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EXPERIENCE CANADIENNE AVEC LES CONCEPTS DE
STOCKAGE DES COMBUSTIBLES DANS L'EAU ET A L'AIR

par

S.A. Mayman

RESUME

Le Canada stocke le combustible dans des piscines remplies

d'eau depuis 30 ans. Aucun problême sérieux n'a été rencontré mais,

jusqu'à présent, on s'est peu engagé dans l'évaluation quantitative du

comportement du combustible dans des conditions de stockage. Des tra-

vaux sont actuellement en cours pour obtenir des renseignements y affé-

rents. Les piscines de stockage des centrales nucléaires fonctionnent

d'une façon satisfaisante. L'industrie nucléaire canadienne a néanmoins

étudié des méthodes permettant de réduire les coûts de stockage et/ou

d'augmenter la fiabilité. Différents concepts,dans lesquels il y a à

la fois utilisation du refroidissement à l'eau et à l'air, ont été

suggérés. L'un de ces concepts - le conteneur en béton à refroidisse-

ment à l'air - est actuellement à l'essai à l'Etablissement de Recher-

ches Nucléaires de Whiteshell.
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CANADIAN EXPERIENCE WITH WET AND DRY
FUEL STORAGE CONCEPTS

by

S.A. Mayman

ABSTRACT

Canada has been storing fuel in water-filled pools for 30

years. There have been no significant problems, but until recently

little effort has been invested in quantitative assessment of fuel

performance under storage conditions. Work is now in progress to

provide such information. Storage pools at nuclear generating stations

have operated satisfactorily. The Canadian nuclear industry has never-

theless been studying methods for reducing storage costs and/or in-

creasing reliability. Various concepts, using both water and air

cooling, have been suggested. One such concept - the air-cooled con-

crete canister - is presently under test at the Whiteshell Nuclear

Research Establishment.
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1. INTRODUCTION

The concept of storage of irradiated fuel for an extended

period after discharge from the reactor is not a new one for the Cana-

dian nuclear industry . We have grown up, in marked contrast to

nations which concentrated on reactors requiring enriched fuel, planning

to store our fuel until such time as it might become economically at-

tractive to reprocess it or desirable to dispose of it. All our re-

actors, therefore, are designed with capacity for storage of 5-10 years

output of irradiated fuel and, for some time now, we have been con-

sidering the design and construction of large away-from-reactor central
(2)

storage facilities . Canadians do not claim, however, that we fore-

saw the present difficulties about reprocessing. The route we are

following with respect to sî.orage and disposal makes good sense in the

context of our national capabilities and resources. The route you are

taking makes good sense in the context of your nation's abilities.

Under Canadian conditions, the optimum reactor choice was the
*

CANDU which is fuelled by natural uranium. A CANDU fuel bundle is

shown in Figure 1. It is 50 cm long and 10 cm in diameter. When it
235

goes into the reactor, it contains 0.71% U, and no plutonium. When

it comes out of the reactor, at an average burnup of 650 GJ/kg (7 500
235

MWd/teU), it contains about 0.22% U - comparable to the tailings from

an enrichment plant - and 0.38% total Pu (̂  0.28% fissile Pu). It has

produced almost half its power from fission of Pu generated during its

stay in the reactor, and there have been no dimensional changes to the

bundle. Further, it cannot be made to go critical in light water, and

after one day's cooling it produces less than 2 kW of decay heat, so the

bundles can be stacked in the pool almost like cordwood. With this

material, then, it is obvious why storage has been attractive to us.

CANada Deuterium Uranium
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One might think that, with this background, there would be a

great deal to say about Canadian experience. However, virtually all our

experience to date has been trouble-free. Everything has worked so well

that we have almost taken it for granted, and there is very little

recorded about our 30 years of fuel storage. Only recently have we

begun to study fuel behaviour under storage conditions, and to consider

seriously how one would optimize storage facilities.

Our experience with pools has been very good. Costs are low,

and performance is relatively trouble-free. Nevertheless, we have been

studying alternative methods for interim storage of irradiated fuel -

notably our air-cooled canisters which are probably of particular in-

terest. This report will discuss storage in both pools and canisters.

2. FUEL

An AECL report on the performance of fuel in storage pools is

presently in preparation. The best published summary we have at the

moment is the one produced recently by Johnson . He concluded that

"....pool operators have not seen evidence that Zircaloy-clad

uranium oxide fuel is degrading during pool storage, based on visual

examinations and radiation monitoring". This is stronger evidence than

one might think at first reading, and it is now being confirmed, as he

notes, by more detailed studies.

2.1 QUANTITIES AND AGES

A large quantity of irradiated fuel is presently in storage in

Canada. While most of it was stored relatively recently, we have a

small quantity which has been stored for a long period.
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About 70 000 bundles, containing 1 400 teU, are presently

stored in the bays at the Pickering Generating Station near Toronto.

Among these, 112 were known or suspected to be defective when discharged

from the reactors. There has been no evidence of additional cladding

defects during storage in the bays. However, more than half of these

bundles have been in storage for less than three years, and none for

more than seven years.

At least nine bundles from the Nuclear Power Demonstration

(NPD) reactor have baen in storage under water at the Chalk River Nu-

clear Laboratories (CRNL) since 1962, and at least twenty more since

1963. The 1962 bundles have little or no burnup, and those discharged

in 1963 have low burnup. There have been no signs of deterioration.

Three hundred and sixty bundles from the Douglas Point Gener-

ating Station in Ontario were, removed from their storage pool after

three years cooling and placed in dry storage in an air-cooled canister

at the Whiteshell Nucles.r Research Establishment (WNRE) in mid-1976.

Another 138 bundles (the number is lower due to criticality considera-

tions) of six-month-cooled, enriched fuel from the WR-1 research reactor

have been in a canister since late in 1975. The bundles are contained

in seal-welded baskets, and an annulus outside the baskets is monitored

for fission gas. No defects have been detected in either canister.

2.2 INSPECTIONS

Until very recently, none of the old fuel in storage had been

examined with a view to assessing its performance during storage, but

casual visual inspection when any of the bundles were moved has never

revealed any difficulties.

A fuel pin from NPD, irradiated to * 6 600 MWd/teU and stored

in water for 10 years, has recently been examined. A white powdery

material was observed on the surface of the cladding. It appeared to
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have been deposited during the storage period, but no evidence of dele-

terious effects was found. It has been concluded that the Zircaloy did

not suffer any detectable corrosion or other adverse effects during the

storage period.

An experimental program to study the stability of irradiated

CANDU fuel during long-term storage both in water and in air is just

getting underway at CRNL and at WNRE. One of the 1962 NPD bundles is

currently being examined at CRNL, but a full report is not yet avail-

able. Corrosion products were visible on the braze material where one

of the spacers or bearing pads was attached, but the main Zircaloy

surfaces showed no signs of attack. The overall plan is to examine

selected fuel pins at 5-year intervals over the next 20 year.

2.3 ENCOURAGING EVIDENCE

There is some evidence from non-storage situations that

Zircaloy will behave well in storage. Eight bundles loaded into NPD 16

years ago are still in core and intact. Two bundles examined after

about 3 000 days in 265 °C coolant had only 3-5 pm of oxide on the

Zircaloy. Taking account of the rapid reduction in corrosion rate with

temperature, the bundles would need to be in a storage bay for many

hundreds of years for that oxide thickness to increase significantly.

Irradiated fuel that was stored at CRNL for 9 1/2 years was later re-

irradiated without behaving differently from fuel that had been irra-

diated continuously.

No evidence of any deterioration of zirconium-alloy-clad fuel

stored in water has ever been reported. Since the processes which can

be postulated to attack the zirconium from both the outside and the

inside operate very much more slowly once the fuel is removed from the

reactor, there is every reason to expect that this fuel will survive

very long storage periods without difficulty.
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3. POOLS

The first fuel storage pool in Canada was built in 1946/7 to

accommodate fuel from the experimental reactor NRX at Chalk River and is

shown in Figure 2. The most recent pool to be put into service is the

Pickering G.S. auxiliary bay, which received its first basket of fuel

this March. Several pools have been built between 1947 and 1978 and

their performance has generally been good.

3.1 RESEARCH REACTORS

The pools at the research establishments at CRNL and WNRE were

built with unlined concrete. At CRNL most inner surfaces were painted

with Ucilon white paint and, to improve viewing, white ceramic tile was

used in some areas. The pool at WNRE, built in 1964, was later lined

with fiberglass and epoxy to prevent leakage. There were problems in

the early days at CRNL with corrosion of aluminum-clad fuel and mild

steel equipment, but these have long since been solved by control of

water chemistry and choice of appropriate materials for use in the

pools. At WNRE the only problem of any consequence has been the intro-

duction by the fuel transfer flask on two occasions of a small quantity

of organic coolant into the water. The organic coolant formed an emul-

sion in the water and was removed only with some difficulty. There

have, however, been no problems that are relevant to storage of water-

cooled reactor fuel.

3.2 NUCLEAR GENERATING STATIONS

Ontario Hydro has operated large pools at the Douglas Point

and Pickering Nuclear Generating Stations, and Hydro Quebec has a pool

at Gentilly. A pool has recently been commissioned at the Bruce NGS and

an auxiliary pool at Pickering. The original Pickering NGS pool was

built as a concrete tank inside another concrete tank, for double contain-
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ment and leak collection, and was then lined with fiberglass and epoxy.

The other pools have been built as single concrete structures; some are

lined with type 304 stainless steel, but most use fiberglass and epoxy.

There have been no events of real significance associated with

any of the pools. Small leaks have occurred from time to time, but none

have affected staff, people outside the stations or the environment.

The radiation fields at 'dickering were rather high for a time in the

early days of the station, due to iodine release from defected bundles,

but improved fuel performance and natural decay solved that problem

without any unusual measures being required. In short, pool performance

has been entirely satisfactory.

3.3 CENTRAL STORAGE FACILITIES

(A) (5)

AECL and Ontario Hydro have completed a number of stud-

ies to assess the use of large pools at a central storage site. The

concepts adopted for the studies have evolved from our experience to

date, taking advantage of economies of scale and advances in technology.

A cutaway of one of the pools is shown in Figure 3, and a general view

of a pool storage facility in Figure 4. Each bank of the bays would

hold about 30 000 tonnes of irradiated fuel.

4. DRY STORAGE CONCEPTS

Several concepts for air-cooled storage have been assessed in
(A)

Canada . There are some clear incentives to adopt this method as

there appear to be potential advantages in the areas of operation and

maintenance, secondary wastes, safety, safeguards and decommissioning.

The concepts include the concrete canister and the convection vault.
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In the convection vault the fuel is placed in cans which in

turn are loaded into long storage tubes. Air is drawn in from below and

driven out the top by the heat generated by the fuel, so no external

power source is required. Cutaway views of a convection vault facility

are shown in Figures 5 and 6. Ontario Hydro has done some design work

on the concept, but it has not b~"?n physically tested in Canada.

The concrete canister shown cut away in Figure 7 can be

thought of as a single element of a large convection vault. The can-

ister is about 5 m high. It stands outdoors, on a concrete or gravel

pad, and holds 4 1/2 tonnes of irradiated CANDU fuel within a series of

barriers. Cooling is by convection over the outside of the concrete. A

large facility such as shown in Figure 8, using canisters to store, for

example, all the irradiated fuel produced by 12 000 MWe of generation
2

for thirty years (y 47 000 teU), will occupy about 5 km of land,

because of the limited capacity of each unit, but when you take into

account exclusion areas the difference from pools is not large (see

Table 1). Further, our best cost estimates to date, using the same size

facility, show canisters to be cheaper to build and operate than pools,

as shown in Table 2.

These figures are invariably challenged outside Canada, since

they are so much lower than the values which have been used by others .

CANDU fuel storage costs are thought to be lower due to the use of short

bundles rather then long ones, closer packing because of lower burnup,

not having to be concerned with inadvertent criticality and similar

factors. In any case, our cost figures are firmly supported by our

experience. The Pickering auxiliary pool, which will hold only 4 00Q

tonnes of irradiated fuel, was completed last year for a total cost of

10.6 M$ - about $2.50/kg and we would expect larger pools to be cheaper

on a per kilogram basis.

Given the incentives for looking seriously at dry storage, the

positive results from our paper studies and the fact that a large invest-
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ment was not needed to get into the canister business, AECL decided in

1974 to try to demonstrate the viability of the canister concept.

5. CONCRETE CANISTER DEMONSTRATION

Our canister program has been described before in publica-
(7") (S 9)

tions and at meetings ' , and details may be found under these

references. We have built six concrete canisters at WNRE. Figure 9

shows one being loaded with fuel. Figure 10 shows four canisters in

operation. Two of these canisters contain electric heaters, and two are

loaded with the fuel as described above. Of the two not shown in

Figure 10, one is loaded with WR-1 fuel, and the other is to be loaded

this summer. Their performance has matched or exceeded all our expec-

tations. The electrically heated canisters have been operated at over

five times design specification heat loading without any signs of troub-

le. One has been through more than 50 freeze/thaw cycles without

showing any signs of deterioration. The temperature rise through the

concrete wall is about 20°C/kW of decay heat within the canister, so for

5-year-cooled CANDU fuel it will be less than 40°C. We are monitoring

the annulus between the basket and the can for fission gases, but none

have been detected.

Safety analyses suggest that nothing less than a determined

saboteur using military weapons could damage the structure. With the

International Atomic Energy Agency, we have been developing safeguards

techniques for the canisters, and all canisters at WNRE are safeguarded

with IAEA seals. Again, we have encountered no significant difficulties.

A report describing the canister program has just been issued , and

we plan to continue the demonstration. We have chosen canisters for

storage of irradiated fuel from WR-1 in preference to building addi-

tional pool capacity, but the concept will be applied on a large scale

only if it is taken up by a producer of large quantities of irradiated

fuel.
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6. CONCLUSION

The performance of irradiated CANDU fuel bundles in storage -

both wet and dry - to date gives us confidence that they can remain in

storage for a very long time without deteriorating. We have only re-

cently begun to assemble the evidence necessary to prove this contention

in a scientific manner, but everything we know tells us that t lis is the

case. For over 30 years now we have been building facilities in which

to store the fuel and those we have and those we are developing are

cheap, long lived, essentially free from deleterious environmental

impact, and operate well.

The intention in Canada is not to store fuel forever in in-

terim facilities. A decision will eventually be made as to whether to

consider the fuel a resource and reprocess it, or a waste and dispose of

it. The impetus for making that decision, however, is not likely to

come because of a lack of suitable fuel storage facilities.
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FACILITIES ONLY

TOTAL

SITE fVREA

POOLS

0

2.

06

2

TABLE 1

REQUIREMENTS

CANISTERS

0.79

4.7

(km2)

VAULT

0.12

2.A

TABLE 2

COSTS FOR FUEL MANAGEMENT

Capital ($/kg)

Operating ($/kg)

Shipping ($/kg)

TOTAL ($/kg)

(mills/kWh)

POOLS

1.95

2.34

3.50

7.79

0.13

CANISTERS

0.78

2.95

3.50

7.23

0.12

VAULT

0.87

1.76

3.50

6.13

0.10



ZIRCALOY STRUCTURAL END PLATE
ZIRCALOY END CAP
ZIRCALOY BEARING PADS
URANIUM DIOXIDE PALLETS
ZIRCALOY FUEL SHEATH
ZIRCALOY SPACERS
GRAPHITE COATING

FIGURE 1 : FUEL BUNDLE FOR PICKERING REACTOR, ASSEMBLED FROM SEVEN BASIC COMPONENTS.



BEFORE 1959 MODIFICATIONS

FIGURE 2 : NRX FUEL BAYS.
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AIR OUTLET

CHARGING PLUG

UPPER SHIELD

HHHFS

AIR INLET

10 BASKETS

STACKED FUEL

FIGURE 5: DRY STORAGE FACILITY - CONVECTION COOLING.
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FIGURE 6: CONVECTION VAULT - CUTAWAY (From Ref. 5).
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safeguard seal
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FIGURE 7 : CYLINDRICAL CONCRETE CANISTER
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Adminiitrnion Building
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FIGURE 8: CANISTER STORAGE FACILITY.
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FIGURE 10: CANISTERS IN OPERATION.
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