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Cet exposé constitue une approche économique théorique ayant pour but
l'estimation comparée des coûts de gestion de trois des principaux déchets issus
du procédé de retraitement du combustible irradié.

Le coût du traitement par vitrification des solutions concentrées de produits de
fission y est d'abord abordé avec aussi l'estimation des coûts complémentaires
du transport et du stockage définitif en milieu géologique profond.

Le coût du traitement des déchets de gainage du combustible est ensuite abordé
en comparant les hypothèses possibles de cimentation, compactage et fusion.

Ce sont enfin les procédés de traitement des déchets alpha incinérables qui sont
abordés dans la même optique.

H en ressort que ce sont les procédés qui conduisent à un volume de déchet
final à stocker minimum qui sont à la fois les moins onéreux et les plus
performants quant à la qualité du matériau de conditionnement obtenu.
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ABSTRACT

The estimated waste management costs incurred for the three principal
waste forms produced by reprocessing spent fuel are compared from a
theoretical economic standpoint. The cost of vitrifying concentrated
fission product solutions is considered first, together with the estimated
additional costs of transportation and final storage in a geological
repository. Fuel cladding waste treatments are then examined by
comparing the relative costs of cementation, compaction and melting;
processes for disposal of incinerable alpha-bearing wastes are also
considered. In each case, the processes ensuring the greatest waste
volume reduction not only result in the lowest management cost, but are
also most effective in ensuring the highest possible containment quality for
the final waste package.

I. INTRODUCTION

The nuclear fuel cycle, including spent fuel reprocessing, general :-s three major
categories of high- and intermediate-level wastes:

• Concentrated fission product solutions and other highly radioactive liquid wastes
which are conditioned by vitrification in canisters intended for disposal in deep
underground repositories. These are alpha and beta-gamma wastes with a thermal
power rating of about 20 W-H after vitrification.

• Fuel cladding wastes and other highly contaminated metallic wastes which are
currently placed in interim storage either as is, or embedded in a cement matrix.
Cladding hulls are one of the principal sources of alpha-bearing solid waste, and are
also beta-gamma contaminated waste. New treatment processes involving
compaction and melting are now becoming available.

• Incinerable solid wastes from fuel reprocessing plants. These alpha and beta-
gamma wastes are generally conditioned in drums and cemented. Incineration of
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such wastes now appears to be a promising technique, with suitable conditioning
processes for the resulting ashes.

The following discussion considers the technical feasibility, containment quality
and cost of the most likely waste management scenarios, with allowance not only for
the cost of treatment and conditioning per se, but also for the estimated
transportation and final geological disposal cost.

II. FISSION PRODUCT SOLUTIONS

Concentrated fission product solutions represent about 99% of the wastes
produced by nuclear power plants. The only containment process currently adopted
in all the countries that have adopted fuel reprocessing is vitrification. This process
was first implemented at industrial scale in France at the Marcoule AVM facility in
1978, and since 1989 in the R7 unit at COGEMA's La Hague plant; the same process
has been used since 1990 in the United Kingdom by BNFL at the Sellafield Waste
Vitrification Plant.

This French technique converts the concentrated fission product solution into
glass with the desired composition in two separate steps. First, the solution is
evaporated and calcined in a rotating tube heated by an electrical resistance furnace;
this is followed by the actual vitrification step at 1150°C in an induction-heated
Inconel melting vessel. The resulting glass is cast at regular intervals into refractory
steel canisters which are sealed by welding on a lid, and then decontaminated
externally by means of a high-pressure water sprayer.

Work in the United States and Japan has focused on a ceramic melter
vitrification technique in which the feed solution is evaporated, calcined and vitrified
in a ceramic furnace heated by Joule effect. The Pamela facility at Mol, Belgium,
marks the first step in the industrial development of this technique.

Reprocessing one metric ton of spent fuel yields about 35 kg of fission products
that are vitrified in 1101 (about 350 kg) of glass. The standard canister used at the
La Hague plant, measuring 1.3 m high with an inside diameter of 42 cm, can
accommodate 1501 of glass containing the fission products corresponding to 1.36 t of
heavy metal. The glass canisters are placed in interim storage for no more than a few
decades. They are targeted for subsequent disposal in a suitable geological repository
at a site that remains to be determined.

French experience to date in this field is sufficient to estimate the ove -all cost of
vitrification including the cost of the process itself (producing and casti tg glass in
canisters), the cost of transporting the glass packages inside special czsks to the
geological repository site, and the ultimate disposal cost.

The evaluation is based on the following itemization:

• the cost of the R7 facility at La Hague, estimated at 2400 million francs (MF); the
unit handles the requirements of a plant reprocessing 800 metric tons of spent fuel
per annum, producing 590 glass canisters each year;

• transportation costs using two special transport casks each capable of containing 28
canisters, with a total of 22 round trips per year (i.e. 11 per cask);

• Category Cl storage costs, estimated at 2.8 MF/m3 per year.1
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The estimated annual cost of vitrifying concentrated fission product solutions
from a reprocessing plant with an annual throughput of 800 metric tons of spent fuel
is indicated in the following table.

Table 1. Estimated Annual Management Costs for Vitrification
of Concentrated Fission Product Solutions

(in Millions of French Francs and Millions of US Dollars)

Process

253
50.6

Transport

16
3.2

Storage

331
66.2

Total

63)
120

If it is further assumed that one ton of reprocessed uranium metal produced
233 x 106 kWh of electricity, the estimate may be completed as follows:

Table 2. Total Management Cost of Vitrified Fission Product Waste
(including transportation and storage)

Cost per ton of uranium in thousands of
French Francs and thousands of US $

750
150

Cost per kWh produced
in French centimes and US cents

0.32
0.064

III. FUEL CLADDING WASTES

Cladding wastes consist of hulls (small sheared fuel pin sections about 3 cm
long), as well as subassembly grids and end caps. Until recently in interim storage in
underwater silos, fuel cladding wastes are now placed in drums and embedded in a
cement matrix. At the La Hague plant, COGEMA uses 1400-liter drums containing
the hulls and end caps recovered from reprocessing 2-2.5 tons of fuel; after
embedding in cement grout the package weighs 3.5 tons.

Other processes featuriag volume reduction are now under consideration: thesr.
include compaction, which may or may not be followed by encapsulation in a meta
such as lead, and melting. Compaction at a pressure of 200 MPa produces a materia
with up to 65% of the theotetical density. In Belgium and Germany, a process ù
under development in which pressed disks 40 cm in diameter would be stacked in
canisters similar to the ones used for vitrification of fission products. An 800 t/year
plant would produce about 1000 such canisters containing pressed hulls and caps, or
480 canisters containing only pressed hulls.

A cold-crucible induction melting process developed by the CEA at Marcoule is
now a proven technique. It produces ingots 18 cm in diameter and 1.27 m high
weighing about 200 kg each; three ingots would fit in a standard vitrification canister.
An 800 t/year plant would produce about 420 canisters annually.

-3 -
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The main difference in the three possible conditioning processes for cladding
wastes is the final waste volume generated by a plant reprocessing 800 t/year of spent
fuel:

• with cementation of hulls and end caps, the net waste volume of 538 m3 corresponds
to a total disposal volume of 812 m3;

• with compaction (and cementation of the end caps), 125 m3 of compacted waste
represent 196 m3 after conditioning for disposal;

• melting of hulls and end caps yields 100 m3 of waste for a total disposal volume of
133 m3.

The cost analysis is based on data extrapolated from the UP3 plant at La Hague
and on studies carried out for the Commission of the European Communities2

assuming special 110-ton transport casks. If it is also assumed that the conditioned
hulls will always be placed in type B storage (nonthermal «-bearing waste) with an
annual waste volume of 2700 m3 for a total capacity of 80 000 m3 and a disposal cost
estimated at 105 000 FF/m3, the following table compares the estimated total annual
waste management cost for the hulls and end caps produced by an 800 t/year
reprocessing plant for the three conditioning processes: cementation, compaction
and melting.

Table 3. Estimated Annual Management Costs for Hulls and End Caps
Treated by Cementation, Compaction and Melting

(in Millions of French Francs and Millions of US Dollars)

Process Transport Storage Total

Cementation

31
6.2

72
14.4

85
17

188
37.6

Compaction

32.8
6.5

16.8
3.4

20.6
4.1

70.2
14

Melting

43.2
8.6

13.2
2.6

16
3.2

72.4
14.4

As before, the total cost may be expressed per metric ton of reprocessed
uranium or per kWh of electricity:
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Table 4. Total Management Cost of Cladding Waste
(including transportation and storage)

Process

Cementation

Compaction

Melting

Cost per ton of U
in thousands of French

Francs and thousands of US
$

235
47

88
17.60

90
18

Cost per kWh produced
in French centimes

and US cents

0.10
0.020

0.038
0.0076

0.039
0.0075

The two preceding tables clearly show that compaction and melting provide the
lowest overall waste management cost, representing in both cases only about 40% of
the expenditure incurred with cementation; the high cost of transportation and
storage accounts for this substantial difference.

Although only a projection, this economic analysis clearly highlights the basic
advantage of volume reduction for the management of wastes destined for geological
disposal. The cost supplement due to volume reduction relative to the apparently
simpler cementation process is virtually negligible compared with the spectacular
drop in transportation and storage costs.

The total cost of cemented fuel cladding waste is thus 3 times lower than for
vitrified fission product solution waste; compaction or melting reduces this figure to
1/8 of the vitrification cost.

All these comparisons are based exclusively on economic criteria, with no
allowance for differences in the inherent containment properties of the final waste
material. Melting incontestably has an edge in this respect, as it transforms the waste
into a stable material with high leaching resistance and minimum exposed surface
area.

The foregoing analysis has assumed that irrespective of the conditioning process
implemented, the resulting waste form would always require disposal as alpha-
bearing waste. However, the decontamination effect of the melting process may
reduce the final a activity to less than O.lCi-f1, making the package suitable for
surface storage under current French standards at a cost 5 times lower than for
geological disposal. This eventuality is practically certain with stainless steel hulls
from fast breeder reactors but is less likely for zircaloy hulls from PWRs, although
this point must still be confirmed. The additional advantages of alpha
decontamination are obvious in any case.
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IV.INCINERABLE SOLID WASTES

Incinerable solid «-bearing materials from an 800t/year reprocessing plant
represent an estimated 25 m3 or 6 tons of waste production each year.

Simple packing in asbestos cement containers multiplies the waste volume by 5,
for a disposal volume of 125 m3; allowance for a bulk filling factor of 1.3 further
increases the total volume to 162.5 m3.

Incineration produces about 200kg of ashes together with some 2m3 of
secondary waste in asbestos cement containers. If the ashes are cemented, the
storage requirement will thus be 2 m3 of waste plus 1.5 m3 of conditioned ashes for a
total of 3.5 m3. Melting the ashes reduces this requirement to only 2 m3 plus 0.2 m3 of
vitrified ashes.

Based on cost estimates (105 000 FF/m3 for disposal) from French or European
studies3 the following table summarizes the annual management costs for an
800 t/year reprocessing plant.

Table 5. Estimated Annual Management Costs
for Incinerabie Solid «-Bearing Waste

(in Millions of French Francs and Millions of US Dollars)

Process Transport Storage Total

Packing in Asbestos Cement Containers

0.7
0.14

0.18
0.036

17
3.4

17.88
3.6

Incineration + Cementation of Ashes

5.4
1.08

0.8
0.016

0.367
0.0734

5.847
1.169

Incineration + Melting of Ashes

5.5
LI

0.075
0.015

0.231
0.046

5.806
1.161

Incineration is clearly the most cost-effective method for disposal of these
«-bearing wastes: the considerably higher cost of implementing the incineration
process itself is largely outweighed by the consequently lower transportation and
storage costs.

The following table allows easier comparison with vitrified waste or cladding
waste management costs.
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Table 6. Total Management Cost of Incinerable Solid a-Bearing Waste
(including transportation and storage)

Process

Packing in Asbestos Cement
Containers

Incineration + Cementation
of Ashes

Incineration + Melting of
Ashes

Cost per ton of U
in thousands of

French Francs and
thousands of US $

22
4.4

7.8
1.56

7.25
1.45

Cost per kWh produced
in French centimes

and US cents

0.009
0.0018

0.0033
0.00066

0.0031
0.00062

These tables do not reveal a clear advantage for melting of a-bearing waste
ashes; the amount of ashes obtained is too small to have a significant effect on the
overall cost figure. The economic advantage increases, of course, with the total
throughput quantity; one report3 showed that melting a-bearing waste ashes reduces
the cost of the waste per se by 50%. Moreover, from the standpoint of the inherent
containment quality, the vitrified material is largely superior to the cemented
material.

V. CONCLUSION

Based on the findings discussed in this paper, the management costs for three of
the most important waste forms produced in a reprocessing plant with an annual
capacity of 800 metric tons of spent fuel are summarized in the following table. The
total management costs (process, transportation & disposal) for each waste form are
expressed in US dollars per ton of uranium according to the conditioning process
implemented.
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Table 7. Estimated Management Cost for Fuel Reprocessing Wastes
(in US Dollars)

Waste form

Concentrated fission
product solutions

Hulls and
end caps

Incinerabie alpha-
bearing waste

Process

Vitrification

Melting

Cementation

Incineration

Cementation

Cost

150 000

18000

47000

1450

4400

These estimates represent only orders of magnitude, but have the advantage of
being directly comparable with one another. The advantages of high-temperature
processes that minimize the waste volume are evident: not only do such processes
diminish the total management cost, they also enhance the containment properties of
the final waste material.
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