

13 TYPES OF WASTE AND METHODS OF DISPOSAL

Radioactive wastes can arise as solids or liquids, and they are often divided into the
categories of low-level waste (LLW), medium-level waste (MLW), and high-level waste
(HLW); an alternative name for medium-level waste is intermediate-level waste (ILW).

The disposal of radioactive wastes in Canada is regulated by the Atomic Energy Control
Board (AECB), under regulatory documents R-104 and R-85 (AECB 1987, AECB 1989).
These regulatory documents describe the protection of human health in terms of the risks and
consequences of disposing of the waste to a most-exposed human individual, rather than in
terms of the properties of the waste and its method of disposal. Thus there are no regulatory
classifications for waste in terms of LLW, MLW, and HLW per se. Regulatory document
R-104 addresses the long-term safety and acceptability of the disposal of radioactive wastes.
Regulatory document R-85 deals with the consequence levels at which a waste can be
considered to represent a negligible, or de minimis risk, at which point further regulatory
control as a radioactive waste is no longer justified.

In other countries, wastes are generally classified as LLW, MLW, and HLW and are defined
by their radionuclide content, activity, the need for shielding and/or cooling during storage,
the consequences of disposal, or some combination of these factors. In the United States, the
classification of radioactive wastes and their methods of disposal are controlled by three
regulations, 10CFR Part 60, 10CFR Part 61, and 40CFR Part 191 (U.S. Nuclear Regulatory
Commission, 1990a, 1990b; Environmental Protection Agency, 1990). In this classification,
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there are three classes of LLW—A, B, and C—with increasing activities and radionuclide
inventories, and one class—Greater-than-CIass C (GTCC)—for all wastes of higher activity.

1.3.1 Liquid Wastes

Liquid wastes are generated in fuel disposal or fuel reprocessing facilities as cleaning and
decontamination streams, solvent stripping streams, or feeds to liquid waste solidification
units. Because many of the streams are often recycled or treated internally in a facility and,
thus, do not appear for external discharge or disposal, liquid wastes tend to be less well
defined than solid wastes.

Figure 5, reproduced from an International Atomic Energy Agency (IAEA 1970) report,
shows the classification of liquid radioactive wastes in eleven countries. It can be seen that
the position of the boundary between waste classifications can vary by as much as 2 powers
of magnitude in activity.

Low-level liquid wastes (LLLW) are slightly radioactive liquids, which can be produced in
large volumes at fuel processing facilities. Before discharge these wastes are "conditioned,"
particularly to remove alpha activity, by flocculation and/or filtration, and by ion-exchange
columns, in order to meet applicable regulations.

Medium-level liquid wastes (MLLW) are produced in a fuel reprocessing facility and include,
for example, sodium-rich aqueous streams produced in the Plutonium and Uranium Recovery
through Extraction (PUREX) process (Section 3). In small volumes, MLLW can be
concentrated by evaporating excess water, after which the concentrate "salt waste" is blended
with resin or bitumen before storage in bunkers. In large volumes, such as might exist in a
fuel reprocessing plant, the stream could be concentrated and directed to the high-level liquid
waste stream, or evaporated and blended with resin or bitumen.

High-level liquid wastes are encountered in a fuel reprocessing facility as the acidic aqueous
stream that contains the separated fission products, together with small quantities of actinides.
This waste stream would be fed to a calciner3, or to a melter, where it would be decomposed
and fission products and actinides incorporated into a calcine or a glassy waste form.

1.3.2 Solid Wastes

Low-level solid wastes consist of such items as used labware, rubber gloves, protective
clothing, wipers, mops, etc. Low-level solid wastes (LLSW) are usually packaged in plastic
and disposed of by shallow land burial.

3 In a calciner, the waste stream is heated, the water driven off, and the fission product and actinide
species, usually present as nitrates, decomposed to a free-flowing oxide powder
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Medium-level solid wastes (MLSW) consist of contaminated equipment, ion-exchange resins,
high-energy paniculate air (HEPA) filters, solidified products from the treatment of liquid
wastes and, generally, any debris resulting from active decontamination or maintenance.

In the past, sea disposal was the preferred international disposal strategy for some types of
MLSW. However, since the signing of the London Dumping Convention (1972), many
nations, including Canada, have placed MLSW in storage, pending the development of
acceptable disposal technologies. In France and the United States, MLSW with no significant
alpha activity is containerized and disposed of by shallow land burial. In the United
Kingdom, geological disposal at a depth of 500 m is being considered. In Finland and
Sweden, MLSW is immobilized in cement and is disposed of at a depth of 60 to 120 m in
hard rock.

High-level solid wastes (HLSW) are either used fuel or a waste form containing the fission
products and actinides separated by the reprocessing of used fuel. There is no numerical
activity limit to define the boundary between MLSW and HLSW but, typically, HLSW
contains 1014 Bq/tonne alpha activity and 10'6 Bq/tonne beta/gamma activity (Passant 1988).

High-level solid wastes are stored temporarily in shielded facilities with provision for the
removal of decay heat prior to final disposal.

2. THE DISPOSAL OF USED FUEL

The Canadian concept for the disposal of used nuclear fuel provides for the effective
containment of wastes in the fuel by means of a series of engineered barriers surrounding the
used fuel itself, together with the structural, hydraulic and geochemical protection offered by
burial at a depth of 500 to 1000 m in plutonic rock. In the reference disposal facility design
that has been used to illustrate the disposal concept for assessment purposes (AECL 1994),
used fuel bundles are encapsulated in corrosion-resistant titanium containers, which are then
placed in boreholes in the floor of an excavated disposal vault and are then surrounded by a
compacted mixture of bentonite and sand of low permeability. The disposal rooms and access
tunnels are backfilled, mainly with a mixture of clay and crushed rock, and the facility is
eventually sealed.

2.1 THE HANDLINQ ANP TREATMENT OF USED FUEL

In the reference disposal facility design (AECL CANDU Operations et al. 1992), used-fuel
bundles equivalent to an original inventory of 4730 Mg of uranium metal per year
(4730 Mg U/a) are transported in casks from the generating stations to the Used-Fuel
Disposal Centre (UFDC). Alternative designs for shipping casks can contain either two or six
carriers ("modules"), each of which holds 96 used-fuel bundles (Simmons and Baumgartner
1994). At the UFDC, the modules are transferred directly to the used-fuel packaging cell or,
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alternatively, into a surge storage receiving-pool. Emptied modules are then cleaned and
replaced in the cask for the return trip to a reactor site.

In the used-fuel packaging cell, used fuel will be placed in a basket designed to fit inside a
titanium disposal container. The basket holds 72 used CANDU fuel bundles in 4 vertically
stacked arrays of 18 bundles. After the basket has been placed into the container, a
particulate material (such as glass beads) would be poured into the container and compacted
by vibration around the bundles and into all remaining voids4. Next, the container top
endplate would be pressed into place and diffusion bonded to the container shell.

The external surfaces of each container will then be decontaminated and the container either
placed in a cask and transferred to the (waste shaft) headframe or placed in temporary storage
in the headframe pool surge-storage facility.

The volumes of waste that might be expected from a used-fuel disposal facility are, primarily,
the wastes directly associated with the containerized fuel and, secondarily, the wastes
generated by housekeeping and decontamination.

The head-end of the used-fuel disposal facility consists of the area where used-fuel is received
and transferred to containers, the surge storage ponds, and the decontamination facilities.

Head-end conditioning wastes are those associated with the reception of used fuel in casks, its
transfer to the disposal containers, and subsequent surface decontamination of the casks and
containers; it is anticipated that these wastes will be principally cleaning materials,
ion-exchange resins, and filter sludges.

2.2 THE REFERENCE CANDU FUEL BUNDLE

The reference CANDU fuel bundle assumed in the reference disposal facility design is the
Bruce (Generating Station) 37-element fuel bundle, with a burnup of 684 GJ/kg U. The
bundle (Wasywich 1993) consists of 37, closed-end Zircaloy-4 tubes containing sintered
natural uranium dioxide (UO2) fuel pellets, mounted on two Zircaloy-4 endplates (Figure 6).

The relevant physical characteristics of a Bruce fuel bundle are as follows:

Overall length 49.53 cm
Overall diameter 10.24 cm
MassofU02 21 471 g
Mass of U 18 927 g
Mass of Zircaloy 2 270 g
Total mass of fuel bundle 23 741 g

4 The function of the glass beads is to support the walls of the disposal container against the
hydrostatic pressure of groundwater in a flooded disposal vault
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2.3 VOLUMES OF OPERATIONAL WASTE GENERATED

Although the throughput of used fuel assumed in the reference design for the UFDC is
4730 Mg U/a, the volumes of waste generated will be presented here relative to a throughput
of 1200 Mg U/a. This will allow direct comparison with the volumes of waste generated by
the reprocessing scenario for used CANDU fuel described in Section 3. This discussion of
waste volumes refers only to the radioactive wastes generated in the operation of a facility for
receiving and packaging used-fuel bundles and in the disposal of the used fuel. It does not
include any other wastes arising from the construction and operation of the underground
disposal facility.

2.3.1 Head-End Conditioning Wastes

No specific estimate is made of the volumes of head-end conditioning wastes arising in the
UFDC. However, consideration of similar processes in the reprocessing of used fuel
(Section 3.3.1) suggests that approximately 20 mVa of bitumenized MLSW would be
produced.

2.3.2 General Process Wastes

During the assumed forty-year operating lifetime of the reference Used-Fuel Disposal Centre,
it is anticipated that radionuclide wastes will arise from both the liquid and the solid general
process associated with ongoing operations.

It is considered that the largest volumes of liquids will be low-level aqueous wastes which,
after treatment, are assumed to be released directly to the environment. It is not anticipated
that significant volumes of liquid wastes of high-activity content will be accumulated. Solid
wastes will include ion-exchange resins, filters, cleaning cloths, brushes, clothing and
collected debris. The waste will be packed into purpose-designed leak-tight containers and
transported to an offsite location for storage. The reference UFDC design assumes that in
excess of 1000 m3 of solid wastes may be accumulated during the assumed 40-year working
lifetime of the facility (AECL CANDU Operations et al. 1992). Thus the lower limit of the
estimate is 6.3 m3/a for a 1200 Mg U/a facility.

2.3.3 Reference Disposal Container Design

The design and dimensions of the reference container for the disposal of used fuel are
discussed by Johnson et al. (1994) and are illustrated in Figure 7. The relevant dimensions of
the container are as follows:
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Overall diameter of container 63.3 cm
Overall length of container 224.6 cm
Volume occupied by container* 0.707 m3

Number of fuel bundles per container 72

* The volume occupied by the container is the volume defined by the external dimensions of
the container.

On the basis of a throughput of 1200 Mg U/a of used fuel, the total volume occupied by the
disposal containers encapsulating the used fuel can be calculated as follows:

Input of used fuel 1200 Mg U/a
Number of fuel bundles
containing 18.93 kg U/bundle 63 400/a
Number of containers
containing 72 bundles/container 880.6/a
Volume occupied by containers
containing 0.707 m3/container 622.4 m3/a

2.3.4 Summary

The total volume of wastes expected from the reception, treatment, and encapsulation of
1200 Mg U/a of used fuel are as follows:

Operational decontamination and
conditioning wastes 26.3 m3/a
Disposal containers of used fuel 622.4 m3/a
TOTAL 648.7 m3/a

24 MINIMUM WASTE VOLUME SCENARIOS

In the above calculations, based on the reference Used-Fuel Disposal Centre design, the
volume of waste represented by containers of used fuel is 622.4 m3/a. To provide a relative
context for this volume of waste, it is a useful exercise to calculate the minimum possible
volume that would be occupied by the used fuel waste alone (no containers) assuming, as
before, that the reference waste form is the Bruce 37-element fuel bundle. Calculations are
also presented for two other minimum waste volume scenarios, on the basis of volume
reductions obtained by closest packing of fuel bundles and by closest packing of the
individual fuel elements, if disassembled from the bundles5.

5 It should be noted that these calculations are not independent of other considerations. The maximum
temperature of the outer surface of the container and the surrounding buffer material should not exceed
100°C, in order to limit possible crevice corrosion of the Grade-2 titanium container material, and thermal
alteration of the bentonite-clay buffer (Simmons and Baumgartner 1994). This may limit the number of fuel
elements per container, the emplacement density of containers in the disposal vault, or the minimum
cooling time for the fuel prior to disposal.
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2.4.1 Volume of Fuel Waste Alone

On the basis of the mass and density of the individual components (fuel and Zircaloy-4) in
the fuel bundles, the minimum volume of fuel waste alone can be calculated as

Throughput of used fuel 1200 Mg U/a
- expressed as oxide 1361 Mg UO2/a

Density of UO2 10.6 Mg/m3

Volume of UO2 128.4 mVa
Number of fuel bundles 63 400/a
Mass of Zircaloy at 2.27 kg/bundle 143.9 Mg/a
Density of Zircaloy 6.56 Mg/m3

Volume of Zircaloy 21.9 m3/a
Minimum possible volume of fuel waste 150.3 nvVa

2.4.2 Volume of Close-Packed Fuel Bundles

In the reference design, 72 used-fuel bundles, each having a volume of 0.0041 m3 (see
below), are packed into a basket, which is then placed in a container that occupies a volume
of 0.707 m3. The ratio of fuel bundle volume to container volume is then (72 x 0.0041)/
0.707 = 0.42. If, instead, the basket could be dispensed with, and the fuel bundles packed
directly into a container of the same dimensions, the packing efficiency could be increased.
The problem is similar to that encountered in packing circular conductors into a circular
conduit, for which formulae exist (Dutka 1956). For the given dimensions of the fuel bundles
and the container, 27 fuel bundles would fit into the circular cross section of the container,
and 4 bundles end to end into the length, to give a bundle-to-container volume ratio of
(27 x 4 x 0.0041 )/0.707 = 0.63. If the length of the containers was increased by 10.3%, to
accommodate 5 bundles end to end, the packing efficiency would increase to
(27 x 5 x 0.0041 )/0.780 = 0.71.

The volume occupied by the fuel bundles can then be calculated as follows:

Overall length of bundle 49.53 cm
Overall diameter of bundle 10.24 cm
Overall volume of bundle 0.0041 m3

Number of fuel bundles 63 400/a
Total volume of the fuel bundles: 259.9 m3

Volume occupied by bundles at a
packing efficiency of 0.71 366.1 m3/a

Although there are apparent benefits in this approach (in terms of volume reduction), these
benefits would need to be examined in the context of the overall disposal facility design and
operations to determine if there is an overall net benefit.
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2.4.3 Volume of Close-Packed Fuel Elements

A similar calculation can be made in the case where it is assumed that the fuel bundles were
disassembled into the individual elements, and the individual elements close-packed into a
container with the same diameter as the reference design, and sufficiently long to accomodate
5 elements end to end. In this case, and neglecting any effect due to the presence of the
spacer pads, approximately 1874 fuel elements would fit into the circular cross section of the
container, and the packing efficiency would be (1874 x 5 x 0.0000668)/0.780 = 0.80. On this
basis:

Number of individual fuel elements in
63 400 bundles having 37 per bundle 2.35 x 106/a
Volume of individual fuel elements 66.76 cm3

(excluding the spacer pads)
Total volume of fuel elements 156.9 mVa
Volume occupied by elements at a
packing efficiency of 0.80 195.6 mVa
Volume occupied by Zircaloy endplates 1.32 m3/a
Total volume occupied by
fuel elements and endplates 197 m3/a

Thus, by disassembling the fuel bundles into their individual fuel elements, and packing the
fuel elements directly into a disposal container, a reduction in the overall volume occupied by
the container, or a reduction in the number of containers required, by a factor of 622.4/197,
~3, can be achieved compared with the reference design. The maximum possible theoretical
reduction in volume, based on the densities of UO2 and Zircaloy, would be by a factor of
622.4/150.3, -4.2.

3. THE REPROCESSING OF USED FUEL

The reprocessing of used CANDU fuel has been discussed in an AECL internal report (AECL
CANDU Operations 1988, unpublished report), which will be referred to here as "the HRF
study."

In this discussion, it is assumed that used fuel equivalent to 1200 Mg of uranium metal per
year (1200 Mg U/a) would be reprocessed ten years after leaving the reactor in a hypothetical
reprocessing facility (HRF) using the "PUREX" process. The outputs of the HRF would be
plutonium dioxide for recycle to the reactors, uranium trioxide, and immobilized wastes for
ultimate disposal. Figure 8 shows a conceptual flow diagram assumed for the reprocessing
operation.
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3.1 THE SEPARATIONS PROCESS

3.1.1 Reception and Dissolution

Upon receipt, the shipping cask is unloaded and the modules, each containing 96 used-fuel
bundles, are transferred to a used-fuel storage bay. Modules are removed from the storage
bay as required and transferred to a station where bundles are transferred from the module to
a hot cell for shearing. The module and shipping cask are decontaminated for return to a
reactor site.

The fuel bundles are fed into a shear, which chops the bundles into 2.5-cm lengths. These
pieces fall into a dissolver, where they are exposed to a hot nitric acid solution. The acid
solution is centrifuged to remove any undissolved particles and is then fed to a conditioning
tank where the solution is adjusted so that the dissolved uranium is in the U6* state and the
plutonium in the Pu4+ state. The acid solution is then transferred to a buffer storage tank
prior to entering the primary separation system of the PUREX process (Section 3.1.2). The
centrifuged undissolved particles appear as a HLSW slurry, which is fed to the HLW
immobilization process. The undissolved Zircaloy scrap from the fuel element sheathing and
the endplates are removed from the dissolver for eventual cementation and disposal. Any
off-gases released during the shearing and dissolving operations are collected by the off-gas
treatment system.

3.1.2 Primary Separation—The PUREX Process

The basis for the PUREX process is the preferential extraction of U6* and Pu4+ from relatively
high-strength nitrate solutions into solutions of tributyl phosphate (TBP), leaving behind in
the acidic solution most fission products and other actinides. This permits an efficient
separation of the two products, uranium and plutonium, from the fission products. The
uranium and plutonium can then be re-extracted, or stripped, to the aqueous phase using
dilute nitric acid (Bebbington 1976).

In the primary separation system of the PUREX process, the acid solution, containing
uranium, plutonium and fission products, and a solution of 30% by volume of TBP in refined
kerosene, are intimately mixed in a "mixer-settler" unit. Nitrates of U6* and Pu4+ are
extracted from the acid solution by the TBP, with an efficiency of 99.9%.

The aqueous phase containing the fission products is regarded as HLLW, and is fed to the
HLW immobilization process.

The TBP phase is fed to a second mixer-settler where it is contacted with an aqueous stream
containing U4+ stabilized with hydrazine (N2H2). The Pu4+ is reduced to Pu3+, which does not
complex with TBP and thus migrates to the aqueous stream. The TBP phase containing the
uranium is then passed to another mixer-settler in which the uranium is stripped into the
aqueous phase by countercurrent extraction using dilute nitric acid.
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There are several subsidiary extraction stages in this process aimed at increasing the
efficiency of the separation of the uranium, the plutonium, and the fission products. The end
result of the primary separation process is three acidic nitrate streams: the uranium and
plutonium streams go to their respective purification and denitration plants and the
fission-product stream goes to the HLW immobilization facility. In addition, there are two
smaller streams of low-activity sludges, which consist of degraded TBP.

3.1.3 Uranium and Plutonium Purification and Denitration

The two acidic nitrate streams containing the uranium and plutonium, respectively, are passed
to the purification and denitration stages.

The purification stages are again based on the PUREX principle and serve to remove
remaining trace amounts of plutonium and fission products from the uranium stream and trace
amounts of uranium and fission products from the plutonium stream. The purification stage
for plutonium is more complex than for uranium because of the smaller solution volumes
under treatment at any time, associated with the need to observe criticality limits. There is
one acidic medium-level waste stream from each process, carrying small concentrations of
uranium, plutonium and fission products.

The uranium denitration system concentrates the purified uranium stream by evaporating
water and finally decomposes the concentrated uranyl nitrate to UO-, by heating to 300°C.
The aqueous condensate from this process is classified as LLLW.

The purified plutonium nitrate stream is mixed with oxalic acid to precipitate plutonium
oxalate, which is then calcined to PuO2. There are no waste streams shown from the
plutonium denitration facility. A fibreglass filter is specified for the off-gas system of the
plutonium calciner, which could be disposed of in the HLW melter.

3.1.4 Solvent Recovery

After passing through the PUREX solvent-extraction process, the TBP/ kerosene solvent
contains small quantities of fission products, uranium, plutonium and other impurities, such as
nitration products, colloidal materials and radiation-induced organic degradation products.

In the solvent recovery system, the TBP/kerosene solvent is cleaned for reuse by successive
washings with Na2CO3, NaOH and HNO3 solutions. Several low-level and medium-level
waste streams are produced. The medium-level streams are rich in sodium.

3.2 THE TREATMENT OF HIGH-LEVEL LIQUID WASTES

The HLLW from the primary separation process is concentrated by evaporation, and the
concentrate is fed to a rotary calciner, where the nitrates are converted to oxides. The oxides
are mixed with a borosilicate glass frit and fed into an induction melter, where the mixture is
converted into a borosilicate glass waste form. The molten glass is poured into canisters,
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which are then cooled slowly to room temperature, have a closure welded on, and are then
surface-decontaminated and placed in interim storage.

3.3 VOLUMES OF WASTES GENERATED

3.3.1 Head-End Conditioning Wastes

The head-end conditioning wastes are those arising from the reception, unloading, interim
storage and chopping of used fuel, prior to entering the dissolver. The wastes generated are
those from the decontamination of shipping casks and modules, and of the interim storage
pool water, and operational wastes from the fuel shears and shearing cell.

The wastes associated with the decontamination operations and with the storage pools will be
composed of ion-exchange (IX) resins and filters containing the particulate matter. The
disposal of these resin filters was not considered explicitly in the HRF study and, for the
purposes of this discussion, ten cubic metres of contaminated resins and films are assumed to
be produced annually. A U.S. DOE study suggests that such wastes might be immobilized in
bitumen using a screw extruder (U.S. DOE 1979, Volume 2, Section 4.7.1.4), with a volume
ratio for treated to untreated waste between 0.57 and 2. An arising of 20 mVa of bituminized
waste is assumed here and would be regarded as MLSW.

The moving parts of the fuel shears are designed as a single unit that can readily be removed
and replaced at the end of their service life. Possible waste arisings from worn shear units
are discussed in Section 3.3.7.

3.3.2 Zircaloy Hulls

The suggested process for the immobilization of Zircaloy hulls is a cementation process
described by Schuller et al. (1977), in which a Portland cement slurry is pumped into a drum
containing the Zircaloy scrap. The HRF study suggests that 1.25 m3 of waste form would
arise from the processing of 5 Mg U of fuel. Therefore, the total volume of Zircaloy waste
form arising can be calculated as follows:

Volume of waste form arising
from 5 MgU fuel 1.25 m3

Volume arising from 1200 Mg(U) fuel/a 300 m3/a

3.3.3 Volatiles

Several isotopes of carbon, hydrogen, iodine, krypton and ruthenium are produced in the
reactor both as fission products and as activation products, from impurities in the UO2 fuel
and from the Zircaloy-4 cladding (Tait et al. 1989). These isotopes are assumed to be
released in a volatile form during a fuel reprocessing operation. The volatile radionuclides of
significance are 14C, 3H, l29I and 85Kr.
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Methods for the concentration and immobilization of 14C, I29I and 85Kr were investigated
extensively, and are summarized by Plumb (1984). In the HRF study, it was assumed that
l4C would be immobilized as calcium carbonate and that I29I would be adsorbed on a silver
zeolite or immobilized as iodine-sodalite.

Since the Zircaloy remains largely intact during the shearing and dissolution processes, only
the volatile fission and activation products from the used fuel are considered here.

3.3.3.1 Carbon

The carbon isotopes 12C and I3C are present as impurities in the fuel, and 14C is produced
from these as an activation product from neutron bombardment. There is no contribution to
the inventory of carbon from the fission products. The total mass of carbon can be calculated
as follows:

Carbon isotopes per kg U 1.02 x 10 ' g
(Tait et al. 1989)
Carbon isotopes at 1200 Mg U/a 122.4 kg/a

For the purposes of this discussion, it is assumed that the carbon isotopes (present as CO2 in
the dissolver off-gas) will be scrubbed out using an alkaline solution, and precipitated as
calcium carbonate (Plumb 1984). It is further assumed that the calcium carbonate will be
incorporated into a disposal waste form by mixing with Portland cement in the proportions
20 vol % CaCO3/80 vol % Portland cement.

The volume of carbonate/cement waste form can then be calculated as follows:

Mass of carbon isotopes 122.4 kg/a
Mass of calcium carbonate 1020 kg/a
Volume of calcium carbonate containing 2.72 g/cc 0.449 mVa
Volume of waste form containing 20 vol% CaCO, 2.25 m3/a

3.3.3.2 Hydrogen

The isotope 'H is present as an impurity in UO2 fuel, and the isotopes 2H and 3H are
produced in the fuel as activation products. 3H is also generated as a ternary fission product.
The total mass of hydrogen isotopes can be calculated as follows:

Hydrogen isotopes as fission products
per kg U (Tait et al. 1989) 8.27 x 10"6 g

Hydrogen isotopes as activation products
per kg U (Tait et al. 1989) 1.73 x 10s g
Total hydrogen isotopes at 1200 Mg U/a 30.7 g/a

In these annual arisings of 30.7 g/a of hydrogen isotopes, the 3H contribution is 9.92 g/a. The
annual arisings of the radioactive isotope of hydrogen, 3H (tritium) are extremely small, and,
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for the purposes of this discussion, it is assumed that 3H is released to the atmosphere at a
rate that does not exceed the permitted derived release limit (DRL).

3.3.3.3 Iodine

The isotopes 127I, )29I and I3II are produced in the fuel as fission products. Iodine-131 has a
half-life of 8 days and would decay to insignificant levels during the reference 10-year
out-of-reactor storage period. The total mass of iodine isotopes can be calculated as follows:

Iodine isotopes as fission products
per kg U (Tait et al. 1989) 5.71 x 102 g
Total iodine isotopes at 1200 Mg U/a 68.52 kg/a

The HRF study suggested that the iodine may be recovered using a silver zeolite, as discussed
by Plumb (1984). The iodine may be retained on the zeolite, or it may be recovered and
immobilized in an alternative waste form. Taylor (1990a) suggests that the iodine could be
immobilized as iodine-sodalite (Na4Al3Si30l2I; Iodine = 22 wt %). For the purposes of this
discussion, it is assumed that a waste form is produced by mixing iodine-sodalite with
bitumen in the proportions 20 wt % iodine-sodalite/80 wt % bitumen6.

The volume of sodalite/bitumen waste form can then be calculated as follows:

Mass of iodine isotopes 68.52 kg/a
Mass of iodine-sodalite
containing 22 wt % iodine 311.5 kg/a
Mass of waste form
containing 20 wt % iodine-sodalite 1557.3 kg/a
Estimated volume of waste form 1.3 mVa

3.3.3.4 Krypton

The isotopes 80Kr, 81Kr, 82Kr, "Kr, MKr, 85Kr and 86Kr are produced in the fuel as fission
products. Krypton-85 is the radiologically significant isotope and 80Kr, 82Kr, 81Kr, MKr and
86Kr are stable. The total mass of krypton isotopes can be calculated as follows:

Krypton isotopes as fission products
per kg U (Tait et al. 1989) 7.95 x 102 g
Total krypton isotopes at 1200 Mg U)/a 95.4 kg/a

6 Sodalite is an aluminosiltcate mineral, and as such is not likely to be durable at the high pH values
that would be experienced if it were mixed with cement. Thus a cemented waste form is not an option.

7 Estimated on the basis that the density of iodine-sodalite is 2500 kg/m3, and the density of bitumen
is 1050 kg/m3
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Methods for the capture of krypton are discussed by Plumb et al. (1984), and methods for
immobilization are discussed by Plumb et al. (1984) and Taylor (1990b). For the purposes of
this discussion, it is assumed that krypton will be captured and stored as a pressurized gas.
Typical storage pressures and cylinder volumes are 3400 kPa and 42.5 L respectively
(U.S. DOE 1979, Volume 3, Section 5.6).

The volume of stored krypton can be calculated as follows:

0.0838 kg of krypton at 100 kPa occupies 0.0224 m3*
95.4 kg of krypton at 100 kPa occupies 25.5 m3

95.4 kg/a of krypton at 3400 kPa occupies 0.75 mVa

* One kg-mol of a gas occupies 0.0224 m3 at STP.

3.3.4 Low-Leve) LiquidWastes
In the HRF study, low-level liquid wastes were assumed to be collected at a LLLW treatment
facility, where they would be analyzed to see if they require further decontamination prior to
discharge. For the purposes of the study, it was assumed that 50% of the LLLW would
require further decontamination.

Decontamination of the LLLW would be achieved by neutralization with NaOH, flocculation
using ferric chloride and sand filtration. The LLLW that did not require decontamination
would be neutralized with NaOH and filtered through a sand bed before discharge. Provision
would be made to recover the ferric hydroxide floe from the sand filters, and from the
flocculation tanks, as a filter cake.

33.5 Low-Level Solid Wastes

It is anticipated that large volumes of LLSW would be produced during reprocessing,
consisting principally of such items as used labware, rubber gloves, protective clothing, mops,
wipers, etc. Normal practice is to compact and bale any suitable LLSW and incinerate the
remainder.

The primary categories of low-level solid wastes produced would then be compactible wastes
(Section 3.3.5.1) and incinerable wastes (Section 3.3.5.2).

3.3.5.1 Compactible Wastes

The HRF study assumes that compactible wastes would be treated by baling, and disposed of
by shallow land burial. With estimated arisings of 2.16 m3/Mg U, or 2595 nrVa, and a
volume reduction on compaction of 9:1, the annual arisings of compacted wastes would be
288.3 mVa.
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3.3.5.2 Incinerable Wastes

In the HRF study, the total arisings of incinerable wastes were estimated as 3276 mVa at an
average bulk density of 90.2 kg/m3.

Incinerable wastes are divided into wastes that are and are not contaminated with uranium and
transuranic (TRU) elements (TRU wastes and non-TRU wastes). The TRU wastes usually
emit low levels of alpha radiation and require minimum shielding. The volumes of waste
residues after incineration and immobilization were estimated in the HRF study on the basis
of experience at the AECL Chalk River Laboratories (Beamer 1981).

The LLSW is incinerated and the ash screened to remove any oversize particles. The average
batch weight reduction as a result of incineration is assumed to be 30:1. The screened ash is
fed, together with bitumen, to a ribbon blender and the bitumenized ash is stored in drums.
The oversize ash is immobilized by filling a 210-L drum to the 100-L mark with oversized
material and then topping up with the molten bitumen.

The volumes of bitumenized waste form are estimated in the HRF study to be as follows:

1. Non-TRU wastes

Bitumenized ash 54 drums/a

Bitumenized oversize 17 drums/a

2. TRU wastes

Bitumenized ash 108 drums/a
Bitumenized oversize 33 drums/a
Total volume of non-TRU and TRU wastes

at 210 L/drum 44.5 m3/a

33.6 Medium-Level Liquid Wastes

There are two reprocessing streams that can be regarded as medium-level liquid wastes.
The first is the MLLW evaporation stream, which is a combination of several smaller streams
of condensates from the uranium and plutonium purification plants. This waste stream is
acidic and contains uranium, plutonium and fission products. The stream will also contain the
plant washouts that would arise at the end of a reprocessing campaign. The MLLW
evaporation system creates a concentrate that is routed to the HLLW evaporation system and
a dilute stream that is routed to the acid recovery plant. The dilute stream does not result in
a waste that must be disposed of externally.
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The second stream is the salt waste stream, containing sodium hydroxide, carbonate,
bicarbonate, and nitrate arising from the solvent recovery plant. The salt waste stream is
concentrated by evaporation and blended with a bitumen emulsion in a thin-film evaporator,
which discharges the immobilized product into drums. Thus this waste stream appears as
MLSW. A Salt Waste Bitumenization System would contain two separate process cells, one
for processing non-TRU bearing salt wastes and one for processing TRU bearing salt wastes.
In the HRF study it was estimated that the following volumes of immobilized waste would be
produced:

Non-TRU wastes 336 drums/a
TRU wastes 57 drums/a
Total volume at 210 L/drum: 82.5 mVa

3.3.7 Medium-Level Solid Wastes

The MLSW would consist principally of rejected or redundant items from the treatment plant,
such as worn shears units, pumps and calciner and melter parts.

Lenail et al. (1987) suggest that the volumes of "technological" wastes arising from
maintenance operations at the vitrification facility at Marcoule (AVM) are relatively low.
These wastes, particularly the glass-melting furnace which, on average, would be replaced
every 5000 h, are cut up and packed in canisters and stored for eventual disposal in a
geological repository together with the HLW glass. The volume of technological wastes
produced represents approximately 6% of the glass volume (Lenail et al. 1987). In the case
of an HRF containing a glass vitrification facility modelled on the AVM process, this would
correspond to approximately 6.4 mVa (Section 3.3.9).

Schuller et al. (1977) describe the fuel shears at Gesellschaft zur Wiederaufarbeitung von
Kernbrennstoffen (WAK), Karlsruhe, in which the knife is capable of making about 300 000
individual cuts. In the context of the 37-element CANDU fuel bundle, this would correspond
to approximately 8108 bundles or 154 Mg U. For a 1200-Mg U/a throughput and a
replaceable shear pack volume of approximately 0.3 m3, the volume of MLSW from the shear
unit would be 2.4 mVa. Thus a total of 6.4 mVa of MLSW, based on the work of Lenail et
al. (1987), is probably a reasonable estimate for the HRF.

3.3.8 High-Level Liquid Wastes

The high-level liquid waste stream contains the fission products from the PUREX process and
concentrates from the MLLW treatment process. The HLLW stream would be concentrated
by evaporation and fed as a concentrate to a calciner and, subsequently, to the vitrification
module.
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3.3.9 High-Level Solid Wastes

High-level solid wastes comprise the glass waste form that would be produced in a
vitrification plant at a fuel reprocessing facility.

HLLW concentrates (Section 3.3.8) and small quantities of HLSW sludges from the
dissolution and feed preparation system and from the MLLW treatment plant are combined in
the calciner feed tank. This mixture is then fed to a rotary calciner, together with sugar and
Ferrupore8 additives. The purpose of the calcination stage is to dry and denitrate the
fission-product mixture and convert it to oxides. After leaving the calciner, the
fission-product calcine is mixed together with a sodium borosilicate glass frit and is gravity
fed via an air-lock fitting into the melting furnace. In the HRF study, the proportions of
calcine and frit were such as to give a fission-product oxide content of 6 wt % in the glass.

After melting, the glass is discharged through a freeze valve in the base of the furnace into a
vitrified-waste canister. The canister would contain 288 litres of glass with an assumed
density of 2.7 Mg/m3. The canister would be enclosed in a titanium shell outer disposal
container, which occupies a volume of 0.522 m3 (Johnson et al. 1994).

At a burnup of 684 GJ/kg U, 10-year out-of-reactor, the total fission-product content of
CANDU fuel is 8.12 g/kg U (Tait et al. 1989). Some fission products, in particular xenon,
krypton and iodine, are volatile at high temperature, and therefore will not be incorporated
into the borosilicate glass. The fission-product content of CANDU fuel after loss of volatiles
would correspond to 6.67 g/kg U, and the equivalent fission-product oxide (FPO) content
would be approximately 8.01 g/kg U. The volumes of glass waste form produced can then be
calculated as follows:

Total fission-product oxides
at 1200 Mg(U)/a 9612 kg/a
Total mass of glass
at 6 wt % FPO Loading 160 200 kg/a
Mass of glass per canister
at 288L and 2.7 mg/m3 778 kg
Number of containers
at 778 kg/container 206 /a
Volume occupied by container 0.522 m3

Total volume of containers 107.5 m3/a

8 Ferrupore is a proprietary additive that prevents clumping of the calcined powder
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3.3.10 Uranium and Plutonium Arisings

Other than the fission products, the two principal contents of used CANDU fuel are uranium
and plutonium oxides. The other actinides (principally Cm, Am and Np) pass through the
PUREX process with the fission products and would be immobilized in the borosilicate glass.

The uranium stream from the PUREX process is an acid nitrate stream which, in the HRF
design study, is assumed to be heated to 300°C in a pot-type thermal denitration reactor,
where it decomposes to UO3. If regarded as a waste9, the output of UO3, 1440 Mg/a, would
be packed into standard 210-L drums for direct disposal. With no further processing each
drum would contain 1.46 Mg U, so that the total volume for disposal can be calculated as
follows:

Total drums at 1.46 Mg U/drum 822 drums/a
Total volume at 225 L per drum 185 nrVa

The plutonium stream from the PUREX process is also an acid nitrate stream. In the HRF
study, the Pu is assumed to be precipitated as the oxalate. The oxalate would be routed to a
rotary calciner where it would be heated to between 500 and 600°C to convert it to PuO2.
The output, 5.1 Mg/a PuO2, would be dispatched to a fuel fabrication plant.

3.3.11 Summary of Waste Arisings

The estimated waste volumes arising from the HRF can then be summarized as follows:

LLLW
LLSW (Compacted)

(Incinerated)
MLLW
MLSW (IX Resins)

(Bitumenized MLLW)
(Redundant Plant)

HLLW
HLSW
Volatiles (Carbon)

- Hydrogen
- Iodine
- Krypton

Zircaloy Hulls
Uranium Trioxide

None
288.3 m'/a
44.5 m3/a
None
20 mVa
82.5 m3/a
6.4 mVa
None
107.5 mVa
2.25 nvVa
None
1.31 mVa
0.75 m3/a
300 m-Va
185 mVa

' The uranium could be regarded as a resource for use in advanced fuel cycles, or in breeder reactors
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Thus the estimated total volume of waste arising from the reprocessing of 1200 Mg U/a of
used CANDU fuel would be 853.5 m3/a if UO3 is regarded as a resource, or 1038.5 mVa if it
is regarded as a waste.

3.4 THE MINIMIZATION OF WASTE VOLUMES

The HRF design study is based on the assumption that existing and accepted technology
within the industry would be used and that the waste volumes calculated in previous sections
follow from that assumption. As in the case of the direct disposal of used fuel, some changes
to the initial assumptions would allow the waste volumes arising in some areas of
reprocessing to be reduced.

Under the original assumptions, if the UO3 is assumed not to be a waste, then the principal
wastes requiring disposal are, in order of volume:

Zircaloy Hulls 300 mVa
HLSW (glass) 107.5 mVa
MLLW (bitumenized) 82.5 nrVa

LLSW (incinerated) 44.5 nvVa

Reduction in the volumes of each of these arisings is possible.

3.4.1 Zircalov Hulls

As an alternative to immobilization in cement, Zircaloy hulls could be made into a waste
form through mechanical compaction or by melting into an ingot.

3.4.1.1 Reference Process

In the reference process, 143.95 Mg/a of Zircaloy are cemented into 300 nvVa of waste form.
The effective density of the Zircaloy waste form is then 0.48 Mg of Zircaloy per cubic metre
of the cemented waste form.

3.4.1.2 Mechanical Compaction

It has been reported that mechanical compaction can produce compacted hulls with an
effective density of 4.6 to 5.3 Mg/m3 (U.S. DOE 1979, Volume 2, Section 4.2.2). The
volume of waste produced as a metallic compact would then be 27 to 31.3 nvVa. Mechanical
compaction would have the advantage over melting that there would be no release of carbon
and hydrogen isotopes, present as impurities and activation products in the Zircaloy.

3.4.1.3 Melting

Melting the Zircaloy has been reported to give a density of 6.5 Mg/m3 (U.S. DOE 1979,
Section 4.2.2), leading to a waste form volume of 22.2 m3/a for a 1200-Mg U/a throughput.
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Jouan et al. (1987) report development work on the melting of both Zircaloy and stainless
steel fuel cladding. Both furnace melting in conventional graphite or clay/graphite crucibles
and "cold-crucible" melting in an induction furnace are described. The installation of the
cold-crucible process at both La Hague and Marcoule is proposed (Section 4.5).

The production of Zircaloy waste forms by melting has the disadvantage that carbon and
hydrogen isotopes, present as impurity activation products in the Zircaloy, will be released.

Hydrogen isotopes are assumed to be released to the atmosphere. Immobilization of the
carbon isotopes released using the method already described (Section 3.3.3.1) would yield an
additional 0.72 m3/a of waste form.

3.4.2 HLSW (Glass)

The 6 wt % fission product oxide (FPO) loading in glass assumed in Section 3.3.9 was
predicated on the need for the heat output of the reference container not to exceed 950 W at
the time of emplacement in the disposal facility. If a longer cooling time for the used fuel or
the vitrified waste than the reference 10 a is allowed before disposal, a greater fission-product
oxide loading is possible.

With suitable glass compositions, borosilicate waste glasses can contain one third or more (by
weight) HLW oxides (U.S. DOE 1980). In a reference vitrification process developed by
Pacific Northwest Laboratories (PNL), a FPO content of 30 wt % was obtained, in a glass
with a density of 3 Mg/m3 (U.S. DOE 1979, Volume 2, Section 4.1.1.3). The volume
occupied by this glass can be calculated as follows:

Total 1200 Mg U/a mass of fission
product oxides 9.612 Mg/a

Total mass of glass at 30 wt % FPO Loading 32.04 Mg/a
Total volume of glass at 3 Mg/m3 10.7 m3/a
Total number of canisters
containing 0.288 m3 each 37. I/a
Volume occupied by disposal container 0.522 m3

Total volume of containers 19.4 m3/a

3.4.3 MLLW (Bitumenized)

The MLLW are principally the "salt" streams from the solvent recovery process and consist
of solutions of sodium hydroxide, carbonate, bicarbonate and nitrate. The sodium salts from
those streams might be used to completely or partially replace the sodium oxide (Na2O)
necessary in the borosilicate glass used for the immobilization of HLW (Sections 3.3.9 and
3.4.2).
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From the compositions and flow rates for the salt streams assumed in the HRF study, it is
possible to calculate the annual arisings of sodium salts as equivalent to 29.33 Mg/a of
sodium oxide.

Assuming a sodium oxide content of 10 to 15 wt % in a glassy waste form, this quantity is in
excess of that required either for the reference HLLW immobilization process (16 to
24 Mg/a), or the alternative discussed in Section 3.4.2, (3.2 to 4.8 Mg/a). Thus, a reduction
in the MLLW arisings would require the development of a reduced-salt flow sheet for solvent
recovery, or a method for recycling the sodium salts.

3.4.4 LLSW (Combustible)

The reference method for the treatment of combustible LLSW is starved-air incineration,
followed by bitumenization of the ash. The volume of bitumenized waste form thus produced
is 44.5 m3/a (Section 3.3.5.2).

The incineration process reduces the annual arisings of 296 Mg/a to 9.85 Mg/a. The ash is
reported to contain about 5% fixed carbon (Beamer 1981), so that it is unlikely that a
substantial further reduction in mass would result from subsequent oxidation. If it is assumed
(as in Section 3.4.2) that the ash can be incorporated at 30 wt % into glass, then the resulting
volume of waste form can be calculated as follows:

Total mass of LLSW ash 9.85 Mg/a
Total mass of glass waste form at 30 wt % 32.83 Mg/a
Total volume of glass at 3 Mg/m3 10.94 mVa

3.4.5 LLSW rCompactible)

In its baled form, the arisings of LLSW (compactible) are 288.3 m3/a. If this were
incinerated and glassified by the same route as the LLSW (combustible), then the volume
would be 6.9 m3/a.

3.4.6 IXResins

Ion-exchange (IX) resins might be incinerated together with the combustible MLSW, or added
to the HLSW immobilization facility. In either case, their contribution to the final waste
volumes would be negligible.

3.4.7 Discussion.

Several reductions in the volumes of waste produced by a 1200 Mg U/a fuel reprocessing
facility are possible, with or without the development of new technology. Reductions in the
volumes of Zircaloy hulls, glass, combustible and compactible LLSW have been discussed
above, on the basis of existing technology.
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Not including the arisings of UO3, the waste arisings from a 1200 Mg U/a CANDU fuel
reprocessing facility could be reduced from the 854 m3/a estimated for the HRF design study
to 153 m3/a. These findings are summarized in the first two columns of Table 2.

TABLE 2

TOTAL VOLUMES OF WASTE (mVal PRODUCED BY THE
HRF DESIGN STUDY PROCESS. BY THE ADOPTION OF ALTERNATIVE KNOWN

TECHNOLOGYAND BY THE ADOPTION OF AN ALTERNATIVE FLOW SHEET

Waste

LLSW (combustible)

LLSW (compactible)

MLSW (IX Resins)

MLSW (bituminized)

MLSW (redundant plant)

HLSW (glass)

Volatiles C

H

I

Kr

Zircaloy Hulls

Subtotal

UO,

Totals

(1)
HRF Design

Study Process
(m7a)

44.5

288.3

20

82.5

6.4

107.5

2.25

1.31

0.75

300

853.5

185

1038.5

(2)
Known

Technology
(m-Va)

10.94*

6.9*

-

82.5

6.4

19.4

3

_

1.31

0.75

22.2

153.4

185

338.4

(3)
Alternative

Flow
Sheet
(nr7a)

10.94*

6.9*

_

_

6.4

19.4

3

.

1.31

0.75

22.2

70.9

185

255.9

* Volume after conversion to glass

The volumes of MLLW (bitumenized) may also be reduced by diverting a portion of the salt
waste to provide the sodium oxide content of the HLLW glass, or reduced or eliminated by
the substitution (with appropriate safeguards) of NH3

+ for Na+, or by the adoption of a "dry"
recycle process (Conseil SupeYieur de la Sur6t6 Nucl6aire 1981-82, Appendix 15). This
would require the development of new technology, but it would have the potential to further
reduce the waste arisings to 71 m3/a (Table 2, Column 3).
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The flow sheet proposed for the Exxon Nuclear Company reprocessing facility at Hanford,
(U.S. DOE 1979, Volume 2, Section 4.6.1) assumed that all aqueous waste streams in the
facility would be treated to convert them into HLLW and MLLW streams, which would
eventually be incorporated into glass, while their water content would be released into the
environment as water vapour.

Alexandre (1984) discusses a similar program (of waste volume reduction), aimed at
eliminating the liquid waste streams at La Hague. Ledermann (1994) has described progress
to date in the reduction of waste volumes at the UP3 plant at La Hague; this is discussed
further in Section 4.4.

4. COMPARISON WITH OTHER NATIONAL PROGRAMS

In this report, the discussion of waste volumes has been in the context of a flow sheet
developed for a hypothetical reprocessing facility (HRF) in Canada. The purpose of the
discussion in this section is to compare, wherever possible, the waste arisings forecast by this
flowsheet with the actual or projected waste arisings reported in other national programs.

The flowsheet and the design of the HRF were completed in 1986 and, as a result of changes
in program priorities, have not been updated. Comparison with other national programs is
made, therefore, on the basis of information current in 1986.

Since 1986, considerable advances in the reduction of the volumes of waste have been made,
principally in the French program. These advances are discussed in Section 4.4.

4.1 UNITED STATES PROGRAM

Forsberg et al. (1985) give a summary of waste arisings that would be typical of a fuel
reprocessing plant, if constructed in the U.S. These data are based on an original study by
Allied-General Nuclear Services (AGNS) for the operation of the Barnwell Nuclear Fuel Plant
(BNFP), together with a 1979 study (U.S. DOE 1979) of the management of commercially
generated radioactive wastes. These waste arisings are summarized in Columns (2) and (3) of
Table 3.

In Table 3, Columns (2) and (3), the waste volumes are given in cubic metres per metric ton
of heavy metals (mVMTHM), which is equivalent to m3/MgU. The waste arisings are given
in the as-produced, uncompacted form, with the exception of krypton, which is quoted for a
storage pressure of 3400 kPa. For iodine, the BNFP value is for absorption in mercuric
nitrate, followed by fixation in cement, whereas the U.S. DOE value is for adsorption on
amorphous silicic acid impregnated with silver nitrate. Forsberg et al. (1985) note that the
division between TRU solids and LLW solids is somewhat arbitrary.



TABLE 3

VOLUMES OF WASTE PRODUCED IN THE U.S. PROGRAM. ADJUSTED TO
685 GJ/kg U BURNUP(COLUMN 4). COMPARED WITHHRF WASTE VOLUMES (COLUMN 5)

(1)
Waste Type

Krypton (3400 kPa)

Fixed Iodine

Zircaloy Hulls/
Hardware

Solid HLW (Glass)

TRU Solids
(10 nCi/g Basis)

LLW Solids

14C as CaCO3

(2) (3)
Waste Volume (m3/MTHM)

BNFP DOE/ET-0028

0.0035

0.0071

0.410

0.089

1.044

1.247

-

0.0031

0.0033

0.322

0.077

2.48

0.734

0.001

(4)
Adjusted to 685 GJ/kg U Burnup

(m3/MTHM)

0.00085 to 0.00096

0.0009 to 0.0019

0.322 to 0.410

0.021 to 0.024
(0.11 to 0.12)

} 1.778 to 3.727

0.00027

(5)
HRF

Waste Volumes
(m3/mg U)

.00063

.0011

.25

0.0896

4.89

.0019

to
- 0
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The reference fuel burnup used in these estimates is 29 000 MWd/MTHM (2505 GJ/kg U)
(U.S. DOE 1979, Volume 1, Section 3.2.3.1). Using the straight-line relation between burnup
and fission-product arisings demonstrated in Section 1.2.3, Column (4) in Table 3 takes the
data of Columns (2) and (3) for krypton, iodine, liquid and solid HLW and I4C and reduces
them to correspond to the Canadian reference burnup of 685 GJ/kg U.

The volumes of Zircaloy hulls and hardware are assumed to be independent of fuel burnup.
The volumes of TRU and LLW solids are assumed to be a function of the reprocessing
process and to be also independent of burnup. Because of the arbitrary division between
TRU and LLW solids, the high and low values of their combined volume are given.

The values for the volume of HLW glass are increased from a range of 0.021 to
0.024 mVMTHM to a range of 0.11 to 0.12 rrrVMTHM to compensate for the Canadian
reference loading of 6 wt % FPO compared with the U.S. reference glass loading of 33 wt %
FPO.

Column (5) in Table 3 shows the corresponding Canadian reference waste volumes. In
general, the agreement is good. In the case of the Zircaloy hulls and hardware, the difference
in the volumes derives from the difference in the Zircaloy/fuel ratios between PWR fuel
(0.29 kg Zircaloy/kg U)) and CANDU fuel (0.12 kg Zircaloy/kg U) (J.L. Crosthwaite,
personal communication).

The largest difference is found in the volumes for I4C as CaCO3. Reference to the literature
(Guenther et al. 1988, Tait et al. 1989), indicates that the quantity of impurity activation
product 14C in the U.S. fuel is smaller (0.024 g/kg U) than for CANDU fuel (0.102 g/kg U)
and that the U.S. waste is quoted as CaCO3, whereas the CANDU waste is assumed to be a
cement/CaCO3 waste form. These factors more than account for the order of magnitude
difference.

4.2 UNITED KINGDOM PROGRAM

The fabrication and reprocessing of commercial nuclear fuels in the U.K. is managed by
British Nuclear Fuels Limited (BNFL), and the reprocessing plant is located at Sellafield,
U.K. The quantities of wastes associated with the reprocessing of (PWR) fuel were discussed
by Avery (1982) in the Public Inquiry held prior to the construction of Sizewell "B" power
station.

The discussion in the Proof of Evidence assumes a 600 t U/a Thermal Oxide Reprocessing
Plant (THORP) (Avery 1982, Paragraph 5.14), reprocessing PWR fuel with a reference
burnup of 33 GWd/t U (Avery 1982, Paragraph 2.4), using the PUREX process.

The arisings of high-level wastes are estimated as being approximately 0.1 mVt U of a
borosilicate glass, after vitrification (Avery 1982, Paragraph 5.20). The reference borosilicate
glass composition has a fission product oxide content of 16.0 wt % (Dalton et al. 1987).
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Waste Zircaloy fuel cladding and assembly fittings are generated at the rate of 0.59 nrVt U
(Avery 1982). This volume is for unconditioned waste prior to any treatment. Encapsulation
in cement, bitumen or plastics is being considered (Avery 1982, Paragraph 5.27), so that this
volume is probably an underestimate of the final waste volume.

The arisings of Intermediate Level Wastes (ILW = MLW) are given as 1.09 mVt U in the
unconditioned state (Avery 1982). These consist of sludges, ion-exchange resins and
concentrates, miscellaneous contaminated equipment and materials contaminated with
plutonium. They will be encapsulated in cement or bitumen before disposal.

Arisings of Low-Level Solid Wastes (LLSW) are estimated as being in the range of 10 000 to
20 000 m3/a (Avery 1982, Paragraph 5.33). At a reference throughput of 600 t U/a, this
would correspond to 16.7 to 33.3 m3/t U.

Plumb (1984) discusses the technology necessary to remove I4C, 85Kr and 129I from the
off-gas streams of a THORP plant and estimates arisings of 273 kg/a, 325 kg/a, and 420 kg/a
respectively, of mixtures of radioactive and stable isotopes from a 1200-t U/a plant. Carbon
is removed as carbon dioxide from the dissolver off-gas by scrubbing with NaOH solution,
followed by precipitation of CaCO3, using Ca(OH)2. The carbonate is filtered, dried and
solidified in cement or bitumen. The favoured method for the removal of krypton is by
cryogenic separation from xenon and storage of the pressurized gas in bottles. Iodine is
removed from the heated off-gas stream using silver-zeolite or silver-impregnated silicic acid.

The quoted arisings of 273 kg/a of CO2 correspond to 0.833 kg CCyt U or
1.89 kg CaCCyt U. Assuming the density of CaCO3 to be 1.3 x 103 kg/m3 (U.S. DOE 1979,
Volume 2, Section 4.9.2.3), the corresponding volume of CaCO, is 0.0015 nrVt U.

The quoted arisings of 325 kg/a of krypton correspond to 0.27 kg/t U, which would occupy
72 L at STP or 2.1 L at 3400 kPa. Thus the volume of krypton is 0.0021 mVt U.

The quoted arisings of iodine are 420 kg/a. The U.S. reference case (U.S. DOE 1979,
Volume 2, Sections 4.9.1.3 and 4.9.1.5) suggests that the recovery of 468 kg/a of iodine
generates 6.6 m3 of (silver zeolite) waste form if the zeolite waste form were used. On the
same basis, for arisings of 420 kg/a, 5.92 m3 or 0.005 m3/t U of waste form would be
generated.

These waste arisings are summarized in Column (2) of Table 4. The reference fuel burnup
used for these estimates is 33 GWd/t U, (2850 GJ/kg U). Using the straight-line relation
between burnup and fission-product arisings demonstrated in Section 1.2.3, the data of
Column ( 2), Table 4, for krypton, iodine, solid HLW and I4C, are adjusted in Column (3) to
correspond to the Canadian reference burnup of 685 GJ/kg U. The value for the volume of
HLW glass in Column (3) is increased from 0.024 nvVt U to 0.064 nrVt U to allow for the

U.K. reference glass loading of 16 wt % FPO, compared with the Canadian reference loading
of 6 wt % FPO.
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TABLE 4

VOLUMES OF WASTE PRODUCED IN THE U.K. PROGRAM-
ADJUSTED TO 685 GJ/kg U BURNUP (COLUMN 3).

COMPARED WITH HRF WASTE VOLUMES (COLUMN 4^

(1)
Waste Type

Krypton (3400 kPa)

Fixed Iodine

Zircaloy Hulls/
Hardware

Solid HLW
(Glass)

ILW

TRU + LLSW

I4C as CaCO3

(2)
Waste Volume

(m3/T U)

0.0021

0.005

0.59

0.1

1.09

16.7 to 33.3

0.0015

(3)
Adjusted to

685 GJ/kg U
Burnup

0.0005

0.0012

0.59

0.024
(0.064)*

} 17.8 to 34.4

0.00036

(4)
HRF Waste

Volumes
(m3/mg U)

0.00063

0.0011

0.25

0.0896

4.89

0.0019

* The value for the volume of HLW glass is increased from 0.024 m3/t U to 0.064 mVt U
to allow for the U.K. reference glass loading of 16 %wt. FPO, compared with the Canadian
reference loading of 6 %wt. FPO

The volumes of Zircaloy hulls and hardware, and of TRU and LLSW, are assumed to be
independent of burnup. Because of the arbitrary division between TRU and LLSW solids, the
high and low values of their combined volumes are given.

For comparison, Column (4) in Table 4 shows the corresponding HRF waste volumes. In
general, the agreement is good. As discussed previously, the difference in the volumes of the
Zircaloy hulls and hardware derives from the difference in the Zircaloy/fuel ratios between
PWR fuel and CANDU fuel. As with the U.S. program, the difference in the volumes for 14C
as CaCO3 probably results from a smaller quantity of impurity activation product I4C in the
U.K. fuel than in CANDU fuel. The largest discrepancy in the values is for the arisings of
low-level solid waste.
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4.3 FRENCH PROGRAM

French commercial PWR fuels are reprocessed at La Hague (AVH) in two plants, designated
UP2 and UP3. Limited information is available on the French program and is complicated
since at least five types of fuel have been reprocessed (military, gas-graphite, pressurized-
water, fast-breeder and foreign), and the information published is not always clearly related
to a particular fuel.

The available information is summarized in Table 5, under the same headings as those used
previously in Tables 2, 3 and 4.

Columns (2) and (3) summarize data extracted from Tables 2 and 4 of the third Conseil
Superieur de la Surete Nucldaire 1983-84 report (CASTAING). Column (2) refers to actual
UP2 wastes from the reprocessing of LWR ("filiere EP") fuel, whereas Column (3) refers to
forecast wastes from the UP3 plant. The principal difference between the two columns is the
reduction in "technological" waste volumes between the two plants anticipated by the
Compagnie Generale des Matieres Nucldaires (COGEMA) in the first CASTAING report
(Conseil Superieur de la Surete Nucteaire 1981-82).

Column (4) summarizes data extracted from a paper by Delange and Lefevre (1989),
discussing French reprocessing and waste policies. The value of 41.66 nrVt U appears to
refer entirely to solid wastes.

Column (5) summarizes data extracted from published specifications for HLW glass to be
produced in the UP2 and UP3 plants (Monocouyoux and Sombret 1992). The fission-product
oxide content of the glass is given as 11 wt %. The burnup of the reprocessed fuel is not
given, but the stated fission product contents imply that it is less than 30 GWd/t U, based on
the relationship described in Section 1.2.1.1.

Column (6) in Table 5 summarizes the data in Columns (2) to (5) and Column (7) adjusts the
data to correspond to an assumed reduction in the fuel burnup from 33 GW-d/t U
(2851 GJ/kg U) to 685 GJ/kg U and also makes allowance for a reduction in the
fission-product oxide content of the glass from 11.1 wt % to 6.0 wt %.

Column (8) shows the HRF waste volumes on the same basis as Column (7). In general, the
agreement is good, with the exception of the volumes of TRU + low-level wastes.

The question of the arisings and treatment of volatiles is not discussed explicitly in the
references cited, with the sole exception of a volume for an iodine waste form in the forecast
wastes for UP3 (Table 5, Column (3)) (Conseil Sup6rieur de la Sur&e" Nucl6aire, 1983-84,
Table 4). At several points in the references it may be inferred that at least 3H and 8SKr are
discharged to the environment.
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TABLE 5

VOLUMES OF WASTE* PRODUCED IN THE FRENCH PROGRAM, ADJUSTED TO
685 GJ/kg U BURNUP (COLUMN 8). COMPARED WITH

HRF WASTE VOLUMES (COLUMN 9)

(1)

Krypton
(3400 kPa)

Fixed Iodine

Zircaloy Hulls/
Hardware

Liquid HLW

Solid HLW
(Glass)

TRU Solids

LLW Solids

14C as CaCOj

(2) (3)
"CASTAING -3"

UP2 UP3

-

-

0.4

0.44

20 to 22

-

0.003

0.4

0.7

0.15

3.5

(4)
Delange/
Leffcvre

-

-

-

-

0.125

3.125

41.66

(5)
Specifi-
cations

UP2 UP3

-

-

-

0.3

0.112

-

(6)
Summary

of
Columns

(2-5)

-

0.003

0.4

0.3 to 0.7

0.112 to 0.15

3.5 to 44.8

(7)
Adjusted

to
685 GJ/kg U

Burnup

-

0.0007

0.4

0.072 to 0.168

0.027 to 0.026
(0.05 to 0.067)

3.5 to 44.8

(8)
HRF Waste
Volumes

(m7Mg/U)

0.00063

0.0011

0.25

0.139 to 5.33

0.0896

4.89

0.0019

* Waste volumes in columns 2 to 7 are mVt U

4.4 TECHNOLOGY DEVELOPMENTS SINCE 1988

The reprocessing of power reactor fuel is ongoing in France and in the U.K. In November
1989, the chemical sections of the UP3 plant at La Hague were brought into operation,
followed by the head-end shearing and dissolution facility in August of 1990. The
vitrification facility was brought into operation in July of 1992, and all of the process units of
UP3 have been operational since then (Ledermann 1994). The results of a campaign to
reduce the arisings of solid and liquid wastes at La Hague are summarized by Ledermann
(1994), and are discussed in more detail by Bernard et al. (1991), Poncelet et al. (1991),
Girard and Demontalembert (1993), and Masson et al. (1993).

Table 6 shows the volumes of solid wastes (in m3/Mg U), and compares the UP3 design
values with the values actually obtained in plant operation in 1991, together with target values
for the years 1995 and 2000 (Gerster 1993, Masson et al. 1993, and Ledermann 1994).
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TABLE 6
CURRENT AND FORECAST WASTE VOLUMES (mVMg V)

FOR THE UP3 PLANT

Nature of Waste Type of Waste
Form

Design Value
(UP3-UP2 800)

Actual
Result

(1991)

Target
Value
(1995)

Target
Value
(2000)

Waste Not Suitable for a Shallow Land Disposal

Fission Products

Hulls & End Pieces

Precipitation
Sludge

Technological
Waste

Total

Glass Matrix

Concrete
Embedding

Bitumen

Fiber Concrete
Container

0.130

0.600

0.630

1.7

3.06

0.115

0.600

0.450

0.200

1.365

0.115

<0.6

0

0.200

<0.915

0.115

0.150

0

<0.2

<0.465

Waste Suitable for a Shallow Land Disposal

Technological
Waste

Fiber Concrete
Container

3.8 1.4 1.4 <1.4

Elimination of Bitumenized Waste Forms

It is intended to eliminate the need for bitumenized waste by rerouting the medium-level
waste streams from the solvent wash stages of the PUREX process, and the low- and
medium-level process sludges from the liquid waste treatment facility (Giraud and
Demontalembert 1993). A modified PUREX process (PURETEX) will reduce or eliminate
sodium salts in the medium-level waste streams (Gerster 1993). The waste streams will then
be concentrated by evaporation, and the concentrates routed to the vitrification unit (Masson
et al. 1993). It is not anticipated that this will result in any noticeable increase in the volume
of glass produced (Ledermann 1994).

Reduction of Zircaloy Waste Volumes

Zircaloy hulls and endpieces are currently immobilized in cement. It is intended to pelletize
the zirconium, compact the pellets, and load the compacted pellets into the same type of
container as is used for the glass HLW (Masson et al. 1993).
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Reduction of LLSW and TRU Waste Volumes

These low- and medium-level wastes are immobilized in concrete strengthened with metal
fibres. Ledermann (1994) notes that very large reductions in volume have been achieved by
comparison with the design estimates. He attributes this to improved waste segregation and
to the high reliability of equipment, leading to reduced maintenance operations. Further
reduction in TRU waste volumes will come about by the introduction of improved
decontamination techniques, based on the oxidizing dissolution of plutonium and by the
repair, rather than scrapping, of failed plant items (Masson et al. 1993).

Off-Gas Treatment

Current off-gas treatment at the UP3 plant consists of a dust scrubber, condenser, a series of
nitrous fume absorption columns, a caustic scrubber that retains most of the iodine, and filters
designed to remove the residual iodine and aerosols before the gases are discharged through
the stack (Poncelet et al. 1991). The iodine is finally sorbed onto a silver silica gel, and
stored. Tritium is recovered in the form of water, and discharged to the sea (Bernard et al.
1991). The treatment of 14C and krypton isotopes is not discussed although it may be inferred
that krypton, at least, is discharged to the atmosphere (Poncelet et al. 1991).

4.5 COMPARISON OF UP3 WASTES WITH HRF DESIGN STUDY AND
"MINIMUM. WASTE'l SCENARIOS

Because of the differing approaches that have been adopted, it is difficult to make a detailed
comparison between operational experience in the French UP3 program and the HRF design
study, although some broad comparisons are possible. When comparing information between
the national programs, there are some uncertainties to be taken into account. The first, noted
previously, is the division between low- and medium-level wastes or, in the UP3 case,
technological wastes not suitable for a shallow land disposal, and technological wastes
suitable for a shallow land disposal. Both of these wastes are made ready for disposal in a
"fiber concrete container." Le Bescop et al. (1990) discuss disposal by this means, and note
that the waste itself occupies approximately 50% of the volume of the waste form. Thus the
volumes of technological waste discussed by Masson et al. (1993), might vary by a factor or
two, depending upon whether it is the waste itself or the containerized waste that is being
described.

Table 7, Column (1) shows the waste arisings found from the UP3 design study, whereas
Column (2) shows the target values for the waste arisings in the year 2000 (Masson et al.
1993). In these two columns, the volumes of the two technological wastes have been
combined in order to remove the uncertainty in the demarcation between the two. In Column
(3), Table 7, the volume of HLW glass is adjusted to take into account the difference in fuel
burnup between PWR fuel (33 000 MWd/t U; 2 851 GJ/kg U), and CANDU fuel
(685 GJ/kg U).
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TABLE 7

COMPARISON OF WASTE VOLUMES IN THE UP3 AND
HRF DESIGN STUDIES (W/Mg U)

Zircaloy Hulls/
Hardware

Glass

Technological
Waste - Not
Suitable for
Above Ground
Disposal

Technological
Waste -
Suitable for
Above Ground
Disposal

(1)
UP3 Design

Study

0.6

0.13

}5.5

(2)
Target for
Year 2000

0.15

0.115

<1.6

(3)
Adjusted to

685 GJ/kg U
Burnup

0.15

0.028

<1.6

(4)
HRF Study

0.25

0.0896
at 6% FPO

0.049
at 11% FPO

4.89

(5)
"Minimum

Waste"
Scenario

0.019

0.031
at 30% FPO

0

Column (4), Table 7, shows the waste volumes calculated from the HRF design study, with
the glass volume adjusted for a change in fission product oxide content from 6 wt % to the
11 wt % FPO content of the French R7T7 glass. The waste volumes arising from the HRF
and the UP3 design studies are very similar, with the differences in the volumes of Zircaloy
hulls and end-pieces being accounted for, as before, by the differences in the Zircaloy/fuel
ratios in PWR fuel and CANDU fuel (J.L. Crosthwaite, personal communication).

Column (5), Table 7, shows the waste volumes calculated for a minimum waste scenario in
the HRF study (Section 3.5), in which it is assumed that the Zircaloy hulls and endpieces are
melted into a solid ingot, and that all low- and medium-level wastes, with the exception of
redundant plant, are concentrated by evaporation of the water content and are converted into
HLW glass. It may be noted that the volume of Zircaloy waste in the UP3 target for the year
2000 is considerably in excess of the minimum possible volume, and this is because
compacted hulls have been chosen as the waste form (Ledermann 1994), rather than the ingot
melting process investigated by Jouan et al. 1987.
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5. SUMMARY

This report summarizes the volumes of wastes that design studies in the Canadian Nuclear
Fuel Waste Management Program have indicated would be generated in the cases of direct
disposal of used CANDU fuel and of disposal of the waste arisings from fuel reprocessing.

It is shown that the best estimates of these waste volumes based on a throughput equivalent to

1200 Mg U/a are as follows:

Direct disposal of fuel 649 m3/a
Reprocessing with used U as waste 1038.5 m3/a
Reprocessing with used U as resource 853.5 m3/a

On the basis of known and feasible technology, and considering only waste minimization as a
criterion, it has been shown that the volumes of waste could be reduced (from those
calculated in the design studies).

Direct disposal of used fuel elements 211 mVa
Reprocessing with used U as waste 256 mVa
Reprocessing with used U as a resource 71 mVa

The waste volumes estimated for a fuel reprocessing facility in Canada are compared with
information on reprocessing waste arisings in the U.S., U.K. and French programs, and with
estimates derived by the International Atomic Energy Agency (IAEA 1985) of waste volumes
that would be generated from the nuclear power programs of several of the agency's member
states. The volumes are adjusted for the differences in bumup in the different programs and
for the different levels of fission-product loading in the high-level waste glass and are
compared in Table 8. The majority of the values lie within a factor of 3 of each other, with
the exception of those for the arisings of TRU and low-level wastes.

Recent work in the French nuclear reprocessing program has achieved substantial reductions
in the volumes of wastes.

The following conclusions can be drawn from this study:

1. The volumes of wastes arising from the direct disposal of used fuel, and from the
reprocessing of used fuel, both internationally and in a Canadian context, are much the
same when expressed on a common basis.

2. Any absolute differences in waste volumes are a consequence of different burnups, or
of the choice of how a particular process is operated.
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If waste volume minimization were the only criterion, modification and optimization
of the processes considered in the Canadian context both for the direct disposal of
used fuel and for the disposal of recycle wastes could bring about a reduction in
disposal volumes of factors of between two and three.

There are uncertainties, possibly due to the lack of specific information, in the
arisings of TRU and low-level wastes.

TABLE 8

SUMMARY OF VOLUMES OF WASTE* PRODUCED IN THE U.S.. U.K. AND FRENCH
PROGRAMS. COMPARED WITH HRF WASTE VOLUMES

(1)

Krypton
(3400 kPa)

Fixed Iodine

Zircaloy Hulls/
Hardware

Liquid HLW

Solid HLW
Glass

TRU + LLW
Solids

14C as CaCO3

(2)
HRF

Estimated
Volumes

0.00063

0.0011

0.25

0.139 to 5.33

0.0896

4.89

0.0019

(3)
U.S. Program

0.00085 to 0.00096

0.0009 to 0.0019

0.322 to 0.410

0.217 to 0.275

0.12 to 0.13

1.78 to 3.73

0.00027

(4)
U.K. Program

0.0005

0.0012

0.59

0.06

0.064

17.8 to 34.4

0.00036

(5)
French Program

-

0.0007

0.4

0.072 to 0.168

0.05 to 0.067

3.5 to 44.8

-

(6)
IAEA

Estimates

-

-

-

0.082

16.35

-

* m3/Mg U
+ Uncompacted/non-incinerated
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