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FOREWORD
This report is addressed to authorities and specialists responsible for or
involved in the planning of facilities for the handling, transport and storage of
conditioned high-level waste. It introduces important principles that need to
be considered as plans are developed and describes some existing and conceptual
facilities. In addition, it discusses important safety and economic aspects.
The IAEA has been active in the field of high-level radioactive waste
management for many years. Solidification techniques were discussed at four
international symposia in 1962 (IAEA), 1972 (OECD/NEA and IAEA), 1976
(IAEA and OECD/NEA), and 1980 (IAEA and CEC); the proceedings were
published under the following titles, respectively:
- Treatment and Storage of High-Level Radioactive Wastes, IAEA, Vienna
(1963);
- Management of Radioactive Wastes from Fuel Reprocessing, OECD/NEA,
Paris (1973);
- Management of Radioactive Wastes from the Nuclear Fuel Cycle, IAEA,
Vienna (1976);
- Management of Alpha-Contaminated Wastes, IAEA, Vienna (1981).
In addition, radioactive waste management and effluent control were the
subject of a plenary session and three technical sessions at the Agency's
Salzburg Conference on Nuclear Power and its Fuel Cycle (1977). Three
technical reports on high-level waste solidification techniques and evaluation
of the waste forms were subsequently issued:
- Techniques for the Solidification of High-Level Wastes, Technical Reports
Series 176, IAEA, Vienna (1977)
- Characteristics of Solidified High-Level Waste Products, Technical Reports
Series 187, IAEA, Vienna (1979)
- Evaluation of Solidified High-Level Waste Forms, IAEA-TECDOC-239,
IAEA, Vienna (1981)
The latter two resulted from the Agency's Co-ordinated Research Programme
on the evaluation of high-level waste forms that was started in 1977.
This present report is based on information presented in numerous technical reports and the experience gained in designing and operating industrial

scale handling and storage facilities for conditioned high-level waste. The paper
was drafted by the Agency's Scientific Secretary, E.R. Irish t , and a group of
consultants*, who met from 30 March to 3 April 1981; K.T. Thomas of the
Agency also contributed to its preparation. It was reviewed at a Technical
Committee meeting in Trombay, Bombay, India, from 7 ,to 11 December 1981,
and finalized by W. Heafield of British Nuclear Fuels Ltd. in December 1982.
The contribution of G. Hensley, also of British Nuclear Fuels Ltd., in revising
section 6 is gratefully acknowledged. The officer of the IAEA responsible
for the completion of the report was V. Tsyplenkov of the Waste Management
Section, Division of Nuclear Fuel Cycle.

+

E.R. Irish died on 20 June 1982.
* W. Heafield, British Nuclear Fuels Ltd, UK.
R.W. McKee, Battelle Pacific Northwest Laboratories, USA.
C. Sombret, Centre de Marcoule, France.
L. Werme, Karn-Bransle-Sakheret, Sweden.
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1.

INTRODUCTION

The safe management of radioactive wastes from the various parts of the
nuclear fuel cycle is an important aspect of nuclear power development, and
authorities in many countries are faced with selecting and using appropriate waste
management systems for each type of waste. They also need to be assured that
the safety of each system is adequate and that no unacceptable detriment will
occur at any time as a result of the waste management operations employed.
This report deals with certain aspects of the management of one of the
most important wastes, i.e. the handling and storage of conditioned (i.e.
immobilized and packaged) high-level waste from the reprocessing of spent
nuclear fuel and, although much of the material presented here is based on
information concerning high-level waste from reprocessing LWR fuel, the principles,
as well as many of the details involved, are applicable to all fuel types.
High-level waste from reprocessing plants will usually be managed following
a stagewise progression, although the timing of transition from one stage to the
next can be varied, viz.
(a)
(b)
(c)

concentrated liquid storage in tanks
immobilization and packaging (conditioning) for storage
storage in engineered facilities, e.g. water-cooled basins, air-cooled vaults
and casks
(d) reconditioning during and after storage, if needed, for continued storage
and/or disposal
(e) disposal in waste repositories.

Spent fuel, if declared a waste, would be dealt with in a similar sequence,
beginning with stage (b); the conditioning processes would however be different,
for example, the presence of significant amounts of fissile material in spent fuel
means that special attention has to be paid to the criticality aspect of overall safety.
The handling and storage of high-level radioactive liquid wastes before
conditioning are discussed in a previous Agency report [ 1 ]. Most of the high-level
wastes produced to date in various countries are now stored either as liquids or
salt cakes in underground tanks under conditions similar to those discussed in
Ref. [1 ]. Although, as a result of both experience and safety analyses this
situation is acceptable, storage of high-level liquid wastes for more than a few
years is, in future, likely to be eliminated through their conversion to solid forms.
This has been discussed in another Agency report [2].
The conversion of wastes to a solid form reduces their mobility and simplifies
the surveillance required during a period of storage which may be desirable to
allow radioactive decay of much of the activity and, more importantly, a
significant reduction in the rate of heat generation.
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Storage, as opposed to disposal, implies that the waste itself is not abandoned;
it is accessible for inspection, monitoring, recovery, reconditioning etc., and
there is an intention to carry out such work.
Many methods have been proposed for the storage of conditioned high-level
wastes in engineered structures at or near the surface of the earth. A number
of different design concepts have been examined in various countries [3—7] and
by the Commission of the European Communities [8]; France [9] and
India [10, 11] have facilities, described in this report, in operation or nearing
completion. The technology, based on spent fuel storage experience, is available
for constructing surface or near-surface storage facilities with operating lives of
at least several decades. It is recognized, however, that such storage facilities
would have a finite life because no man-made structure can be expected to maintain
its integrity indefinitely. Thus, at some appropriate time, the conditioned wastes
will have to be either relocated to new storage facilities or disposed of in an
ultimate way (e.g. placed in a deep geological repository).
The timing of the transition between storage and disposal of conditioned
high-level wastes is clearly dependent on several factors. One factor arises from
the heat generating nature of the wastes which involve consideration of the heat
capacity, per unit specific area, of the repository and of the heat rating of the
conditioned waste. Cost is also an important factor and there is scope for
optimization of the overall management system based on cost assessment. The
timing may also be dependent on socio-political factors within the countries
involved in waste storage and disposal.
This report provides illustrative background material on the arisings and
characteristics of high-level wastes and, qualitatively, their requirements for
conditioning; however, it does not provide criteria for conditioning; this is dealt
with in another Agency document [12].
The report introduces the principles important in conditioned high-level
waste storage and describes the types of equipment and facilities, used or studied,
for handling and storage of such waste. Finally, it discusses the safety and
economic aspects that are considered in the design and operation of handling
and storage facilities.
It is hoped that this report will assist those authorities in Member States
concerned with making decisions regarding the management of conditioned
high-level wastes.

2.

OBJECTIVES AND CONSTRAINTS OF HIGH-LEVEL WASTE
MANAGEMENT

The overall objective of radioactive waste management, including the
storage step, is to control the handling, storage, conditioning and disposal of
the wastes in an adequately safe manner. The various principles involved in
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storing all radioactive wastes, although possibly more stringently applied for
high-level wastes than for other wastes, are nevertheless fundamental. The
major difference is that high-level wastes require the continuous removal of
heat in order to maintain the waste at an acceptable temperature, i.e. consistent
with adequate safety.
The design and operation of high-level waste storage facilities should be
based on the following principles or objectives [4, 13]:
— the containment and control of liquid, solid and gaseous radioactive
effluents in accordance with established safety criteria
— the provision of radiation protection systems designed to meet limits set in
accordance with ICRP or national recommendations
— the continual surveillance of operations, including systems for plant protection
and physical security
— the use of established technology
— the provision of facilities for monitoring, retrieval and maintenance, including
overpacking if necessary, of all containers throughout the storage period
— the control of conditioned waste temperatures within a range specified by
reference to waste form characteristics and to overall safety considerations
— the provision of containers which will not jeopardize subsequent transport
or disposal operations (with overpacking, if required)
— the incorporation of appropriate measures to facilitate the subsequent
decommissioning of the facilities.
Most of the above-mentioned principles are self-explanatory; however, some
discussion is warranted on certain aspects to add some perspective on non-technical
considerations.
2.1. Radiological safety considerations
Effective radiological safety can be achieved by adhering to the basic
principles of radiation protection [14—18], by proper planning, and by adoption
of appropriate methods for the conditioning, handling, transport and storage of
the waste. The basic principles of radiation protection, recommended by the
International Commission on Radiological Protection in ICRP-26, apply:
— Justification. No practice resulting in human exposures to radiation should
be authorized unless its introduction produces a positive net benefit. (The
production of radioactive wastes is an unavoidable consequence of the
generation of nuclear power and can therefore only be justified within the
scope of an overall cost-benefit analysis of the complete nuclear fuel cycle.)
— Optimization. All exposures should be kept 'as low as reasonably achievable',
economic and social factors being taken into account. This requirement
implies that the detriment from a practice should be reduced by protective
3

measures to a value such that further reductions are not worth while in
comparison with the efforts required to accomplish them.
— Individual dose limitation. The dose equivalent to individuals from all
practices (except those specifically excluded) should be less than the
appropriate dose limits.
The ICRP individual dose limitation and other similar recommendations
generally apply only to planned or expected situations. The examination of the
probabilities and consequences of unplanned events in a quantitative manner is
however also required in an overall assessment of safety. Such procedures, which
may be applied when considering the design, licensing and operation of nuclear
installations, represent an increasingly important and specialized aspect of
safety assessment.
From a radiological viewpoint, waste storage retains large inventories of
radionuclides in facilities more accessible to the human environment than wellsited geological repositories. Offsetting any apparent disadvantage arising from
the accessibility of the stored waste, however, is the ability to monitor continuously
the integrity of the storage system and to take remedial action if required. Thus,
the overall safety of storage facilities is of significant and continuing importance.
(See section 6.)

2.2. Technical and economic considerations
As noted in section 1, the management of high-level waste involves a series
of stages from its storage as a liquid concentrate through to its disposal as a
conditioned waste. Storage of the conditioned waste can be undertaken in any
of four types of facility, which may be arranged in descending order of their
capability for removing heat generated in the stored waste as follows:
—
—
—
—

water-cooled basins
forced air-cooled vaults
natural convection air-cooled vaults or casks
conduction-cooled caissons or dry wells

These facilities might be used sequentially for storage of wastes as their heat
generation rate decreases, or one type might be selected and designed specifically
to store the wastes for the whole storage period.
The timing for transition from one type of storage to another may be
determined on technical or economic grounds; however, the timing for transition
from storage at or near the surface to eventual disposal in deep geological formations is not an urgent matter as storage even for very long periods is considered
realistic and acceptable [19]. Nevertheless, responsible waste management
requires the establishment of a definitive plan for disposal based on sound
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principles and economic policies. Some of the factors to be recognized in
developing this plan, and in assigning priorities for its implementation, are outlined
below.
(a)

(b)

From a technical viewpoint, extended storage eases disposal requirements.
For example, during 10-year storage the heat generation rate decreases
approximately 8-fold, while a further 8-fold decrease requires another
100 years. Nevertheless, although the heat generation rate decreases more
rapidly in early years, the decrease over about 100 years can still be significant
and will lead to a reduction in the disposal site area required for heat
dissipation and hence to a reduction in the costs of eventual disposal.
The costs of conditioned waste storage, as only one part of the overall
management system, are not, by themselves, an adequate basis for a decision
on the timing of disposal (see section 7). An assessment of the viability of
adopting extended storage as a deliberate policy has shown 1 that only a modest
increase in the initial cost of storage is required.

2.3. Socio-political considerations
One responsibility of present generations, relying on nuclear power for their
energy needs, is the obligation to manage wastes in such a way that they result in
conditions that are acceptable to present generations and do not become a burden
for future generations. This statement indicates that those generations which
derive the benefits from the activities which lead to the wastes should also ensure
that both present and future generations are adequately protected from any illeffects arising from those wastes.
In this regard the timing of the disposal step is again the most important issue,
particularly from the standpoint of public acceptability. Some of the factors which
need to be recognized in this respect are reviewed below:
(a)

From a general public acceptance viewpoint, waste storage facilities may be
preferable to waste disposal repositories. A recent proposal [13] claims that
monitored containers, indefinitely stored in a controlled tunnel environment,
may prove more widely acceptable than the uncertainties of an uncontrolled
geological structure. This claim is based on the premise that the performance

1

If, for example, a complete replacement of storage facilities is required after 100 years,
then, based on an interest rate of 2% p.a. (above inflation), the replacement would be provided
by setting aside an additional 13.8% of the initial cost. The present-worth value of a series of
complete replacements continuing indefinitely at 100-year intervals would add about 16% to
the initial cost of the facilities [13].
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(b)

of the storage concept can be proved from known and accepted data which
should be highly acceptable to those concerned about present waste disposal
proposals.
From a specific public acceptance viewpoint, radioactive waste storage
facilities (and waste disposal repositories) are perceived by many members
of the public to be undesirable installations for any nearby location, including
rural areas [20]. Gaining understanding and acceptance of populations located
near new or proposed facilities will take time and direct educational activities
on the parts of both governmental and industrial bodies. A programme of
public education may not, by itself, be able to gain public acceptance of
waste management facilities, and the following will probably be required in
addition [21]:
— an incontrovertible long-term safety record
— a responsible agency that is respected and trusted, and
— a clear appreciation of benefit.

(c)

Since people are generally willing to accept increased risks in exchange for
increased benefits, the path to public acceptance of nuclear power and its
associated wastes might be shortened by a severe energy shortage. However,
a preferred way to enhance the public acceptance of radioactive waste
facilities could involve using 'a market solution', i.e. one that would provide
a direct economic incentive to those who provide a site for such facilities [22];
apparently the incentive must be more than the limited employment opportunities that would result from the construction and operation of facilities.

Thus, the socio-political considerations related to waste storage facilities involve
recognition of factors such as those suggested above, and an action programme
that assures safe operation of such facilities and builds understanding relationships
with nearby populations. Although the emphasis of this report is on the former
aspect, i.e. assuring safe operation, hopefully the report may usefully serve the
latter one as well.

3.

CONDITIONING OF HIGH-LEVEL WASTE

The currently used method for reprocessing spent nuclear fuel involves the
dissolution of the fuel in nitric acid. Liquid-liquid extraction of the fuel solution
results in three main aqueous process streams containing, respectively, uranium,
plutonium and fission products plus actinides (only small amounts of U and Pu
remain in this waste stream). The U and Pu are recovered in solid form and the
fission product/actinide solution is concentrated and temporarily stored in special
steel tanks designed for the removal of decay heat [1 ].
6
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The main objective of conditioning is to convert the fission product/actinide
concentrate or high-level liquid waste to a form which is suitable for extended
storage, transport and disposal.
The basic immobilization and solidification routes are illustrated in Fig. 1
which shows that many variants are possible. A full review of the technical
status of immobilization processes appeared in an earlier IAEA publication [2].
Although several processes have been developed, and some have been demonstrated,
only one, vitrification, is currently applied on a routine basis at industrial scale.
In this application, at Marcoule, France, the process employs three stages, viz.
evaporation and calcination, glass-forming with additives and pouring of the molten
vitrified waste into the container. The container is subsequently sealed, inspected,
decontaminated and monitored before being transferred to the associated storage
facility.
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(Ref. [23] provides data on fuel irradiation, rating etc.).

water reactor [23]

3.1. Timing of reprocessing
The timing of reprocessing after removal of the spent fuel from the reactor
has an effect on the heat generation rate of the resulting high-level waste in that
it determines the eventual location of the isotopes of certain heat-emitting
actinide decay chains (i.e. in the waste or in recovered Pu). Figure 2 shows the
decay heat in spent fuel and in high-level waste obtained from reprocessing after
2 and 10 years, respectively [23]. The decay heat, given in watts per tonne
uranium, is equivalent to watts per container for the high-level waste conditioning
and disposal concept discussed in Ref. [23]. Unless reprocessing is delayed for
several decades, there is little effect on the heat generation rate of high-level waste
and thus on the design characteristics of a storage facility.
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TABLE I. HIGH-LEVEL WASTE FROM FUEL REPROCESSING

Source:

Raffinate from first cycle extractor and dissolver sludge

Components:

Nitrate salts
HNOj
H20

Density:

1.2 X 103 kg m" 3

Volume:

6 X 10"' m 3 (t HM)"1

Fission product3

3

content:

H

8 X 10~2

Kr

0

I

5 X 10"3

85
129

a

Actinide

a

content:

15 wt%
10 wt%
75 wt%

All others

1.0

U

5 X 10"3

Pu

5 X 10~3

All others

1.0

Given as a fraction of the activity levels, presented in Ref. [5],

3.2. Radionuclide content of high-level waste
The high-level liquid waste, which comprises the concentrated raffinate from
the first cycle extractor, and which may be combined with the dissolver sludge
(see Table I), normally contains > 99% of the fission products as well as > 99%
of the actinides (with the exception of uranium and plutonium) contained in the
original spent fuel.
The plot of the principal fission product and actinide activities presented in
Fig. 3 has been derived from data prepared as part of an overall fuel cycle evaluation
study [5] which assumed reprocessing 11 /2 years after removal from reactor and
losses of 0.5% of both uranium and plutonium contained in the fuel lost to the
high-level waste stream.
The time period between reactor discharge and reprocessing is of some
importance for the activity of high-level waste. The isotope 241 Pu, which is a beta
emitter, decays with a half-life of 14.6 a to 241 Am; thus, the longer the period
prior to reprocessing, the greater the proportion of the latter nuclide that will be
present in high-level waste. If the fuel is stored for only 3 years before reprocessing,
the amount of 241 Am shown in the plot would be reduced to ~ 40%. If an interval
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[5].

much longer than 10 years passes before reprocessing, the quantity present would
roughly double. The 241 Am daughter nuclide 231 Np is not greatly affected by
these variations since a significant proportion of this nuclide is formed directly in
the reactor via other nuclear reactions.
It should be recognized, however, that these effects are only of significance
after disposal; their impact on the design or operation of storage facilities is
negligible.

10

Time after reprocessing (years)

FIG.4. Rate of heat generation from high-level waste [5], The assumed basis includes
reprocessing at 1.5 a after removal from reactor; 0.5% Uand 0.5% Pu in HL W; V recycled;
Pu separated; BWR/PWR at 1:2; average burnup 29 000 MW d (t HM).

3.3. Waste f o r m characteristics

The conditioned waste form will provide the primary containment of the
radionuclides and thus ensure that in the event of failure of the container the
rate of release of activity will be within acceptable limits.
The characteristics required of the waste form are governed by considerations
of b o t h storage and disposal; however, although the nature and duration of
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FIG.5.

Temperature

distribution

within a cylinder of waste glass in a water-filled

basin [25].

storage must be taken into account it is the probable disposal requirements which
are dominating current activities in design and development. The most important
parameters in this regard are considered below. A detailed examination of the
characteristics of the various waste forms has been presented in an earlier IAEA
report [24]; guidance on the characteristics required in a waste form is the subject
of another Agency document [1 2],
3.3.1.

Heat generation

and

temperature

High-level waste is notable because of the significant generation of decay
heat. Figure 4 shows how the total heat generation rate for high-level waste
arising from an assumed fuel cycle [5] varies with time after reprocessing.
The consequences of heat generation in the waste form include an increase in
the temperature of the waste above that of the storage environment. Shown in
Fig. 5, for example, is the temperature distribution within a glass cylinder stored
in a water-filled basin, assuming 5 kW per metre length from a vitrified waste
12
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Temperature
air cooling [26],

profiles for different

container-storage

unit sizes under natural

convective

container (50 cm diameter), thermal conductivity 1.6 W m" 1 °C _1 and an
ambient water temperature of 20°C [25]. Similarly, Fig. 6 shows calculated
temperature profiles for natural convective air cooling, including radiation to
surrounding air at 30°C, of a vitrified waste (k = 1 W m" 1 0 C _ 1 ) generating
about 40 W'L" 1 enclosed in a stainless steel container and secondary mild steel
overpack [26],
This type of analysis can be used to determine the basic design parameters
for a conditioned high-level waste storage system [6, 27], Thus, if the centre-line
temperature of blocks of vitrified waste under normal conditions of storage has

13

- '40,cm'

L e n g t h of p r o d u c t

^ ^

C o o l i n g air
3 m/s

1 m

, O Q.
80 cm

" 5 years after discharge f r o m reactor
H L W glass f o r m s
A s s u m e d air c o o l i n g c o n d i t i o n

800

O *
. A *
• •

France
UK
FRG
JAERI

600

Centre-line t e m p .

400

E
O
J
I-

200

Surface temp.

30

J t J
Waste content (w/o)

FIG. 7. The relationship between
vitrified high-level wastes [28],
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distribution
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temperature

of various

to be controlled below a particular value - for example to limit the extent of
devitrification - the interrelationship between the high-level waste content (at a
given time after removal from reactor) of the vitrified product, the container
diameter and the heat removal capacity of the cooling system can be determined..
One example of this is shown in Fig. 7 which also includes data from several
sources [28]. The temperature distribution is calculated for vitrified waste
containers of 400 mm diameter and I m length under forced air cooling at
3 m s - 1 . The figure shows that under these conditions an upper limit of 20 wt%.
high-level waste in the vitrified product would be required to keep centre-line
temperatures below its softening point.
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FIGS.
Increase in surface area of vitrified high-level waste (i.e. by fracture)
test (regions shown by oblique lines indicate probable errors) [29].

after drop

impact

Devitrification of vitrified high-level waste can occur under certain
temperature conditions and may lead to changes in leach resistance and, although
this may be unimportant in terms of storage facility design, it may be significant
for disposal. Reconditioning of vitrified waste by annealing could be employed
to remove both crystals and stresses prior to disposal should this prove necessary.
Sintered ceramic-type wastes are less susceptible to this type of physical change.
The physical properties of most materials are, of course, affected to some
extent by temperature which, in the case of conditioned waste during storage, will
be determined by its heat generation rate, its thermal conductivity, the dimensions
of the packaged waste and the temperature of the cooling medium.
3.3.2.

Mechanical

in tegrity

The mechanical integrity of the waste container is clearly a significant feature
in the specification of a storage facility and is discussed in section 3.4. below.
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The physical state of the waste form is also relevant and the stresses developing
during cooling in both waste and container need to be assessed, together with the
stability of the waste form under irradiation. These aspects should be of minor
significance during storage, unless extended indefinitely, but must be fully
considered for disposal.
3.3.3.

Leach

resistance

A considerable amount of effort has been directed to the study of the
resistance of waste forms, mainly vitrified waste, to leaching by various waters [24]
and in simulated disposal environments. Again the significance of this characteristic
during storage is limited, even in facilities employing water-filled basins, provided
that surveillance is maintained.
3.3.4.

Dispersibility

Waste which has been immobilized and packaged will be highly resistant to
dispersal (e.g. by volatilization or by particulate transfer) which during handling
and storage can be envisaged only in the event of certain accident conditions of
very low probability (see section 6). Impact tests with small-scale blocks of
vitrified waste (high-level waste simulate) have indicated that the increase in
surface area produced on impact is proportional to the energy transferred, see
Fig. 8 [29],

3.4. Container design

Container design should take into account the following interactive aspects:
-

processing conditions (including filling)
welding/sealing arrangements
external decontamination requirements
storage conditions (temperature and environment)
handling and retrievability
packing identification
overall package integrity
future disposal requirements.

Because of the difference in expansion coefficients of a steel container and
the vitrified waste contained therein, tensile stresses will be created in the container.
In one comparison [8] of air-cooled and water-cooled basin storage facilities it has
been noted that these stresses will be lower in the case of the air-cooled .facility.
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This is due to the lower temperature difference (although actually at a higher
temperature) within the container produced by this method of cooling. Even so,
the same study identified a high temperature resistant steel, with very high
resistance to stress corrosion cracking and pitting corrosion, which would be
capable of withstanding the conditions imposed by a water-cooled storage facility.
Contamination of the container exterior surface may occur during conditioning
plant operations, particularly with certain equipment arrangements, and thus
provision for decontamination of filled containers will normally be included in
such facilities. Compatibility between container and the decontamination process
is therefore essential. Although this requirement can be met, priority should be
given to minimizing the extent of possible contamination during the conditioning
plant design stage.
There is, in fact, strong evidence that the specification of a container material
compatible with the waste form and the storage environment, whether wet or dry,
is feasible and can be met using existing technology.
Many design variants of systems for container placement in, and retrieval
from, storage facilities have been developed. Selection for a particular application
will take account of all the foregoing aspects of container specification as well as
the possible requirements at disposal.
Where the operation of immobilization processes has already begun it has
been necessary to reach agreement on the specification for both container and
total package ahead of acceptance of an appropriate specification for disposal to
a waste repository or other facility. Thus, although the nature of the disposal
facility might affect container design, overpacking or, to a limited extent,
reconditioning could be undertaken if the package produced for satisfactory
storage was found to be unsuitable for disposal. It should also be recognized that,
although in certain cases the responsibility for the whole waste management system
may rest with a single national body, in others the immobilization process (and
the storage facility) may be operated in one country generating waste which will
be transported t o another country for disposal (possibly preceded by further
storage). This latter circumstance could arise either through commercial
reprocessing arrangements or in the event of international or multinational
facilities being created, in which case agreement will be reached prior to
conditioning or even reprocessing.
One example of a possible difference between requirements for storage and
disposal concerns the operation of existing vitrification processes which do not
produce containers which are completely filled: perhaps 10% of the volume
remains unfilled. The presence of this void and, therefore, of a potentially
accessible free surface is not considered a problem in storage provided that the
integrity of the container is not breached. Similarly, the creation of extra surface
area or particulate material by cracking of the waste form is of no significance for
storage provided the container remains intact. However, as indicated above, some
additional measures may be required prior to disposal.
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TABLE II. CONDITIONED HIGH-LEVEL WASTE ARISINGS [40, 41]

v.

Containers

Disposal

Diameter
(cm)

(m 3 )

Volume

Number
per GW(e) a

Number
per tonne U

Disposal in salt

30

0.177

29

1.0

Disposal in granite

20

0.077

67

2.3

Disposal in clay

30

0.10

. 30

1.0

Although, in principle, optimum container dimensions could be determined
on the basis of cost and technical feasibility for a given (whole) waste management
system, which would also take note of the time after removal of fuel from reactor
at which each stage is carried out, this is unlikely to occur in practice until
disposal facilities begin to operate. Until then container dimensions will be
determined largely on processing and storage considerations. However, theoretical
assessments continue on the basis of the requirements of disposal concepts. Thus,
recent studies [30, 31 ] showed how the requirements of repositories constructed
in different geological formations could affect allowable container dimensions;
for example based on the assumptions used for these studies the container
diameters derived were:
- 30 cm for a repository in salt, or clay
— 20 cm for a repository in granite.
3.5. Conditioned waste arisings
High-level waste arisings have been given in several study reports [5, 23, 30],
The basic parameters studied have generally been selected on the basis of
assumed disposal requirements rather than the needs of a storage facility. Nevertheless, the data can also be useful for understanding storage requirements.
Table II, for example, was derived for an assumed fuel cycle (broadly, a LWR
with U and Pu recycle) and presents data for containers (3 m long for salt and
granite and 1.5 m long for clay) of vitrified waste.
The crucial factors in deriving the above table were those of limiting container
and vitrified waste temperatures after disposal. Both of these have been shown to
be strongly dependent on the interval between removal of the spent fuel from the
reactor and emplacement of the high-level waste in the repository.
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4.

HANDLING AND TRANSPORT OF CONDITIONED HIGH-LEVEL WASTE

High-level waste containers may require handling and transport from their
points of origin to storage and disposal sites and both should be considered as
integral parts of the waste management system.

4.1. In-plant handling
High-level waste conditioning plants, will generally be constructed with a
storage area (of whatever type) as an integral part of the same facility. In-plant
handling of the conditioned waste containers can therefore employ any of the
well-established techniques in use at nuclear facilities around the world.
Thus, hoists, cranes, jacks, manipulators, trolleys, carts etc. may be used,
singly or in combination, to effect the transfer of a waste container from the
conditioning plant to the adjacent storage area. Systems for locating storage
area loading/unloading machines can be based on equipment already operating
on similar duties. For example, the requirements are less stringent for reactor
loading machines and are somewhat similar to those at spent fuel storage basins.
However, the maintenance of remote handling machines to allow retrieval of
containers over the projected lifetime of a storage facility is one aspect demanding
the attention of designers and operators.
The type of storage system will naturally affect the selection of handling
equipment. Thus, with water-cooled storage basins, use can be made of trolley
systems operating in water-filled canals providing both shielding and cooling [5].
The concept of storing conditioned high-level waste in shielded casks above
ground could allow the use of tractor-trailer systems with unloading by a floorbased mobile gantry at the storage area [32],

4.2. On-site transport
Storage facilities may also be built at some distance from the conditioning
plant, but still within the reprocessing plant site. This may be the result of local
siting policy considerations or to take advantage of different (less expensive)
storage concepts which may be more appropriate as the waste cools.
Transport between storage sites, while not governed by the transport
regulations applying in the public domain is nevertheless controlled and must
satisfy the regulatory body responsible for licensing the nuclear installations.
Thus, the systems used are likely to be similar, if not identical, to those used for
off-site transport.
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4.3. Off-site transport
4.3.1.

Regulations

Although each consignment must meet the regulations of the Member State
in which transportation occurs, the basic requirements applicable to radioactive
waste shipments are given in an IAEA publication [33], A comprehensive review
of the IAEA regulations is now underway with plans to publish a revision in 1983.
The objective of the IAEA regulations for the safe transport of radioactive
material [34] is to regulate such transport so as to limit radiation dose uptake to
workers and public both in routine operations and in the event of an accident.
The regulations specify the requirements for packaging and conditions of
transport for all types of radioactive material, including radioactive wastes. They
also specify that transport casks must be able to survive environments that
demonstrate their ability to withstand potential transportation accident conditions,
e.g. impact, puncture, fire, immersion in water. The demonstrations, both
theoretical and experimental in nature, determine the post-accident potential rate
of leakage from the cask. Two sets of allowable leak rates are specified: one
corresponding to unilateral approval by the country of origin is more restrictive
than the other corresponding to the requirements for multilateral packagings.
The two types also differ in the requirements for surface temperature and operating
pressure, although common surface dose rate restrictions apply.
The design of each transport cask must be specifically approved by the
competent authority in the country of origin of the design and be acceptable to
authorities in the countries in which it is used. In addition, the actual transportation regulations within a given country are determined by the competent authority.
The implications of transportation regulations were considered in the
International Nuclear Fuel Cycle Evaluation. It was concluded that transportation
of radioactive waste was unlikely to be a significant factor in determining a
preferred fuel cycle [35]. It should be noted, however, that changes in regulatory
(or market) requirements can occur which may have significant impact on design
characteristics and, therefore, on the cost of different transportation systems [36].
4.3.2.

Transport

casks

Many studies of waste disposal concepts have included consideration of the
transportation of conditioned high-level waste from storage at the reprocessing
facility to the repository [5, 7, 3 5 - 3 9 ] . In principle, three modes of transportation
can be used: road, rail and water transport. Although such transportation will
require the use of casks which will probably be specifically designed for the purpose,
in certain cases the use of the same cask is envisaged for both spent fuel and waste
and the capacities of existing spent fuel casks for conditioned high-level waste have
been determined.
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FIGS.

Conceptual

cask for rail transport of hi^h-level waste [39],

Although spent fuel shipping casks are typically designed to transport a
specific type of spent fuel (e.g. BWR, PWR, CANDU etc.), they have several
factors in common. To date all such casks can be classified as either multi-layer
or single-layer construction.
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FIG. 10.

Single-layer

cask for rail transport of LWR spent fuel [35],

Multi-layered casks are normally made of forged steel with an internal or
intervening layer of lead or depleted uranium. The forged steel provides the
required structural strength and the lead or depleted uranium enhances the
required gamma-ray shielding. For a given load, a multi-layered cask can be
made smaller and lighter than a single-layered cask. However, the material
interfaces introduce heat transfer problems and are subject to differential thermal
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expansion during temperature cycling. In some designs such problems are
eliminated by suspending the shielding material within the cavity. A conceptual
multi-layer rail cask is shown in Fig. 9.
Single-layered casks are usually made from forged steel and this provides both
structural strength and shielding. This latter provision results in casks which are
larger and heavier than equivalent multi-layered casks, although this is offset by
lower costs, easier fabrication and simpler theoretical analysis which, in turn,
facilitates design and licensing procedures. Figure 10 shows a single-layer cask
for rail transport of LWR spent fuel.
Casks can, in addition, be classified by the coolant used in containment.
Wet systems make use of a liquid heat transfer medium (usually water) inside the
cavity, whereas dry systems make use of air, helium or other gas in the cavity
and may require the introduction of a high thermal conductivity material
(e.g. copper or aluminium) as a basket inside the cavity.
One final classification of casks refers to the type of neutron shielding used;
this is important for high-level waste as well as for spent fuel. Again the principle
is either liquid (water, frequently containing boron) or solid (resins or organic
polymers).
All shipping systems must interface with loading and unloading facilities,
and this interfacing affects both turn-round time and personnel radiation exposure.
No insurmountable problems are foreseen in the development of future highlevel waste transportation systems and existing technology is expected to be able
to satisfy most, if not all, future needs.

5.

FACILITIES FOR STORAGE OF CONDITIONED HIGH-LEVEL WASTES

Facilities for the storage of conditioned high-level waste should be designed
with recognition of the principles and other considerations discussed in section 2
and the properties and characteristics of high-level waste described in section 3:
their capacities will be determined by the planned waste processing rates and the
required storage times.
In many ways the design task is similar to that for the design of spent fuel
storage basins, and much can be learned from the decades of experience with
spent fuel storage. However, there are differences in the properties and characteristics of conditioned high-level waste compared with spent fuel; including both
heat generation rate and criticality aspects. The cooling requirements for highlevel waste have already been shown to be less stringent than those for spent fuel
(section 3.1) and, thus, facilities other than the conventional water-cooled basins
initially used for spent fuel storage are. feasible.
In this section the various conceptual facilities considered for conditioned
high-level waste storage are described. Subsequently, the actual facilities that are
in operation, under construction or being designed are discussed.
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RETRIEVABLE SURFACE-STORAGE CONCEPTS
E V A P O R A T I V E AIR
COOLING LOOP

FIG.ll.

Diagram of an overpack facility:

COOLING TOWER

water-cooled

basin concept

[J],

5.1. Waste storage concepts
Numerous concepts have been considered for retrievable surface or nearsurface storage facilities [3—8, 40, 41]. These concepts are based on water,
forced air and natural convection air cooling. The principal concepts may be
subdivided into three major categories:
— water-cooled basins
— air-cooled vaults
— surface storage casks.
For each of these categories a further subdivision is possible with regard to the
type of container overpack and biological shielding. However, for the following
discussion a division into these three categories is sufficient.
5.1.1.

Water-cooled

basins

At present the storage of conditioned high-level waste in water-cooled basins
remains a concept only, although it is a commonly used technique for storing
spent fuel. Nevertheless, theoretical studies [3—6, 8] have given some possible
characteristics of a water-cooled basin storage facility. One United States concept,
which has been described in some detail [3, 5], envisages the use of stainless steel
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FIG.12.

Diagram of an overpack storage unit:

water-cooled

basin concept

[J],

lined basins. Each basin has a nominal capacity of 500, 4.25 kW stainless steel
containers (0.3 X 3 m, 177 L) placed in double-tiered racks. Heat is removed by
continuously circulating the basin water, transferring to a secondary cooling loop
and rejecting to the atmosphere from standard cooling towers. Figure 11 shows
a diagram of the system. Each basin has a pump and heat-exchanger system
ensuring a water temperature below 50°C, and a container surface temperature
below 250°C. As illustrated in Fig. 12, the containers are placed in 13 mm thick
stainless steel overpacks and overpack surface temperature is shown to be 60°C.
The water purity is maintained at less than 1.0 mg chloride/litre by continuous
filtering and demineralization. The radiation dose at the basin water surface is
estimated to be less than 1 mrem/h.
25

AIR OUTLET T E M P E R A T U R E 100°C

FIG. 13.

Diagram of a storage cell (500 units per cell): air-cooled vault concept

[J].

A water-cooled storage facility concept has also been developed by Belgonucleaire [8], under contract with the Commission of the European Communities.
This study envisages storage in four pools, each containing a nominal 3500,
5.4 kW containers (0.25 X 1.9 m, 73 L e a c h ) placed in triple-tiered racks; n o
overpacks are used. The water temperature is kept below 45°C, and this requires
a circulation flow rate of 1000 m 3 water/h. Heat transfer to the atmosphere is
accomplished by means of heat exchangers and cooling towers and a water
purification system is also envisaged.
5.1.2.

Air-cooled

vaults

Several projects related to the industrial storage of conditioned high-level
waste are based on air cooling; one of them is currently in operation now, one
is under construction, and four others are being designed. A large air-cooled
facility for storing irradiated Magnox fuel has been operating satisfactorily in the
United Kingdom since 1979 [42], and designs have been developed for LWR fuels
and for vitrified high-level wastes. The basic concepts employed [3—8] are
illustrated below.
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WATER TIGHT SEAL

FIG.14.

Diagram of an air-cooled vault concept storage unit in cell [J],

The United States study [3, 5] referred to in section 5.1.1 also envisaged an
air-cooled concept based on the same 4.25 kW containers (0.3 X 3 m, 177 L)
enclosed in a 13 mm thick stainless steel overpack (see Fig. 13). As illustrated
in Fig. 14, these overpacks are suspended vertically in conrete vaults, surrounded
by steel sleeves. Each vault holds 500 overpacked containers. Cooling air, after
coarse filtering, enters through side inlets and a lower distribution plenum and
passes by natural convection upward through the annuli between the overpacks
and the sleeves. The heated air is collected in an upper plenum and discharged,
unfiltered, via a stack to the atmosphere. The overpack surface temperature is
205°C and the container surface temperature 325°C. The complete storage
facility is envisaged in groups of seven vaults'(i.e. a total of 3500 containers per
facility).
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FIG. 15.

Perspective
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[7],

A similar, but forced air-cooled storage facility is described in the KBS
project [7]. Most of the facility is situated underground with a rock cover about
30 m thick, as illustrated in Fig. 15, and this provides good protection against
external forces. The stainless steel waste containers (0.4 X 1.5 m, 150 L) are
placed directly in steel pits in concrete trenches covered by a concrete slab. Each
trench contains 150 steel pits each with capacity for 10 waste containers. The
facility has 4 trenches for a total capacity of 6000 such containers. The ventilation
system has ample reserve capacity, for example if all the fans fail, natural air
convection will provide sufficient cooling to keep the temperature of the waste
glass within acceptable limits. Since the waste cylinders are clean, the air which
is discharged to the atmosphere is not normally contaminated with significant
radioactivity. The ventilation system can be equipped with filters and equipment
to measure radioactivity.
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RECEIVING CELL

FIG. 16.

Diagram of a sealed storage-cask

concept facility

[i].

A Nukem project [8], also under contract to the Commission of the
European Communities and performed in co-operation with Belgonucleaire,
includes extensive studies of a natural convection, air-cooled storage facility which
comprises four storage cells. Each cell is equipped with a storage rack, which is a
self-supporting structure of vertical stainless steel tube shafts in a hexagonal
arrangement. Five containers (identical to those used in the Belgonucleaire study)
are stacked directly in each shaft within the storage racks. Ambient air enters the
cells through air inlet channels arranged on the longitudinal side of the storage
building and it flows through the annular spaces between the containers and the
shafts. The heated air leaves the cells via the crane way and through outlet
channels on top of the building. In this study the maximum container surface
temperature is shown to be 281°C at the average storage rating of 3.8 kW per
container (5.4 kW when loaded). Maximum; air temperature is calculated as
n r c .
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5.1.3.

15cmwide

concept

[3],

casks

As in the case of water-cooled basin storage, the application of this concept
to the storage of conditioned high-level waste so far exists only in design schemes,
although it is in use for spent fuel storage [43], The conept involves the emplacement of the containers, with or without overpack and either individually or in
multiples into storage casks. These casks are then placed on the ground surface
in arrays as illustrated in Figs 16 and 17 [3].
In this example a container in 50 mm thick low-carbon steel overpack is
placed in a 950 mm thick concrete gamma and neutron shield and transported
to an o u t d o o r storage area where it is mounted vertically on a concrete base.
The heat is dissipated through natural convective air flow through the 150 m m
wide annulus between the steel cask and the concrete shield. For a steel container,
air will flow through the annulus at 0.9 m/s and have a temperature rise of 20°C.
Maximum temperatures under normal operating conditons will be 68°C for the
concrete, 120°C for the carbon steel cask and 245°C for the stainless steel
container.
5.1.4.

Other

concepts

Conditioned high-level wastes could also be stored in facilities similar to
those envisaged for spent fuel dry storage [40, 41 ], i.e. in simple concrete caissons
or dry wells and in transport casks or shielded containers [44], In the former,
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cooling is achieved by conduction through the walls of the caisson or dry well
and i n t o the ground (and by air convection, if the caisson is above ground). In
the latter, cooling of the cask is by natural air convection. Since both of these
concepts are completely passive, n o maintenance-prone systems are required to
guarantee removal of decay heat. The overall costs and space requirements are
the primary considerations which control their use and these concepts may find
application where small numbers of low heat generation containers are involved.
However, as a step in the process of disposing of a large n u m b e r of containers,
storage in the other types of facilities may be more cost-effective (see section 7).
Comparison of the various methods of waste storage is n o t easy as so many
factors have to be taken into account. In one a t t e m p t [42] comparison was based
on ranking f o u r storage methods against twelve separate criteria; the results are
shown in Table III. It is of course unrealistic to treat each of the criteria on an
equivalent basis, and in practice there may be one overriding factor which determines the nature of storage facility selected.
5.1.5.

A uxiliary

facilities

Storage facilities must operate 24 hours a day, all year round and for several
decades and, to ensure control of the temperature of the waste, reliable auxiliary
facilities must be provided which will differ f r o m concept to concept, depending
on choice of cooling system etc. The sealed storage-cask concepts and the dry
well or caisson concepts are in a somewhat unique position, since only supervision
and monitoring are generally needed for such storage facilities when they are
completely filled with containers. Otherwise the following auxiliaries need to be
considered :
— Electrical supply. This is necessary to ensure light, ventilation, water
circulation, control system operation, and some handling equipment operation,
and for these purposes it must be supplied by an emergency power station in
the event of any failure of the normal system.
— Ventilation equipment.
Although such equipment may be provided in a
water-cooled facility, it is an essential feature of an air-cooled facility and
some redundancy must be built into the system.
— Water supply. This may be needed for cooling and both recirculation and
cooling of the water are usually justified for both economic and operational
reasons.
— Water circulation equipment.
This must be duplicated for a water-cooled
system for the reasons given above.
— Water purification devices. Water purification will be required when the
quality of the available water is inadequate.
— Cooling devices. These must be sized in such a way that the heat removal
capacity allows a sufficient safety margin.
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TABLE III. COMPARISON OF THE VARIOUS METHODS O F WASTE
STORAGE [42]

Storage
method

Safety

Dose rate

Reliability

Waste
generation

Density
factor

Less tolerant
to increasing
safety standards

Shielding can
be short circuited
when contamination and fission
products rise to
surface

Cooling system
not passive.
Relies on ability
of pond to
retain water

Damaged fuel
containers and
filter resins etc.
are disposal
problems

Densified racking
gives high density
factor

Air environment
with natural
means of heat
removal provides
inherently
reliable
cooling system
tolerant to
increasing
severity of
hazards

No short ciruit
mechanisms to
shielding. AM
gaseous
emissions
are filtered.
Very low
operator dose
rates

Passive cooling
system using air
throughout

No damaged
fuel container
requirement,
exhauster
filters have
negligible
contamination

Good density
factor

Low operator
dose rates

Passive cooling
system using
air and
container
coolant

No waste
generation

Poor utilization of
land

No waste
generation

Poor utilization of
land

POND

VAULT

"1
Dry casking
preferred.
Substantially
higher fuel
temperatures
increase risk of
clad failures

CASK

1

few

CAISSON

^ ^

Zl
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High degree of
reliability placed
on fuel containers. Leaking
containers can
cause leak to
environment
until detected
and rectified

Low operator
dose rates

Passive cooling
system using air
and container
coolant

Total rating lowest is most preferable.
Marking from 1 to 4 in order of author's.preference (i.e. as in Ref. |42|).

<perience

Staffing

uch experience
USA for
ort- and
edium-term
orage

Operators
Maint.
Rad. Monitors

ittle experience
>r LWR fuel

Operators
Maint.
Rad. Monitors

10

11

12

Module
ability

Schedule

Cost

100%

Fuel
examination

Radioactive
release to
biosphere

27
18
5

Damaged fuel
containers
prevent easy
examination
of fuel

Pond leakage
can by-pass the
engineered
safeguard
systems

Construction
time approx.
4 years

9
3
5

Fuel can be easily
examined on
routine basis

All discharge
from store
is filtered

Construction
time approx.
3 years

Experience in UK
indicates that No.
of operators is 1/3
that of equivalent
pond facility

ittle experience
ther than
tort-term
:orage

Operators
Maint.
Rad. Monitors

9
3
5

Containers and
principle of
storage
prevent easy
examination
of fuel

Any discharge
from cask is
unfiltered

Construction
time less than
3 years

.ittle experience
ther than
tort-term
torage

Operators
15
Maint.
9
Rad. Monitors 5

Containers and
principle of
storage
prevent easy
examination
of fuel

Leaking
containers
can cause
atmospheric
pollution until
detected and
rectified

Construction
time less than
3 years

120%

110%
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FIG. 18.

External

view of Marcoule

Waste Storage

Facility.

- Monitoring equipment.
This is to ensure that all relevant operating parameters are kept under continuous surveillance.
- Equipment to handle containers.
This is required to:
— transfer containers f r o m the conditioning plant to the storage area
— place containers in the desired position
— remove containers f r o m storage for transfer to other facilities.
- Casks. Shielded casks may be required to transfer the conditioned wastes:
— f r o m the conditioning plant to the storage facilities
— on removal of containers from storage in the event of container failure
or other abnormal situations
— on removal of containers at the end of the storage period.
It is of course also essential to have the work well organized and performed by
trained and experienced staff who will also be capable of dealing with abnormal
and accident conditions.
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FIG.19.

Inside view of Marcoule

Waste Storage

Facility.

5.2. Waste storage projects
5.2.1.

Facilities in

operation

The only industrial facility in operation with conditioned high-level waste
is the forced air-cooled facility [9] associated with the AVM, Marcoule, France,
shown in Figs 18 and 19. (The exhaust air ventilation system can be seen on the
right-hand side of Fig. 18.)
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Vitrified waste containers are stored in vertical sleeves located in concrete
vaults and arranged on a rectangular grid. The shielded cask, which has been
loaded with a container from the nearby decontamination cell (not shown), is
precisely located over a particular sleeve. The cask is then used to remove the
concrete plug from the sleeve and, while holding the plug, to lower the container
into the sleeve. The operation is completed by replacing the plug over the sleeve.
There are three vault structures which are partly located below ground
level. The first one is provided with 80 storage sleeves, the second with 6 0 and
the third one (which is not yet built) is also planned with 80 sleeves. The vaults
are designed to allow the air stream first to cool the sleeves and the concrete
structure before flowing up through the annular space between the containers
and the sleeve walls.
Each mild steel sleeve is 600 mm in diameter and is suspended from the
top of the vault. One sleeve can hold 10 containers, each 1 m long. The ceiling
of the vaults is a concrete slab provided with holes above the sleeves, each of
which is closed with a concrete plug.
Cooling is by coarse-filtered fresh air which is monitored for radioactivity
before being discharged either by natural convection or by fans when forced air
cooling is applied. In this latter case the air is filtered before release to the
atmosphere via a stack.
The storage area is covered by a sheeted, steel frame structure. A 350 kN
bridge-crane is used to handle the shielded cask and various other equipment
needed to allow waste emplacement, e.g. shielded shutters and the cask for
concrete plugs.
The shielded cask is provided with an internal electrical hoist which winds
a cable to transfer the container into the sleeve and with an air cooling system
consisting of a fan and filters located at the inlet and the outlet.
The design criteria for the facility covered the following aspects:
- no contamination should be released to the environment: the barriers are
the vitrified waste, the stainless steel container (expernally decontaminated)
and the discharge air filters
- irradiation levels must be below 0.75 m R / h at the outside of the facility
- electrical failure is to be safeguarded by an emergency power system
- vault walls are to be steel-lined to prevent effect of flood or seepage
- the structure is to be able to withstand a 7 grade earthquake (Mercalli Scale)
- maximum thermal loading per sleeve: 43 kW
- maximum glass temperature: 650°C (centre line)
- maximum temperature of the load-bearing concrete structure: 60°C.
Even under abnormal conditions, for example fan failure, the temperature
limitations are fulfilled by natural convection cooling. It is also possible to use
natural convection cooling when the overall thermal loading is low enough;
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FIG.20.

Schematic

view of air-cooled storage facility at Tarapur

[26],

a condition that can be determined by measurement of air and concrete
temperatures.
The facility, which began operation in J u n e 1978, is designed to vitrify highlevel waste production at Marcoule over a 20-year period, as well as the liquid
waste already in store and arising since the start of the reprocessing plant (1958).
By July 1981, 517 containers containing glass derived from gas/graphite reactor
system spent fuels were in storage.
Another storage facility, still in operation at Marcoule, is associated with
the PI VER pilot vitrification plant and started using forced air cooling in 1969.
175 fully radioactive blocks, each weighing 90 kg, are stored there in vertical pits;
164 are derived f r o m gas/graphite reactor system spent fuels, the other f r o m FBR
spent fuels. This facility has been used for experimental safety studies.
5.2.2. Facilities under

construction

The one facility presently under construction is that associated with the
Waste Immobilisation (Vitrification) Plant at Tarapur, India [10, 11 ]. A schematic
view of the natural draught air-cooled facility is presented in Fig. 20.
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FIG. 21.

Sectional

view of storage unit at Tarapur

[26].

The facility is designed to store waste containers produced over a period of
about 20 years with provisions for continous cooling, surveillance and monitoring.
Figure 21 shows a section of waste container and the vault. The container has
an outside diameter of 324 mm, is 770 mm long, and contains 45 litres of waste
with a projected heat generation rate of about 1.75 kW. Two such containers
are enclosed in a secondary container and the container is totally sealed by
remotely welding on a lid, thus producing a storage unit.
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The storage units are arranged vertically on an equal triangular pitch of
825 mm. The cooling air enters through a screen to an inlet air plenum and is
distributed into the compartments through ducts. The cooling system utilizes
the decay heat and a suitably designed stack (100 m high X 3 m top diameter)
to provide the driving force for the movement of air through the storage vault.
The system will be self regulating and can compensate for changes in heat load
and weather conditions; thus, as heat generation rates fall, both air flow and
temperature decrease. An air flow of about 228 700 cubic metres per hour will
be induced through the vault when full.
The storage facility will be built in modules, with the construction of each
module timed to suit the storage requirement. To ensure optimal heat transfer
efficiency, each storage module is divided into two sections with each of the
sections further divided into three compartments. Individual compartments
could be isolated if this were required. The storage capacity of each compartment
is 332 storage units.
The structural design of the facility had to take account of certain specific
site requirements to isolate the thermal effects from the load bearing structure
and to prevent any water ingress. This was achieved by use of a double vault
system in which the inner storage vault is designed on thermal considerations and
the external vault on structural and biological shielding considerations including
protection from all credible accidents. The external vault also serves to isolate
any seepage of ground water from the immediate environs of the storage units.
The vault will be filled in a predetermined manner in order to optimize
storage conditions. In this way each of the six compartments will receive one
storage unit in turn, and thus the peak heat load in any compartment will not
exceed about 510 kW. If each compartment were filled in turn, however, the
maximum cumulative heat load in one compartment could reach about 820 kW.
The progressive filling pattern has the advantage of providing for a lower heat
load in an individual compartment, although compartmental filling would facilitate
isolation of waste if this were required. Compartments can be filled from either
side, i.e. towards the air inlet side or away from it. In the former case fresh
storage units are placed nearer to the cooler air and would lead to maximum
temperatures of 85°C for the air and 500°C for the glass centre line.
Safety criteria considered during the design phase are summarized below:
— Multiple barriers to contain activity, i.e. the borosilicate matrix, externally
decontaminated high integrity, all welded stainless steel container and the
seal welded carbon steel secondary container
— Provision of double vault
— Discharge of exhaust air at high level
— Safe handling
— Retrievability and provision for reconditioning or repackaging
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- Continuous monitoring, i.e. air and concrete temperatures, air flow rate
and activity and periodically near-field ground water
— Complete biological shielding — the structure is below ground and the
maximum radiation level in the operating areas less than 1 m R / h .
5.2.3. Facilities under

design

Other facilities associated with vitrification plants are currently being
designed and all will use air cooling. The vitrification plants are AVB (at Mol,
Belgium), AVH (at La Hague, France), and WVP (at Sellafield, United Kingdom).
The storage facilities at AVB will be very similar to those at AVM. The storage
facilities at AVH and at WVP will have to handle waste with a heat generation
rate of up to 25 W/L of glass due to the reprocessing of LWR spent fuels.

6.

SAFETY ASSESSMENT

The object of safety assessment is to convince particular groups of people,
e.g. designers, operators, local authorities, regulatory bodies, that a proposed
installation will be adequately safe. In this context, 'adequately safe' implies
that the views of such groups (each having its own interpretation of 'adequate
safety') can be taken into account, usually in a numerical or quantitative manner.
The risks expected f r o m proposed plant designs can then be estimated and
compared with appropriate risk criteria to form risk assessments. Where an
assessment shows the proposed installation to be 'adequately safe', it would be
expected that the regulatory authorities would allow construction and subsequent
commissioning and operation of the plant to proceed. The manner in which a
quantified risk assessment could be carried out to back up the more usual
qualitative safety assessment is outside t h e scope of this report. However,
Refs [45—55] contain information on important facets of risk assessment and,
in some cases, on the overall methodology used in the completion of quantitative
risk assessments.
The installations of interest in this report are those dealing with the handling
and storage of conditioned high-level waste. Some of the considerations made
during the course of design to ensure adequate safety are discussed and examples
are given of specific installations with brief c o m m e n t s on the results of quantified
risk assessments.
6.1. General design features
The safe storage of conditioned high-level wastes requires that the containment provided to prevent even minute fractions of the total inventory of
fission products f r o m escaping to the h u m a n environment must be designed and
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constructed to extremely high standards. The containment must be capable of
withstanding the effects of the large quantities of heat dissipated by the wastes
during handling and possibly for several decades of storage. F u r t h e r m o r e , the
containment must retain this capability n o t only for normal operation but for
abnormal and accident conditions which might result f r o m fault conditions
generated within or external to the plant, for example:

Plant-induced

faults

- failure of ventilation equipment
- failure of instrumentation and control
- loss of cooling capacity
- loss of power supplies (which may lead to any or all of the preceding faults)
- vehicular or construction damage
- failure of structural containment (randomly or as a result of an energetic
reaction, e.g. fire, explosion, criticality or plant-generated missile)
- h u m a n error (or series of errors).

External

hazards

— extreme weather condition (temperature, wind, snow, ice, flood)
— avalanche
- earthquake
— explosive (or toxic) gas cloud or liquid spillage
- missile (including aircraft crash)
- sabotage or hostile act.
In considering plant-induced faults, designers expect equipment such as
monitoring instruments, fans, dampers or remote-handling tools, to fail
occasionally. Where continuous operation of such devices is essential, additional
equipment is provided. The n u m b e r of additional or stand-by items of equipment
(the degree of redundancy) is dependent on several factors, including the
permissible outage time of the equipment concerned, the anticipated failure
rate of that equipment, the repair time, the test time and whether partial
failures are self-revealing or only f o u n d during testing. It would be difficult and
costly — but usually unnecessary — to duplicate massive structures provided
for shielding and containment. These are usually extremely strong and would
only fail because of gross errors in design, construction and quality control.
Moreover, such weaknesses should be seen during commissioning which is
arranged to check that the plant, its containment and equipment f u n c t i o n
correctly prior to moving to an operational condition.
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By means of careful appraisal it is possible to consider so-called 'credible'
fault conditions ('incredible' faults might be those known to be of extremely
low frequency though having a finite chance of occurrence such as damage from
substantial meteorites) and demonstrate that arrangements have been made
either to minimize the frequency of fault sequences leading to a release of
activity, or to limit the release of activity. By means of qualitative analysis,
fault conditions such as those listed above can be considered with respect to
their eventual consequences. This type of analysis could include the preparation
of tables listing the sequence of failures and consequences such as shown in
Tables IV, V and VI. Whilst these are of considerable help to designers in
providing a check that there is always a backup or standby system to arrest the
fault sequence, they give little indication of the likelihood of the standby system
(and further standby systems) also failing from interactive faults, or of the
eventual risk to life or health. This information can be found by quantified risk
estimation consisting of hazard and operability studies (HAZOPS), event-tree
and fault-tree analysis, reliability assessment, hazard frequency and consequence
analysis and integrated risk estimate. The calculated risk can be used to show
that the risk is very low or, for completeness, it can be compared with considered
values of acceptable risk to show that risk and hence safety are adequate. In
the remainder of this section, examples are given of both water- and air-cooled
storage systems and comments are made on both qualitative and quantitative
aspects of safety assessment.
6.2. Water-cooled storage basins
Table IV contains a list of initiating fault conditions or partially developed
faults together with a statement on the expected sequence of events that would
take place with brief comments on the safety features (safety systems) that
would be invoked and the consequences of the faults. The list is not exhaustive
and is somewhat generic in content for water-cooled basins.
A quantitative risk estimate has been carried out in the Belgonucleaire
study [8] of a water-cooled storage facility. One of the more extreme fault
sequences studied was the boiling of the water in the storage basin caused by
failure of the primary or secondary cooling circuit. Using reliability assessment
techniques and typical failure rates, it was found that the frequency of occurrence
of the fault condition was 8.1 X 10~ 5 /a. At 100°C the release fractions from the
glass matrix to the steel shell, steel shell to the water in the basin, and from the
water in the basin to the atmosphere were estimated to be 5.3 X 10" 8 /h,
7.1 X 10" 7 /h and 4.2 X 10~ 6 /h, respectively; the overall release fraction would
thus be 1.6 X 10~ 19 /h. With an estimated duration of failure of 206 h (average),
the quantity of activity released during the system down-time was thus estimated
to be 2 X 10 4 Bq (5.4 X 10" 5 Ci) {206 X 1.6 X 10~ 19 X inventory of radioactivity}.
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TABLE IV. BEHAVIOUR O F WATER-COOLED BASINS UNDER POSTULATED ABNORMAL CONDITIONS
AND ACCIDENTS
Abnormal conditions or accidents

Sequence of events

Safety systems

Loss or shutdown of
electrical power

Water circulation stops.
Ventilation stops.
Control systems shut down.

Emergency power starts.
Primary equipment is
restarted.

Ventilation system failure

Fans do not run.
The upper atmosphere is
no longer exhausted.

Backup ventilation
system starts.

None

Monitoring system failure

Measurements are not
performed.

Alarm indicates failure.

Part of information about
status of facility is not
obtained.

Control system failure

Various gauges and control
systems are out of use.

Redundant primary controls
activate and others shut
down in fail-safe mode.

None

Container failure in basin

Activity enters water basin.

Monitoring system detects
activity.

No release. Identification and
repair of canister required.
Decontamination of water
required.

Leakage from cooling basin

Water creeps into
environment.

Instrumentation indicates
leakage.

None or slight contamination
of the close ground (if the
water is contaminated).

Consequences
•

None

TABLE IV (cont.)
Abnormal conditions or accidents

Sequence of events

Safety systems

Consequences

Leak in water treatment
system or in the heat
exchange system

Water spreads in some parts
of facility.

Instrumentation indicates
leakage.

None or slight inside
contamination (if water is
contaminated).

Failure of cooling water
circulating system

Water is not flowing.

Redundant circulation
system starts.

None

Fire in building

Fire is detected.
Fire is extinguished.
Some equipment is damaged.

Fire detectors and alarm operate.
Extinguishers
automatically start.

Equipment to be replaced.

Construction designed to
withstand tornadoes and
earthquakes more severe than
have ever occurred in area
where facility is located.

None

Tornado or earthquake

The equivalent annual release would be 1.6 Bq/a (4.3 X 10" 9 Ci/a) {2 X 10 4
X8.1X10"5}.

This is an insignificant release as might be judged f r o m the effects of the
activity released during the 1957 Windscale Incident [56] when an aerial release
of a few tens of thousands of curies ( 1 0 1 4 - 1 0 1 5 Bq) led to a m a x i m u m dose
u p t a k e of some 16 rem (0.16 Sv) to the most affected m e m b e r of the public
which, given a linear correlation between whole-body dose and the probability
of cancer, would incur a b o u t a 10~ 3 chance of cancer in the following decade
or two. Thus, the risk to h u m a n life would be some ten orders of magnitude
lower than that arising f r o m conventional industry (about 10~ 4 /a).
By comparison, the anticipated release f r o m normal, safe operation was
estimated at 5.2 X 10 2 Bq/a (1.4 X 10" 8 Ci/a), still very much lower than the
permissible discharge limit.

6.3. Air-cooled vaults
Table V contains a generic list of initiating fault conditions together with a
limited sequence of events that would take place, the safety systems that would
be invoked and the eventual consequences of the fault condition for air-cooled
storage facilities. Some of the findings of the Nukem [8], French AVM and
PIVER [57] and Tarapur [26] studies are commented upon in the remainder
of this section.
6.3.1.

Nukem

study

In the study of the safety aspects of a natural convection air-cooled storage
facility, described in section 5.1.2, the only relevant release r o u t e f o u n d by fault
tree analysis was via the cooling air flowing i n t o the biosphere without filtration.
The barriers against release are'the immobilized waste f o r m (glass) and the
container.
Because of the dry atmosphere in the storage vaults, it was assumed that the
container barrier would n o t be affected by corrosion. Due t o the high temperature
levels in air-cooled storage, cracks f r o m stresses caused by different expansion
coefficients were considered negligible. F u r t h e r m o r e , direct chemical influence
of the cooling air o n the glass matrix was not expected, so release through the
barriers during normal operation should not occur.
A spontaneous release via the cooling air would only be possible in the
event of dropping of a container during the loading or unloading process, resulting
in its fracture and the release of glass particulate. If all the < 2 0 (im particles
arising f r o m a 15 m fall [58] became entrained with the cooling air, and with a
release fraction f r o m the container of 1.0, the estimated release fraction ( f r o m
the whole storage inventory) would be 7 X 10" 13 . On the basis of typical
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TABLE V. BEHAVIOUR OF AIR-COOLED STORAGE FACILITIES UNDER POSTULATED ABNORMAL
CONDITIONS AND ACCIDENTS
Abnormal conditions or accidents

Sequence of events

Safety systems

Consequences

Loss or shutdown of
electrical power

Ventilation stops.
Control systems shut down.

Emergency power starts.
Primary equipment is restarted.

None

Ventilation system failure

Fans do not run.
Natural convection occurs.4

Backup ventilation system
starts.

None

Monitoring system failure

Measurements are not
performed.

Alarm indicates failure.

Part of information about
status of facility is not
obtained.

Control system failure

Various gauges and control
systems are out of use.

Redundant primary controls
activate and others shut
down in fail-safe mode.

None

Container failure

Immobilized
waste form

Monitoring system detects
- Air stream
leaches waste activity.
Filtration.

None, provided waste
temperature is below 600°C.

Powdered
waste
form

— Air stream
Monitoring system detects
leaches waste activity.
and carries
Filtration.
some
radioactive
dust

Filter contaminated.
Possible contamination of
some parts of the internal
equipment.

Fire in building

Tornado or earthquake

Facilities designed for this option.

Fire is detected.
Fire is extinguished.
Some equipment is damaged

Fire detectors and alarm operate.
Extinguishers
automatically start.

Equipment to be replaced.

Construction designed to
withstand tornadoes and
earthquakes more severe than
have ever occurred in area
where facility is located.

None

TABLE VI. CONSEQUENCES OF ABNORMAL CONDITIONS OR ACCIDENTS DURING HANDLING O F
WASTE CONTAINERS
Abnormal conditions or accidents

Sequence of events

Safety systems

Consequences

Failure of device used for
normal transfer from
conditioning area to an
adjacent storage area

Container remains in place
between the two areas.

Operation can be completed
by using alternate remote
handling equipment available.

None

Dropping cask containing
waste container

Cask falls in basin or
on a concrete floor.

Floor, basin structure and
cask are designed to
withstand such an impact.

Interruption of operation.
Cask to be transferred to a
suitable maintenance cell for
inspection, repair or discard.
Container to be placed in
another cask, after inspection
and repair, if needed.

Dropping container in
sleeve or basin
or
dropping heavy objects on
container

Container falls to bottom
of sleeve or basin, or
on previously stored
container.

Special equipment and
facilities are designed to
retrieve, inspect and
repair damaged containers.

Possible contamination of
coolant.
Reconditioning of waste, if
necessary.

failure rates for cranes [59, 60] and the pessimistic assumptions that in the event
of crane failure a container would fall 15 m and that each such fall would lead
to container failure, the frequency of occurrence of a failed container would
be 2.6 X 10" 6 /a and the consequent release would be 4.3 X 10 8 Bq
(1.2 X 10" 2 Ci). Hence, the average annual release would be 1.1 X 10 3 Bq/a
(3 X 10" 8 Ci/a) {2.6 X 10" 6 X 4.3 X 1 0 8 } .
Following the reasoning advanced in section 6.2, the risk to life f r o m such
an event would be insignificant (several orders of magnitude lower than the
background level of risk) and therefore acceptable.
Safety assessments were also carried out to investigate the effects of
potential external hazards which showed that, given proper structural design,
the risks f r o m such events would also be acceptable. .
6.3.2.

French A VM and PIVER

studies

For the operating facilities described in section 5.2.1, risk studies similar
to those described above were carried out. Although a high degree of reliance is
placed on the integrity and cleanliness of the containers, a container could be
dropped and ruptured when being loaded, so the system is designed for forced
air cooling with the exhaust air being filtered and monitored. To assure long-term
container integrity, the controls placed on the thermal loading of the vault were
set on the basis of limiting temperatures to acceptable levels during forced air
cooling as well as natural convection air cooling.
Figures 22 and 23 show, respectively, the maximum calculated temperature
distributions for these two conditions immediately after a vault (80 sleeves) is
filled with containers at the limit of 43 kW per sleeve, corrected for the decay
occurring during the time of filling. In the case of the natural convection the
steady-state condition is calculated to be reached about three hours after forced
air circulation stops.
Whereas the calculated m a x i m u m glass temperature for the AVM facility
is 650°C and the limiting heat generation rate was set at 50 W/L glass, these
criteria are being lowered for the AVH facility to 460°C and 25 W/L glass,
respectively, to add conservatism to the design for this new facility.
None of the temperatures in Fig.22 has, in practice, been approached during
operation because the actual heat loadings are well below the limits. Nevertheless,
thermal controls are operative and measurements of the following types are
being made routinely:
- temperatures at various points of the concrete and temperatures of the air
stream at various locations (fresh air, before and after the sleeves, before
final filtration)
- air pressures and pressure drops
- the air flow rate at the stack discharge.
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FIG.22.
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FIG.23.
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Other aspects of safety are also considered. For example, the gamma
activity of the exhausted air is monitored at the stack level as is the possible
occurrence of water at the b o t t o m of the vaults.
In order to improve theoretical models used for thermal calculations, the
PIVER storage facility, also described in section 5.2.1, has been used to provide
useful data. Specifically, it has been possible to evaluate the effects of some
variables through comparisons of actual and theoretical data, for example:
(a)

(b)

6.3.3.

A pit filled with FBR type glasses ( 1 0 W/L) was successively cooled with
a 7600 m 3 / h and a 13 600 m 3 / h air stream. The corresponding glass
centre-line temperatures remotely measured were 160 and 135°C,
respectively. The m a x i m u m temperatures in the pit were 55 and 47°C.
A deliberate shutdown of the 13 600 m 3 / h forced air stream and of natural
convection cooling (leaving only conduction cooling) led to temperatures
of 210°C at the glass centre-line and 34°C at the b o t t o m of the pit wall
(44°C being the m a x i m u m wall temperature). Steady-state conditions were
reached after 24 hours.
Storage facility

at

Tarapur

The Tarapur air-cooled storage facility, described in section 5.2.2, utilizes
decay heat of waste, engineered design of the vault and stack to induce air flow
by natural draught to control temperatures. Since this type of storage utilizes
passive cooling, its effectiveness is assured unless accident conditions cause
structural damage or restricted air flow.
The maximum credible accident affecting the cooling is one in which the
stack collapses on itself and blocks the exhaust plenum, thus cutting off air
flow until the plenum is unblocked. The analysis of the heat sink potential of
the structure indicated a specific heat input requirement of 3.9 X 10 6 kcal
per deg C temperature rise. This is equivalent to a rate of temperature rise of
about 0.6°C per h o u r at peak load conditions. A theoretical analysis of the
consequences of the m a x i m u m credible accident on the temperature rises
in the concrete.structure, waste glass and air was carried o u t . It was estimated
that the glass centre-line temperature would not exceed 600°C after a period
of 24 hours which is expected to be sufficient to allow the plenum to be cleared
and thereby restore air flow. Some circulation of air in the annular space
between the primary and secondary vaults could also be expected, thereby
providing f u r t h e r potential for heat removal.
The most significant fault condition identified in the risk analysis involved
failure of storage unit handling equipment resulting in a loss of integrity of
b o t h container and overpack. The impact could result in breakage of the
monolithic glass block causing glass particulate to be entrained by the cooling air
stream. The frequency of such an accident was estimated to be 2.2 X 10" 6 /a
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with the release from the accident being estimated as 5.5 X 10 7 Bq
(1.5 X 10" 3 Ci). The equivalent annual release is 1.2 X 102 Bq/a (3.3 X 10~9 Ci/a)
{2.2 X 10" 6 /a X 5.5 X 10 7 Bq}.
As shown previously, an annual release of this magnitude would pose
negligible risk.

6.4. Handling and transport
Handling of waste containers in a storage facility, as well as during the
transfers of containers from the conditioning step and to the disposal repository,
is an operation similar to that of handling spent fuels. It is a vital step and
possibly one of the operational steps most vulnerable to accidents (e.g. by
dropping) that might result in a release of radionuclides from a waste container.
However, the overall safety of handling steps can only be assessed in the context
of the facilities in which they are performed. For illustrative purposes, Table VI
briefly summarizes some of the major abnormal conditions or accidents that
need to be considered in designing for the handling of waste containers; the
consequences to be expected from these situations are also indicated. Safety
assessments of transport operations need to consider the following types
of events:
- traffic accidents involving a potential loss of integrity or function of a
cask, including a potential for rupture of a container;
— traffic conditions causing unusual delays of shipments if cooling functions
are time dependent.
As with spent fuel transport systems, waste container shipping casks need to be
designed to protect the public and transportation workers from exposure to
their contents following such events. Maintenance of the physical integrity
and function of spent fuel shipping casks during potential accident conditions
has been tested under extremely severe conditions and found to be adequate
[34, 35, 61]. Conditioned high-level waste shipping casks and transport
operations should be designed with the benefit of the experience gained with
spent fuel shipping casks.
Although there is little relevant statistical data available on the movement
of containers of high-level waste, current methodology would allow the
probability of accidents to be derived by comparison with journeys made by
similar traffic. Having derived an estimate for the probability of accident per
journey, the probability, degree of damage and accompanying activity release
could then be estimated. It would not be expected that the risk would be
significantly different from that assessed previously for the fault conditions studied.
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6.5. Conclusions
As indicated above, techniques are available to enable the risks associated
with the handling and storage of conditioned high-level wastes to be assessed.
It has been found that the more significant fault conditions would give rise to
very infrequent releases of radioactivity of relatively low magnitude. The average
annual risk from such events would be lower than that from releases arising
from normal operation. The extremely high integrity of the glass matrix and
the enveloping steel container ensures that the risks are likely to be many
orders of magnitude lower than the conventional risks from industry or from
other risks to which members of the public are exposed.

7.

ECONOMIC CONSIDERATIONS

The purpose of this section is to provide an overview of the variables that
can affect the cost of storing conditioned high-level wastes and to present
information which provides some perspective on capital, operating and lifetimeaverage unit costs.
Although three data sources were reviewed [5, 8, 23] with the aim of
providing a basis for comparison, only one (the United States DoE study [5])
was considered to present sufficient data over the range of different storage
concepts for this purpose. Even so, certain data relating to spent fuel storage
facilities had to be adopted for use with conditioned high-level wastes.
The information presented here is therefore limited by the specific set of
assumptions used in developing it, including the conditions for construction and
operation (based in the United States of America). Extrapolation of this
information to specific applications or to other countries should not be attempted
without additional specific cost analysis.
Because the cost of conditioned high-level waste storage will be influenced
by the characteristics of the waste, the containers assumed by two of the studies
(DoE [5] and CEC [8]) were selected for comparison. The essential features of
the two containers are given in Table VII together with the heat generation rate
of e^ch container at the time of emplacement in storage. The characteristics
assumed for the KBS study [23] container are also included for information.
The capacity of the container and the level of waste oxide incorporation
dictate the number of containers produced by a particular programme and, in
general, it can be expected that the unit costs (on either a spent fuel or a power
generated basis) of handling and storage will be influenced by this number.
However, heat removal requirements will also influence costs, and distributing
the waste among more containers, for example, might simplify heat removal
by providing more surface area for transfer of this heat to the cooling medium.

53

TABLE VII. CHARACTERISTICS O F HIGH-LEVEL WASTE STORAGE
CONTAINERS
DoE [5 ]
Waste oxides incorporation, %
Diameter, m
Length,m
Net volume, L
Age of waste, a
Fuel exposure, MW • d/t

CEC [8]

KBS [23 ]

30.00

20.00

10.00

0.30

0.25

0.40

3.0

1.8

1.5

178.0

73.0

150.0

6.5(10)
29 000

3.0
36 000

10.0
33 000

Equivalent quantity of
spent fuel, t

3.1

1.0

1.0

Heat generation, kW/container

4.6(3.25)

5.4

1.1

Furthermore, although optimization of storage costs may be achieved in this way,
overall cost optimization needs to take account of the other stages in the waste
management system as identified in section 2.
Handling and storage costs will also be affected by the extent of integration
achieved with associated facilities and with the waste conditioning facility in
particular.
7.1. Bases for cost analyses
F o r the purpose of this report all costs have been escalated to a 1980 constant
dollar base and inflation effects beyond 1980 have,been ignored. Since requirements for return on invested capital can vary widely, depending on application and
whether the finance is provided by Government or private industry, a 10%/a
return on investment capital has been taken as a basis, although the effects of
5 and 15% rates are also considered. Taxes have not been included because of
national differences and because Government financing may exclude taxation.
Storage costs are developed by present-worth techniques to give a single net present
worth, which, if invested at the beginning of the storage period, would cover all
emplacement (loading), storage and retrieval (unloading) costs. The net present
worth for a specific application may vary from the value given here by some 30 to
50% depending on the interest charges and tax rates that could be applied.
Storage cost estimates cover three storage periods:
(a)
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5-year storage which represents an application where conditioned waste is
stored for only a few years after conditioning to permit the radionuclides

to decay and the heat generation rate t o decrease to a level suitable for
emplacement in a long-term storage facility or early emplacement in a
geological repository. Because the 5-year storage inventory is turned over
several times over the lifetime of the facility, the cost of construction is
shared with the result that 5-year storage costs are generally lower than for
long-term storage where the facility may be loaded only once during its
lifetime.
25-year storage which represents about the shortest 'long-term' storage
period, where the storage facility may be loaded only once during its lifetime.
50-year storage which represents a longer period of long-term storage and
illustrates the small impact on storage costs that extended storage periods
may have.

(b)
(c)

Further details of the basis for the cost derivations for each of these cases are
presented in the Appendix.
7.2. Scope of storage facilities considered
In the DoE study [5] two facilities for storing conditioned high-level waste
are described. One is a water-cooled basin facility integrated with the fuel
reprocessing plant and intended for 5-year storage, and the other is a sealed
storage-cask facility designed as an independent facility for long-term storage.
The following independent spent fuel storage facilities are also described and it is
these which have been adapted for use as conditioned high-level waste storage in
this report:
- a water-cooled basin - short term (spent fuel capacity 3 0 0 0 t HM)
- a water-cooled basin - long term (spent fuel capacity 20 0 0 0 t HM)
— an air-cooled vault — long term (spent fuel capacity 20 000 t HM)
— a dry caisson — long term (spent fuel capacity 20 000 t HM)
Storage costs for each facility have been estimated for two sizes of container,
which are as described in Table VII for the DoE and CEC studies and which
contain high-level waste from the equivalent of 3.1 and 1 t of spent fuel,
respectively.
7.3. Costs of storage facilities
7.3.1.

Water-cooled

basin storage

costs

The principal factors in water-cooled basin facilities that affect storage
capacity and thus storage costs are storage area, storage area per container,
number of container tiers, allowance for spare capacity, container capacity,
heat removal capacity and the loading and unloading capacity.
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TABLE VIII. CHARACTERISTICS OF WATER-COOLED BASIN STORAGE FACILITIES
Independent facilities3
Integrated facility
'Long-term' facility0

'Short-term' facility b
Basin dimensions in metres
WXLXH

5.8 X 11 X 11.6

Number of basins

8

Total basin area, m 2

'

6

510

Basin area per single
tier container, m 2

14 X 62.5 X 9

12.2 X 18.9 X 9

10
8750

1383
0.21

0.25

0.20

Heat removal capacity, MW

72

60

400

Spare capacity, %

14

17

10

700

2200

4400

Receiving capacity, containers/a

Container type
Number of tiers
Capacity
Containers, number
Fuel equivalent, t HM
Heat removal minimum average
age limit, a
a
b
c

DoE

CEC

DoE

DoE

CEC

CEC

2

4

1

2

1

2

3 500

7 000

5 600

11 200

40 000

80 000

11 000

.7000

17 400

11 200

124 000

80 000

1

10

4

10

3

1.5

Independent spent fuel facilities adapted for conditioned high-level waste storage.
Relatively small capacity facility (spent fuel capacity: 3000 t).
Much larger facility (spent fuel capacity: 20 000 t).

The characteristics of the water-cooled high-level waste storage facilities
considered here are summarized in Table VIII. F o r placing CEC study
containers in the DoE study facilities it was assumed that the same n u m b e r
of containers could be placed in the same lateral area. For placing high-level waste
containers in spent fuel storage facilities it was assumed that a high-level waste
container could be placed in the same lateral area required for a packaged (i.e.
containerized) PWR assembly. Where possible, multiple tiers of containers were
assumed to be stored in the basins as long as a minimum of 3.8 m of water covered
the upper container. However, the containers do not use the storage area with
equal efficiency (the basin area per container varies by a factor of two to three
between the facilities) and improvements could clearly be made by designing the
facilities for a specific container.
Sufficient capacity was maintained in each of the facilities to provide space
for unloading one of the basins for example for maintenance purposes, and this
was provided by setting aside one of the basins as a spare.
Although heat removal capacity places some limitation on the average age
of the high-level waste that can be handled in storage, the allowable average age in
any facility would always be less than about 10 years.
The loading capacity was assumed to be the same for either the DoE or
CEC study containers, and for the spent fuel facilities the loading capacity for
high-level waste containers was assumed to be equal to the loading capacity for
containerized PWR assemblies. The unloading capacity was assumed to be the
same as the loading capacity.
Unit cost estimates in terms of 1980 US thousands of dollars per tonne of
spent fuel are summarized for each of the facilities covered by Table VIII and
Table IX. Unit costs for 5-year storage range from US $(4.7 - 8) X 10 3 per t o n n e
of fuel for the integrated facility to U S $ ( 1 0 - 1 6 ) X 10 3 per t o n n e of fuel for the
independent facility. A 5-year storage cost was not derived for the long-term
facility because it is so poorly adapted to that type of storage. The independent
facility costs are higher because of the additional handling and service facilities
required and it can be concluded that short-term storage is more economically
integrated with the fuel reprocessing plant and conditioning facilities.
Unit costs for 25-year storage are all about a factor of 3 higher than those
for 5-year storage when the same facility and container are compared. The
principal reason for this is that the entire facility must be charged off against a
single loading of containers, whereas with 5-year storage the inventory is turned
over five times during its lifetime and the costs are thus shared over more units
of high-level waste. The unit costs range f r o m about US $ 10 X 10 3 per tonne
for the long-term independent facility to about US $46 X 10 3 per tonne for the
short-term facility with the CEC study containers. A third tier of containers
which could be accommodated with a 0.5 m increase in water depth would,
however, reduce that high cost by one third, in which case the upper range value
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TABLE IX. COSTS O F WATER-COOLED BASIN STORAGE FACILITIES ( 1 9 8 0 US $)
Independent facilities3

Integrated facility
'Short-term' facility
Construction cost, US S106

77

'Long-term' facility
612

280

6

Operation cost, US $10 /a
Passive storage

1.5

3.5

17

Incremental load/unload

1.0

2.5

4

Total

2.5

6.0

21

Container type

DoE

CEC

3.8

6.1

DoE

CEC

13.8

—

—

—

—

12.5

DoE

CEC

8.9

5-year storage, US $103/t
Capital charges
Operation charges
Total

b

0.9

1.9

1.3

2.1

4.7

8.0

10.2

15.9

11.4

17.9

26.2

40.6

8.0

2.2

3.5

3.4

5.3

1.6

13.6

21.4

29.6

45.9

9.6

15.5

11.4

17.9

26.2

40.6

8.0

12.5

2.3

3.6

3.4

5.4

1.7

13.7

21.5

29.6

46.0

9.7

3

25-year storage, US $ 10 /t
Capital charges
Operation charges
Total

3.0b

3

50-year storage, US $10 /t
Capital charges
Operation charges
Total
a

As described in Table VIII.
k Incremental load/unload cost doubled here to provide for high handling requirement relative to design basis.

3.1b
15.6

TABLE X. CHARACTERISTICS O F AN INDEPENDENT AIR-COOLED
VAULT F A C I L I T Y 8
'Long-term' facility
Vault dimensions in metres
9.3X49.1X7.3

WX LX H
Number of vaults

20

Total cell area, m 2

9430

Cell area per single tier container, m 2

0.21
Natural draft

Circulation
Heat removal capacity, MW

>27

Spare capacity, %

5

Receiving capacity, container/a

4400

Container type

DoE

Number of tiers

CEC
1

2

42 000

84 000

130000

84 000

Capacity
Containers, number
Fuel equivalent, t HM
Heat removal minimum average
age limit, a

a

> 1 0

;

>10

Independent spent fuel storage facility adapted for conditioned high-level waste storage.

would be about US $30 X 10 3 per tonne. Unit cost estimates for the long-term
facility range from US $(9.6 to 15.5)X 10 3 per tonne and d e m o n s t r a t e the
advantage of very large facilities for long-term storage.
The unit costs for 50-year storage are shown to be very similar to those for
25-year storage and this results from the basis assumed for allocating.the capital
charge.portion.
7.3.2. Air-cooled

vault storage

costs

The same basic factors affect the capacity of the air-cooled storage facilities
as affect the water-cooled facilities and similar assumptions in respect of
capacity for containers were made in this case.
The characteristics of the air-cooled vault storage facility are summarized
in Table X.

59

TABLE XI. COSTS OF INDEPENDENT AIR-COOLED VAULT STORAGE
FACILITY 3 ( 1 9 8 0 US $)
'Long-term' facility
Construction cost, US $106

825

6

Operations costs, US $10 /a
Passive storage

1.5

Incremental load/unload

4

Total

5.5

Container type

DoE

CEC

10.3

16.0

25-year storage costs, US $10 3 /t
Capital charges
Operation charges

0.4

Total

l.lb

10.7

17.1

10.3

16.0

3

50-year storage costs, US $ 10 /t
Capital charges
Operation charges

0.4

Total

10.7

1.2 b
17.2

a

As described in Table X.
k Incremental load/unload cost doubled here to provide high handling requirement relative
to design basis.

The costs for the air-cooled vault storage are summarized in Table XI.
Because the facility is intended for long-term storage, the costs for 5-year storage
were not estimated.
As in the case of the water-cooled basin storage facilities, and for similar
reasons there is very little difference between the 25-year and 50-year storage
costs. Costs for the air-cooled facility are also similar to those for the long-term
water-cooled basin storage facility.
7.3.3.

Storage casks and dry caisson storage

costs

F o r the storage cask and dry caisson concepts, storage area is only a minor
c o m p o n e n t of the total cost which is largely determined by the individual storage
units.
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TABLE XII. CHARACTERISTICS OF STORAGE CASK AND DRY CAISSON INDEPENDENT STORAGE
FACILITIES
Storage casks

Receiving capacity, containers/a

2 000

Heat removal capacity, kW/unit

>

4.4

Number of storage units
Container type

Spent fuel storage
casks3

20 000
DoE

Containers/storage unit

Spent fuel dry caisson
facilities3

6 600

6 600

>

2.5

11 200
DoE

CEC
1

2

Containers, number

20 000

Fuel equivalent, t HM

62 000

2

15 700
DoE

CEC
1

3

40 000

11 200

40 000

34 700

5

~ 10

CEC
1

3

33 600

15 700

47 100

33 600

48 700

47 100

~ 10

~ 10

~ 10

Storage capacity

Minimum age (heat limit), a

a

Adapted for conditioned high-level wastes.

6.5

OJ

TABLE XIII. COSTS OF STORAGE CASK AND DRY CAISSON INDEPENDENT STORAGE FACILITIES
(1980 US $)
Storage casks

Construction costs, US$10 6

Spent fuel storage
casks3

139

Spent fuel dry caisson
facilities3
519

179

6

Operation costs, US $10 /a
Passive storage

2.2

1.7

31.4'

3.3C

5.3

3.6

4.0

58.1

37.2

9.0

5.2

Storage units

47.6

Incremental load/unload
Total
Container type

DoE

DoE

CEC

DoE

CEC

17.3

17.9

1.8

1.9

19.8

19.1

19.8

17.3

17.9

1.8

1.8

19.1

19.7

CEC

25-year storage costs, US $10 3 /t
3.7

Capital charges
Operation charges

9.4

5.7
b

13.1

Total

8.7

8.4
b c

16.0 '

10.8

21.7

19.2

b

11.l

c

3

50-year storage cost, US $10 /t
Capital charges

3.7

Operation charges

9.4 b

Total

3
b
c

13.1

8.4

8.7

16.0 b ' c

10.8 b

11.lb

21.7

19.2

19.8

5.7

As described in Table XII.
Operation charges include cost of storage units.
Incremental load/unload costs doubled here to provide for high handling requirement relative to design basis.

The characteristics of the storage cask and dry caisson storage facilities,
which are intended for long-term storage, are summarized in Table XII. Only
one of the three facilities was designed for high-level waste storage; the other
two were originally intended for spent fuel storage: again these concepts have
been adapted here for conditioned high-level waste storage.
F o r the storage cask facility it was assumed that two of the CEC study
containers could be stored in one of the units designed for a single D o E study
container. The spent fuel storage units were designed to hold multiple
containerized spent fuel assemblies: 4 containerized PWR assemblies in the case
of the storage cask facility and 3 containerized PWR assemblies in the case of the
dry caisson facility. Although the space occupied by 3 or 4 containerized
PWR assemblies would probably be adequate for 3 or 4 DoE study containers
or for 6 or 8 CEC study containers, the heat load would be substantially increased
and it is unlikely that it could be accommodated. For this reason the capacity of
each storage unit was limited to a single DoE study container or three CEC study
containers. The result of this assumption is that the storage units are larger than
required for the d u t y , thus resulting in a higher than necessary cost. The handling
and loading capacity was assumed to be equivalent to the loading capacity for
containerized PWR assemblies.
Costs of the storage cask and dry caisson independent storage facilities are
summarized and compared in Table XIII. As in the case of the air-cooled vault
facilities calculation of a 5-year storage cost was considered inappropriate for these
facilities. Also, as in the case of the previous facilities, there is very little
difference between 25-year and 50-year storage costs. There is a relatively good
agreement between the unit costs for all three of these facilities for both the DoE
and CEC study containers. A cost range of US $(13 to 22) X 10 3 per t o n n e of fuel
encompasses the entire range of costs, and there is little reason on the basis of costs
to choose between these facilities.
7.3.4.

Summary

of storage

costs

The unit costs for high-level waste storage in the various storage concepts
discussed above are compared in Table XIV. The high end of each cost range
probably represents a poor match between container size and the capacity of the
storage facility. If the integrated storage facilities are more appropriate for shortterm storage and the independent ones more appropriate for long-term storage,
it can be seen that short-term storage ( a b o u t 5 years) can be provided at costs
of the order of US $(5 to 10) X 10 3 per t o n n e and that long-term storage (25 to
50 years) can be provided at costs of US $(10 to 20) X 10 3 per tonne. This
analysis is not intended to provide a basis f o r selecting a preferred long-term
storage concept. It appears, however, that any of the f o u r concepts considered
here could provide long-term storage at broadly similar costs.
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TABLE XIV. SUMMARY O F UNIT COST ESTIMATES FOR CONDITIONED HIGH-LEVEL WASTE STORAGE
(1980 US $ 1 0 3 / t ) a
Water-cooled
basins

Air-cooled vaults

Storage casks

Dry caissons

Integrated facilities
5-year storage

+

+

+

-22

+

+

+

5-year storage

10-16

+

+

+

25 to 50-year storage

10

11 - 17

13 - 2 0

19-20

25 to 50-year storage

4.7-8.0
14

Independent facilities^

a

-46

To convert US $10 3 /t to US $103/GW(e) a multiply by 39 for average fuel exposure of 29 000 MW d/t

or by 32 for average fuel exposure of 36 000 MW • d/t.
To convert US $ 103 /t to mill/kW • h multiply by 4.5 X 10"3 for average fuel exposure of 29 000 MW • d/t
or by 3.6 X 10"3 for average fuel exposure of 36 000 MW • d/t.
b
As described in Tables VIII, X and XII.

TABLE XV. SUMMARY OF UNIT COST ESTIMATES FOR HLW STORAGE USING 5% AND 15% COST OF
MONEY RATES (1980 US $ 1 0 3 / t )
Water-cooled
basins

Air-cooled vaults

Storage casks

Dry caissons

Integrated facilities
5-year storage
5% COMR

3.5- 6

15% COM R

6.2- 10

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

+
+

25 to 50-year storage
.

5%COMR

12

- 20

15% COMR

15

- 25

5% COMR

7

- 11

15%COMR

14

- 21

Independent facilities3
5-year storage

25 to 50-year storage

3

5% COMR

9

-41

9-14

13-23

16-17

15% COMR

11

- 54

13-21

14-23

23-24

As described in Tables VII, X and XII.

TABLE XVI. E F F E C T O F 50-YEAR STORAGE ON COSTS O F DISPOSING
O F CONDITIONED HIGH-LEVEL WASTE (US $ 1 0 3 / t ) a
Direct disposal,
i.e. no conditioned
waste storage'3

Item

0

Disposal after 50 years storage
Discount rate (%)
1
5

10

Disposal

50

33

20

3

Storage

-

20

20

20

20

Total

50

53

40

23

20.3

100

67

40

6

0.6

Storage

-

20

20

20

20

Total

100

87

60

26

20.6

Disposal

0.3

a

Of spent fuel equivalent,
k High-level waste assumed to be 10 years old.

7.3.5.

Effect of assumptions

on storage

costs

Cost of money rates will naturally affect unit costs as lower rates will
reduce the capital charge c o m p o n e n t but increase the operating charge c o m p o n e n t
and vice versa. In most cases the effect on the capital charge c o m p o n e n t will
dominate the result; however, in the case of the storage cask concept a major
fraction of the facility requirements (the storage casks) is provided annually, as
required, and the cost of m o n e y has a smaller impact on the unit cost. Table XV
presents the cost ranges for cost of money rates (COMR) of 5 and 15% per year
for comparison with the 10% COMR results in Table XIV. The results shown in
Table XV do not materially affect the conclusions on cost ranges stated above.
Other factors which can affect the unit cost of storage include facility
utilization, time to fill, and decommissioning. Such factors, however, result in
costs amounting to some 5 to 10% of the original cost and, when discounted to
the end of facility life, add only about 1% to the unit cost.
7.4. Impact of high-level waste storage on disposal costs
As discussed in section 3 extended storage of conditioned high-level wastes
will result in reduced heat generation rates and effectively increase the capacity,
for wastes, of a given repository.
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In an analysis of the effect on repository requirements of storing high-level
waste for 50 years [62], calculations were carried out to identify repository
capacities when the maximum temperatures of the waste, the container and the
geological formation were limited to the same values for 50-year old waste as
for 10-year old waste. Results indicated an approximately 50% increase in
repository capacities for reprocessing wastes in each of four different geological
media, viz. salt, granite, shale and basalt.
Two potential economic advantages accrue from extended storage of highlevel waste. First, the cost of disposal is reduced (by about one-third for
50-year storage) by an increase in repository capacity. Second, if a disposal fee
can be assumed to be set aside in an escrow account of some kind at the time
the waste is placed in storage, and if this escrow account can be assumed to earn
interest over and above inflation rates, the eventual disposal cost can be,
substantially reduced. These effects are illustrated in Table XVI using notional
disposal costs of US $50 and US $ 100 X 10 3 per tonne of spent fuel equivalent,
and based on 50-year storage at a cost of US $20 X 103 per tonne of spent fuel
equivalent.
Even at a 0% discount rate (interest rate) there is an economic advantage in
storage if disposal costs are above US $50 X 10 3 /t and substantial savings are
indicated even if the discount rate is only 1%.

8.

CONCLUSIONS

Technology is available for constructing and operating surface or nearsurface storage facilities for conditioned high-level waste for periods of at least
several decades. Transfer of waste containers to replacement storage facilities is
feasible, as is the overpacking of faulty containers, if required. The technology
allows handling, storage and transport to be undertaken in an adequately safe
manner and thus there is no technological reason that would preclude storage for
even longer periods.
Numerous concepts have been developed for storage facilities, including
water-cooled basins (similar to those used for decades for spent fuel storage),
air-cooled (forced and natural convection) vaults and casks, and conduction-cooled
caissons or dry wells; all of these concepts could be implemented. Selection of
the concept is dependent on economics, operational needs and the characteristics
of the conditioned high-level waste. Forced air and natural convection vault
systems are now in industrial-scale operation.
Costs of storage facilities should be considered in relation to the costs of the
entire waste management system, including consideration of the potential for
reducing disposal costs through a storage period to reduce fission product decay
heat.
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Although storage of conditioned high-level waste beyond several decades is
technically feasible, it is not generally considered acceptable as a final solution and
disposal methods must be implemented. Based on a global analysis of the system,
it may be possible to determine the optimum timing for the transition from
storage to disposal.
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Appendix

THE BASIS FOR THE COST DERIVATIONS DESCRIBED IN SECTION 7

(a)

For the 5-year storage period the approach and assumptions were as follows:
- One-fifth of the storage capacity is received each year for 25 years. Each batch
remains in storage for five years and is removed (unloaded) in the sixth year. The
facility is thus in use for 30 years.
- The storage facility construction cost is amortized over a 25-year period using the
capital recovery equation

—j to obtain the capital charge factor (ccf).

(When i = 0.10 and n = 25, ccf = 0.1 102.)
- Each annual batch is charged for one year's amortization cost (i.e. ccf X construction
costs = annual capital charge).
- For the operating costs, assuming the loading and unloading costs are equal, each
annual batch is charged with:
- one-half of the total loading/unloading costs for the first year (freshly conditioned
waste is being loaded into the facility while 5-year waste is simultaneously being
unloaded);
- the present worth (i.e. 1/(1 + i) n ) of half of the loading/unloading costs for the
sixth year;
- the present worth of one-fifth of the passive storage costs for five years, i.e.
annual storage cost X
(b)

(c)

X 1/5

For the 25-year storage period the approach and assumptions were as follows:
- The facility is loaded over a 10-year period with one-tenth of the storage capacity
filled each year. Each batch is stored for 25 years and then unloaded. The facility is
thus in use for 35 years.
- The storage facility construction cost is amortized over a 10-year period, using the
capital recovery equation, and one year's amortization charges are assigned to each
storage increment.
- For the operating costs each storage batch was charged with:
- the total loading/unloading costs for the first year;
- the present worth of the loading/unloading costs for the 26th year;
- the present worth of one-tenth of the passive storage costs for 25 years.
For the 50-year storage period the approach was the same as for the 25-year storage
apart from the adjustment to the operating cost calculations to reflect the longer
storage period.
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