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Raw, solid or liquid radioactive waste
undergoes, after characterization

(determination of its chemical and radio-
logical makeup, and of its physical–che-
mical properties), conditioning, a term
covering all the operations consisting in
bringing this waste (or spent fuel assem-
blies) to a form suitable for its transport,
storage, and disposal (see Box D). The
aim is to put radioactive waste into a
solid, physically and chemically stable
form, and ensure effective, lasting confi-
nement of the radionuclides it contains.
For that purpose, two complementary
operations are carried out. As a rule,
waste is immobilized by a material –
whether by encapsulation or homoge-
neous incorporation (liquid or powdered
waste, sludges), or encasing (solid waste)
– within a matrix, the nature of, and per-
formance specification for which depend
on waste type (cement for sludges, eva-
poration concentrates and incineration
ashes; bitumen for encapsulation of
sludges or evaporation concentrates
from liquid effluent treatment; or a
vitreous matrix, intimately binding the
nuclides to the glass network, for fis-
sion product or minor actinide solutions).
This matrix contributes to the confine-
ment function. The waste thus conditio-
ned is placed in an impervious contai-

ner (cylindrical or rectangular), consis-
ting in one or more canisters. The whole
– container and content – is termed a
package. Equally, waste may be com-
pacted and mechanically immobilized
within a canister, the whole forming a
package.
When in the state they come in as sup-
plied by industrial production, they are
known as primary packages, the pri-

mary container being the cement or
metal container into which the conditio-
ned waste is ultimately placed, to allow
handling. The container may act as initial
confinement barrier, allotment of func-
tions between matrix and container being
determined according to the nature of
the waste involved. Thus, the whole obtai-
ned by the grouping together, within one
container, of a number of primary 

Cross-section of an experimental storage borehole for a spent fuel container (the lower part of the
assembly may be seen, top right), in the Galatée gallery of CECER (Centre d’expertise sur le
conditionnement et l’entreposage des matières radioactives: Radioactive Materials Conditioning
and Storage Expertise Center), at CEA’s Marcoule Center, showing the nested canisters.
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C (next)
ILW-LL packages may ensure confinement
of the radioactivity of this type of waste.
If a long-term storage stage is found to
be necessary, beyond the stage of indus-
trial storage on the premises of the pro-
ducers, primary waste packages must
be amenable to retrieval, as and when
required: durable primary containers
must then be available, in such condi-
tions, for all types of waste.
In such a case, for spent fuel assemblies
which might at some time be earmar-
ked for such long-term storage, or even
for disposal, it is not feasible to demons-
trate, on a timescale of centuries, the
integrity of the cladding holding the fuel,
forming the initial confinement barrier
during the in-reactor use stage. Securing
these assemblies in individual, imper-
vious cartridges is thus being conside-
red, this stainless-steel cartridge being
compatible with the various possible
future management stages: treatment,
return to storage, or disposal. Placing
these cartridges inside impervious
containers ensures a second confine-
ment barrier, as is the case for high-
level waste packages.
In storage or disposal conditions, the
waste packages will be subjected to a
variety of aggressive agents, both inter-
nal and external. First, radionuclide

radioactive decay persists inside the pac-
kage (self-irradiation process). Emission
of radiation is concomitant with heat
generation. For example, in confinement
glasses holding high-activity (high-level)
waste, the main sources of irradiation
originate in the alpha decay processes
from minor actinides, beta decay from
fission products, and gamma transitions.
Alpha decay, characterized by produc-
tion of a recoil nucleus, and emission of
a particle, which, at the end of its path,
yields a helium atom, causes the major
part of atom displacements. In particu-
lar, recoil nuclei, shedding considerable
energy as they do over a short distance,
result in atom displacement cascades,
thus breaking large numbers of chemi-
cal bonds. This is thus the main cause
of potential long-term damage. In such
conditions, matrices must exhibit ther-
mal stability, and irradiation-damage
resistance.
Stored waste packages will also be sub-
jected to the effects of water (leaching).
Container canisters may exhibit a deg-
ree of resistance to corrosion processes
(the overpacks contemplated for glas-
ses may thus delay by some 4,000 years
the arrival of water), and the confine-
ment matrices must be proven to exhi-
bit high chemical stability.

Between the containers and the ultimate
barrier provided, in a radioactive waste
deep disposal facility, by the geological
environment itself, there may further be
interposed, apart, possibly, from an over-
pack, other barriers, so-called engi-
neered barriers, for backfill and sealing
purposes. While these would be point-
less as backfill in clay formations, they
would have the capability, in other envi-
ronments (granite), of further retarding
any flow of radionuclides to the geo-
sphere, notwithstanding degradation of
the previously mentioned barriers.
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of ILW-LL packages for

bituminized sludges.
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According to the International Atomic
Energy Agency (IAEA), radioactive

waste may be defined as “any material for
which no use is foreseen and that contains
radionuclides at concentrations greater
than the values deemed admissible by the
competent authority in materials suitable
for use not subject to control.” French law
in turn introduces a further distinction,
valid for nuclear waste as for any other
waste, between waste and final, or “ulti-
mate,” waste (déchet ultime). Article L.
541-1 of the French Environmental Code
thus specifies that “may be deemed as
waste any residue from a process of pro-
duction, transformation or use, any sub-
stance, material, product, or, more gene-
rally, any movable property left derelict or
that its owner intends to leave derelict,”
further defining as ultimate “waste, be it
the outcome of waste treatment or not,
that is not amenable to further treatment
under prevailing technological and eco-
nomic conditions, in particular by extrac-
tion of the recoverable, usable part, or
mitigation of its polluting or hazardous
character.”
Internationally, experts from IAEA and the
Nuclear Energy Agency (NEA) – an OECD
organization – as those in the European
Commission find that long-lived waste pro-
duced in countries operating a nuclear
power program is stored securely nowa-
days, whilst acknowledging a final solu-
tion is required, for the long-term mana-
gement of such waste. They consider burial
in deep geological structures appears, pre-
sently, to be the safest way to achieve final
disposal of this type of waste.

What constitutes radioactive
waste? What are the volumes
currently involved?
Radioactive waste is classified into a num-
ber of categories, according to its level of
radioactivity, and the radioactive period,
or half-life, of the radionuclides it
contains. It is termed long-lived waste
when that period is greater than 30 years,
short-lived waste otherwise. The French
classification system involves the follo-
wing categories:
– very-low-level waste (VLLW); this
contains very small amounts of radionu-
clides, of the order of 10–100 Bq/g (bec-
querels per gram), which precludes consi-
dering it as conventional waste;
– short-lived low and intermediate level
waste (LILW-SL); radioactivity levels for
such waste lie as a rule in a range from

a few hundred to one million Bq/g, of
which less than 10,000 Bq/g is from long-
lived radionuclides. Its radioactivity beco-
mes comparable to natural radioactivity
in less than three hundred years.
Production of such waste stands at some
15,000 m3 per year in France;
– long-lived low-level waste (LLW-LL);
this category includes radium-bearing
waste from the extraction of rare earths
from radioactive ore, and graphite waste
from first-generation reactors;
– long-lived intermediate-level waste
(ILW-LL), this being highly disparate, whe-
ther in terms of origin or nature, with an
overall stock standing, in France, at
45,000 m3 at the end of 2004. This mainly
comes from spent fuel assemblies (clad-
ding hulls and end-caps), or from opera-
tion and maintenance of installations; this
includes, in particular, waste conditioned
during spent fuel reprocessing operations
(as from 2002, this type of waste is com-
pacted, amounting to some 200 m3

annually), technological waste from the
operation or routine maintenance of pro-
duction or fuel-processing plants, from
nuclear reactors or from research cen-
ters (some 230 m3 annually), along with
sludges from effluent treatment (less than
100 m3 annually). Most such waste gene-
rates little heat, however some waste of
this type is liable to release gases;
– high-level waste (HLW), containing fis-
sion products and minor actinides parti-
tioned during spent fuel reprocessing (see
Box B), and incorporated at high tempe-
rature into a glass matrix. Some 120 m3

of “nuclear glass” is thus cast every year.
This type of waste bears the major part
of radioactivity (over 95%), consequently
it is the seat of considerable heat release,
this remaining significant on a scale of
several centuries.
Overall, radioactive waste conditioned in
France amounts to less than 1 kg per year,
per capita. That kilogram consists, for
over 90%, of LILW-SL type waste, bearing
but 5% of total radioactivity; 9% of ILW-
LL waste, less than 1% HLW, and virtually
no LLW-LL waste.

What of the waste of tomorrow?
From 1991, ANDRA compiled, on a yearly
basis, a geographical inventory of waste
present on French territory. In 2001,
ANDRA was asked by government to aug-
ment this “National Inventory,” with the
threefold aim of characterizing extant
stocks (state of conditioning, processing

traceability), predicting future waste pro-
duction trends to 2020, and informing the
public (see An inventory projecting into the
future). ANDRA published this reference
National Inventory at the end of 2004. To
meet requirements for research in com-
pliance with the directions set out in the
French Act of 30 December 1991 (see
Radioactive waste management research:
an ongoing process of advances), ANDRA,
in collaboration with waste producers,
has drawn up a Dimensioning Inventory
Model (MID: Modèle d’inventaire de
dimensionnement), for the purposes of
arriving at estimates of the volume of
waste packages to be taken on board in
research along direction 2 (disposal). This
model, including as it does predictions as
to overall radioactive waste arisings from
the current reactor fleet, over their entire
lifespan, seeks to group waste types into
families, homogeneous in terms of cha-
racteristics, and to formulate the most
plausible hypotheses, with respect to
conditioning modes, to derive the volu-
mes to be taken on board for the purpo-
ses of the investigation. Finally, MID sets
out to provide detailed stocktaking, inten-
ded to cover waste in the broadest pos-
sible fashion. MID (not to be confused with
the National Inventory, which has the
remit to provide a detailed account of
actual waste currently present on French
territory) thus makes it possible to bring
down the variety of package families to a
limited number of representative objects,
and to specify the requisite margins of
error, to ensure the design and assess-
ment of disposal safety will be as robust
as feasible, with respect to possible future
variations in data.
To ensure consistency between investi-
gations carried out in accordance with
direction 2 and those along direction 3
(conditioning and long-term storage), CEA
adopted MID as input data. MID subsu-
mes waste packages into standard pac-
kage types, then computes the number
and volume of HLW and ILW-LL packa-
ges, according to a number of scenarios,
all based on the assumption that current
nuclear power plants will be operated for
40 years, their output plateauing at
400 TWhe per year.
Table 1 shows the numbers and volumes
for each standard package type, for the
scenario assuming a continuation of cur-
rent strategy, with respect to spent fuel
reprocessing: reprocessing of 79,200 UOX
fuel assemblies and storage of 5,400 MOX

What is radioactive waste?
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assemblies discharged from the current
PWR fleet, when operated over 40 years.

What forms does it come in?
Five types of generic packages (also found
in MID) may be considered:
• cementitious waste packages: ILW-LL
waste packages employing hydraulic-bin-
der based materials as a conditioning
matrix, or as an immobilizing grout, or yet
as a container constituent;
• bituminized sludge packages: LLW and
ILW-LL waste packages, in which bitumen
is used as confinement matrix for low- and
intermediate-level residues from treat-
ment of a variety of liquid effluents (fuel
processing, research centers, etc.);
• standard compacted waste packages
(CSD-C: colis standard de déchets compac-
tés): ILW-LL packages obtained through
compaction conditioning of structural waste
from fuel assemblies, and technological
waste from the La Hague workshops;
• standard vitrified waste packages
(CSD-V: colis standard de déchets vitrifiés):

HLW packages, obtained mainly through
vitrification of highly active solutions from
spent fuel reprocessing;
• spent fuel packages: packages consis-
ting in nuclear fuel assemblies discharged
from reactors; these are not considered to
be waste in France.
The only long-lived waste packages to be
generated in any significant amounts by
current electricity production (see Box B)
are vitrified waste packages and standard
compacted waste packages, the other types
of packages having, for the most part,
already been produced, and bearing but a
small part of total radioactivity.

What is happening to this waste at
present? What is to be done in the
long term?
The goal of long-term radioactive waste
management is to protect humankind and
its environment from the effects of the
materials comprised in this waste, most
importantly from radiological hazards. Any
release or dissemination of radioactive

materials must thus be precluded, through
the lasting isolation of such waste from the
environment. This management is guided
by the following principles: to produce as
little waste as practicable; limit its hazar-
dous character as far as feasible; take into
account the specific characters of each
category of waste; and opt for measures
that will minimize the burden (monitoring,
maintenance) for future generations.
As for all nuclear activities subject to control
by the French Nuclear Safety Authority
(Autorité de sûreté nucléaire), fundamental
safety regulations (RFSs: règles fonda-
mentales de sûreté) have been drawn up
with respect to radioactive waste mana-
gement: sorting, volume reduction, pac-
kage confinement potential, manufactu-
ring method, radionuclide concentration.
RFS III-2.f, in particular, specifies the condi-
tions to be met for the design of, and
demonstration of safety for an underground
repository, and thus provides a basic guide
for disposal investigations. Industrial solu-
tions (see Industrial solutions for all low-
level waste) are currently available for nigh
on 85% (by volume) of waste, i.e. VLLW and
LILW-SL waste. A solution for LLW-LL
waste is the subject of ongoing investiga-
tion by ANDRA, at the behest of waste pro-
ducers. ILW-LL and HLW waste, contai-
ning radionuclides having very long
half-lives (in some cases, greater than
several hundred thousand years) are cur-
rently held in storage installations coming
under the control of the Nuclear Safety
Authority. What is to become of this waste
in the long term, beyond this storage phase,
is what the Act of 30 December 1991
addresses (see Table 2).
For all of these waste types, the French
Nuclear Safety Authority is drawing up a
National Radioactive Waste Management
Plan, specifying, for each type, a manage-
ment pathway.

MID standard package types Symbols Producers Categories Number Volume (m3)

Vitrified waste packages CO — C2 Cogema* HLW 42,470 7,410

Activated metal waste packages B1 EDF ILW-LL 2,560 470

Bituminized sludge packages B2 CEA, Cogema* ILW-LL 105,010 36,060

Cemented technological waste packages B3 CEA, Cogema* ILW-LL 32,940 27,260

Cemented hull and end-cap packages B4 Cogema* ILW-LL 1,520 2,730

Compacted structural and technological waste packages B5 Cogema* ILW-LL 39,900 7,300

Containerized loose structural and technological B6 Cogema* ILW-LL 10,810 4,580
waste packages

Total B 192,740 78,400
Total overall 235,210 85,810

Short-lived Long-lived
Half-life < 30 years Half-life > 30 years

for the main elements

Very-low-level Morvilliers dedicated disposal facility (open since 2003)
waste (VLLW) Capacity: 650,000 m3

Low-level waste Dedicated disposal facility under
(LLW) investigation for radium-bearing 

waste (volume: 100,000 m3)
Aube Center and graphite waste

(open since 1992) (volume: 14,000 m3)
Intermediate-level Capacity: 1 million m3

waste (ILW) MID volume estimate: 78,000 m3

High-level waste MID volume estimate: 7,400 m3

(HLW)

Table 1. 
Amounts (number, and volume) of waste packages, as predicted in France for 40 years’ operation of the current fleet of reactors, according to ANDRA’s
Dimensioning Inventory Model (MID).

Table 2. 
Long-term management modes, as currently operated, or planned, in France, by
radioactive waste category. The orange area highlights those categories targeted by
investigations covered by the Act of 30 December 1991.

(1) According to the Dimensioning Inventory Model (MID)

* renamed Areva NC in 2006

(next)
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The object of nuclear waste storage
and disposal is to ensure the long-

term confinement of radioactivity, in
other words to contain radionuclides
within a definite space, segre-
gated from humankind and the
environment, as long as requi-
red, so that the possible return
to the biosphere of minute
amounts of radionuclides can
have no unacceptable health or
environmental impact.
According to the Joint Con-
vention on the Safety of Spent
Fuel Management and on the
Safety of Radioactive Waste
Management, signed on 5 Sep-
tember 1997, “storage” means
“the holding of spent fuel or of
radioactive waste in a facility that
provides for its containment,
with the intention of retrieval.”
This is thus, by definition, an
interim stage, amounting to a
delaying, or wait-and-see solu-
tion, even though this may be for
a very long time (from a few
decades to several hundred
years), whereas disposal may be
final.
Used from the outset of the nuclear
power age, industrial storage keeps
spent fuel awaiting reprocessing, and
conditioned high-level waste (HLW), or
long-lived intermediate-level waste

(ILW-LL) in conditions of safety, pen-
ding a long-term management mode
for such waste. Retrieval of stored pac-
kages is anticipated, after a period of
limited duration (i.e. after a matter of

years, or tens of years).
Long-term storage (LTS) may be
contemplated, in particular, in the event
of the deferred deployment of a dispo-
sal facility, or of reactors to carry out

recycling–transmutation, or simply to
turn to advantage the natural decay of
radioactivity (and hence the falling off
of heat release from high-level waste),
before putting the waste into geologi-

cal disposal. By “long term” is
meant a timespan of up to 300
years. Long-term storage may
take place in a surface or sub-
surface facility. In the former
case, the site may be protected,
for instance, by a reinforced-
concrete structure. In the latter
case, it will be located at a depth
of some tens of meters, and pro-
tected by a natural environment
(for instance, if buried in a hill-
side) and its host rock.
Whichever management stra-
tegy is chosen, it will be impe-
rative to protect the biosphere
from the residual ultimate waste.
The nature of the radioelements
the latter contains means a solu-
tion is required that has the abi-
lity to ensure their confinement
over several tens of thousand
years, in the case of long-lived
waste, or even longer. On such
timescales, social stability is a
major uncertainty that has to be

taken on board. Which is why disposal
in deep geological strata (typically, 500
m down) is seen as a reference solu-
tion, insofar as it inherently makes for
deployment of a more passive techni-
cal solution, with the ability to stand,
with no increased risk, an absence of
surveillance, thus mitigating a possible
loss of memory on the part of society.
The geological environment of such a
disposal facility thus forms a further,
essential barrier, which does not exist
in the storage case.
A disposal facility may be designed to
be reversible over a given period. The
concept of reversibility means the design
must guarantee the ability, for a variety
of reasons, to access the packages, or
even to take them out of the facility, over
a certain timespan, or to opt for the final
closure of the disposal facility. Such
reversibility may be envisaged as a suc-
cession of stages, each affording a
decreasing “level of reversibility.” To
simplify, each stage consists in carrying
out one further technical operation brin-
ging the facility closer to final closure,
making retrieval more difficult than at
the previous stage, according to well-
specified criteria.

From storage to disposal

ANDRA design for the disposal of standard vitrified waste packages in horizontal galleries,
showing in particular the packages’ various canisters, and some characteristics linked 
to potential reversibility of the disposal facility.

CEA design study for a common container for 
the long-term storage and disposal of long-lived, 
intermediate-level waste.
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1.30m to 1.60 m

0.57 m 
to 0.64 m

primary package

disposal packages
lining

intercalary

excavated diameter: 0.7 m approx.

length: 40 m approx.

steel overpack
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