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FOREWORD

The International Conference on Radioactive Waste Management, organized
by the International Atomic Energy Agency in co-operation with the United
States Department of Energy, was held in Seattle, Washington, United States
of America, from 16 to 20 May 1983. The Conference was opened by Dr. H. Blix,
Director General of the Agency.

The objective of the Conference was: (a) to provide a forum for an inter-
national exchange of information on the various technical, environmental,
regulatory, institutional, social and economic aspects of radioactive waste
management for both policy makers and technical experts; (b) to highlight
issues of current importance; and (c) to identify possible approaches to their
solution on the basis of knowledge accumulated from past experience, research
and development work and policy considerations.

The Conference was attended by 528 participants and 11 observers from
29 Member States and 8 international organizations; 146 papers were presented
and discussed in detail. Twenty-one technical sessions covered the following
five main topics:

Waste management policy and its implementation

Waste handling, treatment and _coggitioning at nuclear facilities
Storage and disposal of radioactive waste

Environmental and safety assessment of waste management systems
Radioactive releases into the environment from nuclear operations.

In the opening session, two keynote addresses, one each from the United
States of America (J.A. Lieberman) and France (J. Lefévre), and an IAEA report
(B.A. Semenov), were presented.” A panel on the Prospects for International
Co-operation and a concluding panel summing up the Conference also took place.

The proceedings are published in five volumes, which correspond to the
five technical sessions, and contain the opening address by Dr. Blix, the papers
presented at the sessions as well as summaries of discussions and panels. The
fifth volume contains an Author Index, a Paper Number Index, a Contents List
of volumes 1 to 4 and a List of Participants.

There was general consensus on the ability and maturity of radioactive
waste management technology to meet the stringent radiation protection-
requirements at acceptable costs, although furtherimprovements and demonstra-
tion are necessary, mainly in high-level waste management, uranium mill tailings
management, decommissioning, etc.



The Conference evoked a rewarding response and lively interest from the
participants and, in general, it confirmed that nuclear power can be harnessed
for the benefit of mankind without creating an unmanageable waste problem.

The International Atomic Energy Agency wishes to express its gratitude
to the United States Department of Energy, the Battelle Memorial Institute
and the authorities of the State of Washington for the substantial support,
generous hospitality and comprehensive and efficient service provided. These
contributed greatly to the smooth running and success of the Conference. The
support of the experts from Member States in the Advisory Group for the
preparation of the Conference is greatly appreciated.
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Kernforschungszentrum Karlsruhe GmbH,
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Abstract

MANAGEMENT OF RADIOACTIVE WASTES FROM NUCLEAR POWER PLANTS.

The importance of radioactive wastes from nuclear power plants (NPPs) results primarily
from their large amounts. In NPPs more radioactive wastes arise than in all other plants of the
nuclear fuel cycle, with the exception of uranium mills. Although the volume is great, NPP
wastes are relatively low in activity and radiotoxicity and short in half-life. Several methods
for treatment of NPP wastes are available that meet all the relevant requirements and they
have attained high technical standards and are highly reliable. Consequently, the discharge of
radionuclides with liquid and gaseous effluents and the resulting dose commitment to the
general public are far below established limits. The quality of the conditioned wastes conforms
to the requirements for ultimate disposal. The final disposal of NPP wastes has already been
demonstrated successfully in several places and the feasibility of NPP decommissioning and
management of the wastes arising in this process have been proved. The problems associated
with the management of radioactive wastes from NPPs have been solved both scientifically
and technically; there is no urgent need for improvement. This is why for new developments
cost-benefit aspects must be considered, including the dose commitment to the operating staff
and general aspects such as public acceptance and socio-ethical questions. Spectacular new
developments are not to be expected in the near future. However, by continuous improvement
of details and optimization of the whole system useful contributions can still be made to develop
nuclear technology further.

1. INTRODUCTION

In the past 30 years an increasing number of nuclear power plants (NPPs)
have been erected around the world. In 1982, 273 NPPs were in operation with
an installed capacity of 170 000 MW(e), 229 facilities with an installed capacity
of 215 000 MW(e) were under construction and 111 plants with 110 000 MW(e)
were ordered. These figures show that the number of NPPs by far exceeds that
of all other nuclear facilities [1].

In relation to a given installed electric capacity, NPPs produce the largest
amount of radioactive waste in the whole nuclear fuel cycle, with the exception
of uranium mills. The wastes, however, are relatively low in activity and the
radionuclides contained in them have a comparatively short half-life and low
radiotoxicity. )
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TABLE I. AMOUNTS AND TOTAL ACTIVITY OF CONDITIONED RADIO-
ACTIVE WASTES ARISING IN THE NUCLEAR FUEL CYCLE PER 1000 MW(e)

Nuclear facility Volume (m?) Total activity (Ci)
LLW MLW HLW LLW MLW HLW

Conversion and 40 - - 0.3 - —
enrichment

Fuel element 60 - - 0.2 - —
fabrication

Nuclear power 500 7 - 5X 108 2X105 —
plant

Reprocessing 5 85 3 5 10° 107

In this paper an attempt will be made to evaluate the importance of the
wastes from NPPs, to give a survey of their treatment and disposal, and to evaluate
the state of the art of waste technology, environmental impact, and the potential
and need for further improvements.

2. AMOUNTS, ACTIVITIES AND RADIOTOXICITY OF WASTES FROM NPPs

The annual arisings of liquid waste concentrates at an individual NPP amount
to about 80 to 200 m3/1000 MW(e) installed capacity, depending on the reactor
type and the specific waste processing systems used. In addition, 200 to 400 m?3
of solid wastes are produced. These raw wastes are converted into about 500 m?
of final waste products suitable for disposal [2—5]. Thus, the amount of radioactive
wastes arising at each NPP is not very large, but taken together they constitute —
with the exception of those from uranium mills — the largest volume in nuclear
engineering as a whole (Table I).

Improvements in the design and operation of NPPs and in the quality of fuel
elements have led to a considerable reduction of radioactive waste production.

A further reduction in waste generation and the quantity of final waste products
still seems possible and is the goal pursued by various means.

Different types of reactors, besides producing different amounts of waste,
also show differences in the composition of the wastes and their radionuclide
contents. However, the differences are not so great that a given reactor type is
preferable to another because of them.

Although the quasi-totality of all artificial radionuclides is produced in
nuclear reactors, almost all of them are so well contained in fuel elements and
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FIG.1. Radiotoxicity — Index of HLW and reactor waste compared with uranium ore (ingestion).

reactor components that the radioactivity of wastes from NPPs is relatively low,
especially if compared with wastes from spent nuclear fuel reprocessing (Table I).
The largest part falls into the category of low-level waste (LLW); the amount of
medium-level waste (MLW) is quite small and typical high-level wastes (HLW) do
not arise at all. The activity level of NPP wastes therefore does not call for
complicated treatment procedures, although it is high enough to justify the
careful treatment which they receive everywhere.

The radiotoxicity of the wastes from NPPs is rather low at the time of arising
and, due to the small amount and short half-life of their radionuclides, it will have
decayed to innoxious levels within a few hundred years. For this reason, wastes
from NPPs do not constitute a great danger and their disposal does not require
waste forms of very high quality. Figure 1 gives a comparison of the radiotoxicity
index of waste from an NPP with that of the equivalent amount of uranium ore
and that of high-level waste related to an energy production of 1000 MW(e)/a.

3. STATE OF THE ART IN RADIOACTIVE WASTE TREATMENT

3.1. Liquid effluents

The methods applied in most plants are evaporation, ion exchange and
chemical flocculation. As these methods are well known, they will not be
discussed in detail here [4-8)].
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Evaporation is relatively expensive, but it is insensitive to the chemical
composition of the effluent and gives the highest decontamination factors of all
treatment processes. It has therefore increasingly been applied in recent years.

Flocculation and chemical precipitation, and particularly simple filtration,
are less expensive but also less effective and lead to relatively large amounts of
residues, especially filter aids. Although the activity level of some of the effluents
is so Jow that high decontamination factors are not required, it should be
checked whether these processes are always recommendable considering the large
amounts of residues produced.

Ion exchange is generally applied in the treatment of clean water, e.g. from
primary circuits, fuel element storage pools, etc. and it is well suited for this
purpose. It is possible, however, that substitution of evaporation for ion exchange
could lead to a decrease in volume of the final waste products and facilitate and
improve the conditioning of these products.

It can be stated that the treatment of radioactive liquid effluents has reached
a high degree of maturity. The reliability is completely satisfactory and any
decontamination factors desired can be achieved. Improvements are desirable in
some older waste treatment plants with respect to ease of maintenance. This,
however, also applies to many other nuclear facilities. The processes using pre-coat-
filter materials lead to relatively large amounts of residues. Methods developed
recently, such as membrane filter, electromagnetic filter, centrifugal clarifier and
reverse osmosis, could achieve improvements. Also, structured filter materials
with powdered ion-exchange resins have led to a reduction in waste volume.
These processes are, however, still under development or at an early stage of
application {4—-6, 9].

3.2. Solidification of Waste Concentrates

Several appropriate methods are available for solidification of the waste
concentrates arising from the decontamination of liquid effluents. The most
frequently applied methods consist of incorporating them into cement, bitumen
or plastics [4-7, 10].

Fixation in cement is, in principle, simple and inexpensive. Nevertheless,
some NPPs have concluded contracts with private companies for the solidification
of radioactive waste concentrates in mobile facilities in order to save labour and
investment costs. A major disadvantage of cementation is that it results in a
doubling of the waste volume. Usually, the cemented wastes have relatively high
leach rates. Some waste components, e.g. boric acid or detergents, can retard or
even hinder the hardening of the cement. Ion-exchange resins do not give very
good products. By special treatment with appropriate additives most of these
problems can normally be eliminated. The quality of the cemented residues is
thus sufficient for most kinds of waste and disposal options.
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Bituminization is superior to cementation in some respects {10]; nevertheless,
it has only been used in some NPPs. In comparison with cementation, a volume -
reduction by a factor 2 to 5 is achieved. Also, the leach resistance of the final
products is usually better. A principal disadvantage is the inflammability of
bitumen, but practical experience has shown that NPP wastes can be bituminized
safely. Bituminization involves high investment costs but these are overcompensated
by high storage, transport and disposal costs so that bituminization may increasingly
be applied in NPPs in the future.

Use of organoplastics is still relatively new. Polyethylene, polyesters, epoxy
resins, vinyl esters, polystyrene and mixtures of them have been useq or proposed
for .this purpose. Embedding of ion-exchange bead resins in polystyrene and
divinyl benzene is rather simple and can be done by pouring the monomers plus
a catalyst over the partially dewatered resins at room temperature. This process
is even applied in mobile facilities. Embedding of ion-exchange resins in polyesters
is similar. Fixation of evaporator concentrates and sludges in polyesters calls for
complete drying before mixing; fixation in vinyl esters does not. '

Solidification of waste water concentrates with urea-formaldehyde is used in
some NPPs, especially in the United States of America [7]. Sometimes problemis
arise with this process, e.g. by incomplete binding of water-and concerning their
mechanical stability and leach resistance. |

Instead of the thermosetting products mentioned, thermoplastics such as
polyethylene can also be used. Contrary to the former, which are transformed
into solid products by controlled polymerization of the monomers, thermoplastics
are heated beyond their melting point and then mixed with the wastes as in
bituminization. The residual water is evaporated during this process. The costs of
polyethylene, however, are much higher than those of hitumen.

It has been proposed that radioactive residues after drying be put directly
into high quality containers instead of incorporating them into stable matrix
materials. This could save volume and labour, although it would imply higher
container costs. The lower product quality should be compensated by the higher
quality of the containers. The safety of this procedure has yet to be demonstrated.

We can conclude that three methods are available for immobilization of the
residues arising from the treatment of liquid effluents in NPP routine operation.
Cementation is simple and requires low investment and material costs. It can,
however, become expensive in high storage, transport and disposal costs due to
the large quantity of final product. Bituminization involves higher investment and
material costs but becomes competitive in economic terms in high storage, transport
and disposal costs. Incorporation into plastics can be easy or complicated depending
on the type of waste and on the process but the product costs are always rather
high. It can, however, be an interesting method, at least for fixation of ion-
exchange resins. With respect to the quality of the product plastics generally rank
first, followed by bitumen and cement, but the differences are not significant.
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The methods and products presently available for solidification of the residues
from routine treatment of liquid reactor effluents meet the requirements. However,
in some cases improvements in terms of volume reduction, insensibility to waste
composition, costs and product quality are still desirable. Of major concern are
the ion-exchange resins. Several R&D activities are under way in the field.

Experience has shown that improved waste forms with good radiation
resistance should be made available for fixing radioactive residues with a relatively
high activity level, as may arise after serious accidents and from a few routine
operations [11}].

3.3. Treatment of solid wastes

During routine operation of NPPs little solid waste is produced. The majority
of this arises during refuelling and interventions. Methods for volume reduction of
solid radioactive wastes by incineration and baling are well established in nuclear
technology [8]. Although incineration gives a high volume reduction, only some
NPPs apply this process. The reasons are the relatively high investment costs in
comparison with the small throughputs. Baling is used in almost all NPPs. It is
relatively simple and inexpensive, but does not give a high volume reduction.
Baling presses operated with very high pressures (up to 1000 t and more) have
recently been installed in a few NPPs or will be installed in the near future. This
will improve volume reduction (4, 5]. .

Spent exhaust air filters are often not treated at all. Therefore, an essential
part of the entire volume of solid wastes consists of these materials. However,
several treatment processes have been developed. Often, the frames are first
separated from the filter material; the frames can be burnt, the filter material
baled or even melted. Also, shredding of the whole filter followed by baling is
possible.

More difficult than the treatment of solid low-level wastes is the treatment
of medium-level wastes requiring shielding or remote handling, e.g. control rods,
absorbers and filter cartridges. As they arise in very small amounts only, NPPs
mostly have no special facilities to treat them. They are often simply stored on
the site or conditioned by placing them into shielded casks which are then filled
with cement, plastics, etc. Treatment in specially equipped central stations or
mobile units could be an alternative.

Problems encountered in the treatment of solid wastes from NPPs are of a
more economic than technical nature. High investment costs compared with small
throughputs prevent many plants from achieving the volume reduction and waste
form quality technically feasible. This situation could be improved by the erection
of central waste treatment facilities. Mobile units are also effective in some cases.

3.4. Exhaust air treatment

Treatment of off-gas and ventilation exhaust air from NPPs has been steadily
improved during the last years and satisfies the high standards imposed on the
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separation of aerosols and airborne radioiodine as well as on the retention of noble
gases. Even in older facilities the standards set up for the release of airborne
radionuclides into the environment have always been met. Nevertheless, in several
older NPPs the exhaust air treatment facilities are being improved to make them
conform to the ‘aslow as reasonably achievable’ concept [12, 13].

Very effective absorbent materials have been developed: for the separation
of airborne radioiodine. However, to fully use their capacity, iodine absorption
filters must have a sufficient bed depth or be protected by pre-filters, since in
experiments and routine operation it has turned out that the upper layers undergo
a rapid alteration by airborne poisons. Radioiodine release from NPPs could be
further decreased through filtering a few additional exhaust-air streams.

In a few NPPs in-situ examination of exhaust-air filters has not yet been
carried out to the extent necessary or with the best appropriate methods. Special
tests and general experience have shown that insufficient efficiencies of filter
facilities are often caused by damage to the filters during transport or installation
or by inadequate installation. :

To control high temperatures, shock waves and high differential pressure
impacts, additional components are required in some NPPs. Furthermore, to
avoid damage of the filters by excess humidity or droplets, all exhaust-air cleaning
systems should be equipped with separators followed by air heaters, as already
available in modern installations. In this way, the filters would maintain the
desired efficiency even after design base accidents.

- In some older NPPs improvements are still possible with respect to the ease
of maintenance of the filter systems after accidents.

As the airborne radionuclides make the main contribution to the still very
low dose commitment to the environment in normal operation and since they
constitute the main potential hazard in case of accidents, upgrading of older
exhaust-air cleaning systems to the level already achievable is very important.

The Three Mile Island accident and others have underlined this statement,
although without any significant consequences to the environment. However,
before optimizing the exhaust-air cleaning facilities to the extent that they can
remain fully efficient under all hypothetical loss-of-coolant accident conditions,
the course and consequences of such an accident must be properly defined and
this question has to be discussed in the context of the entire problem.

4. ENVIRONMENTAL IMPACT OF THE EFFLUENTS FROM NPPs

In all NPPs treatment of liquid and gaseous effluents has been so effective
that it has been possible to keep the radiation dose commitment to the environment
caused by liquid and gaseous effluent discharge far below the permissible limits
fixed by the authorities. Discharge of radionuclides with the liquid effluents
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amounts to about 0.1 to 5 Ci/a without tritium. Discharge of airborne radio-
nuclides with the exhaust air varies within a wide range, depending on the type
of reactor and the exhaust air treatment facilities. Detailed information is given
in Ref. [14]. Over the past years there has been a general continuous decrease in
the amounts of radionuclides released. In most cases the present dose commitment
to the public at the point of maximum exposure outside the plants is about or
even below 1 mrem/a [14].

A further reduction, however, cannot easily be achieved in all those installa-
tions that have already attained a low rate of discharge. Although it is desirable
in principle to reduce the radiation dose commitment as much as possible, there
is no longer the strict necessity for it in NPPs due to the low values already attained.
Further action in this direction must consider the cost-benefit aspect, including the
dose commitment to operating staff caused by new or additional measures, and
they seem to be advisable only in those cases where they bring about other improve-
ments as well. Measures-intended to further reduce the dose commitment to
operating staff might result in a higher benefit.

5. IMPORTANCE OF WASTES FROM THE DECOMMISSIONING OF NPPs

Studies on the decommissioning of NPPs and the treatment, transport and
disposal of the arising radioactive wastes have been performed in several countries.
The procedures of NPP decommissioning from simple mothballing to complete
dismantling have already been demonstrated successfully in practice [15, 16].

From the studies and practical experience we can conclude that the radio-
active wastes from decommissioning of, for example, a 1300 MW(e) PWR amount
to about 12 000 t and thus are in the same range as those from 40 years of
operation including maintenance. The activity inventory of a 1300 MW(e) PWR
is significantly higher (6 X 10% Ci) than that of the wastes from routine operation.
However, 95% of the activity inventory is contained in less than 1% of the waste
volume (parts of the core components) so that, finally, only small volumes of
relatively high-level waste have to be handled.

During total dismantling one year after shutdown a collective dose of
2000 man-rem is expected, which decreases to 1000 man-rem if decommissioning
is done 30 years after shutdown. These doses are low compared with the collective
dose from the operation and maintenance of an NPP, which is about 400 to
500 man-rem/a.

The costs of total dismantling of a large PWR and disposal of all wastes
arising are estimated at about DM 200 million in the Federal Republic of Germany,
i.e. 2 to 3% of the costs of the electric power generated.

All these figures show that the problems arising from the management of
radioactive wastes produced during the decommissioning of NPPs are of the same
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order of magnitude as those from the management of wastes generated in routine
operation and maintenance.  Although a few NPPs have already been successfully
decommissioned, further developmient work has to be carried out in this new area,
which will get increasingly importantsin the future; it will help to improve the
technology, reduce the dose commitment to the staff, and lower the costs.

6. FINAL DISPOSAL =~ ' "

Large amounts of radioactive wastes from NPPs have already been disposed
of in several countries by shallow land burial, disposal into deép geological
formations or dumping into the deep sea [17]. A great deal of practical experience
has resulted from these actions. Fundamental technical or safety problems have
not arisen. Unfortunately, repositories do not yét exist in a number of countries
and sea dumping is not possible in many others. This causes additional costs for
the interim storage and has a negative influence on waste treatment. Furthermore,
the lack of possibilities for waste disposal improves neither the overall safety nor
public acceptance of nuclear energy. "Great efforts should therefore be made to
provide possibilities of waste disposal in all countries.

The question arises whether so far the appropriate standards have always
been applied to the final disposal of Tadioactive wastes from NPPs. On the one
hand, completely unconditioned wastes have previously been buried in shallow
ground at a few places. This practice is doubtful and should be applied in the
future in very special cases only. On the other hand, more stringent standards
have been established at some other places with respect to the quality of
repositories and waste forms than might be justified for handling these relatively
low-toxic, short:lived, low-level wastes.

Knowledge of the behaviour of conditioned NPP wastes under disposal
conditions has already been fairly well developed to make risk analyses and to
define the‘waste form criteria. However, these criteria are still absent in most
countries. Efforts to establish these criteria are very urgently needed as they
constitute an important factor in conceiving a waste treatment system. In
formulating standards for conditioned wastes from NPPs it should also be
considered whether it is acceptable to dispose of unconditioned wastes, which
compensate for the lack of conditioning through use of hlgh quahty casks and
thus represent a real long-term barrier.

Risk analyses and system studies could be helpful in developing optimum
waste management strategies. Unfortunately, such studies have been performed
so far almost exclusively for high-level and alpha wastes, but not for wastes from
NPPs. An optimized disposal system for NPP wastes is, however, of great
importance, not because of their activity level or radiotoxicity, but because of
the large amounts involved.
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7. CONCLUSIONS

Until 1982, 281 NPPs accumulated a total of 2485 years of operating time
[18]. The arising radioactive wastes have been managed successfully. The methods
applied have achieved a high technical standard and a high level of effectivity and
reliability.

Treatment of wastes from light-water, heavy-water and gas-cooled reactors has
become a well established routine. Even with advanced reactors some experience
has been accumulated. Suitable methods for the final disposal of wastes from
NPPs are available. Management of wastes from the decommissioning of NPPs
and from large accidents, although still requiring improvement, does not present
unsolved problems.

Management of the radioactive wastes from NPPs has been so effective that
no significant environmental impact has ever occurred and the dose commitment
to the environment has always been far below the limits fixed by the competent
authorities.

Despite this positive situation, radioactive waste management has to be
improved continuously, as does any technology. The technical standard of
the waste treatment facilities in some older plants should still be brought to the
level achieved in newer ones. Areas in which further improvements also seem
possible and desirable are the reduction of primary and secondary waste arisings,
volume reduction and quality improvement of the conditioned waste, and
optimization of waste disposal. The desired degree depends largely on local
conditions, especially on the capacity, quality of disposal repositories and disposal
costs. As the wastes from NPPs are produced in very large amounts, savings in
waste volume and costs could have noticeable effects.

As the improvements mentioned are not really necessary, they no longer
constitute any purely technical or scientific problems. Engineers and scientists
have to base future efforts on cost-benefit considerations, including the dose
commitment to operating staff. They also have to include in their considerations
public acceptance and socio-ethical aspects.

Spectacular new developments are not to be expected in NPP waste manage-
ment in the near future. However, this should not prevent us from further
improving details and optimizing the whole system. In this way, important
progress can still be achieved and useful contributions made to the further develop-
ment of nuclear energy.
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